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Abstract .

absorption spectroscopy ( XAS). This technique allows us to probe changes in the valance state and the

The aim of this review is to introduce the characterization of energy materials by X-ray

local environment of the targeted element in the active material ;thereby,leading to a better understand-
ing of its electrochemical behavior,and hopefully showing the way to improved performance. Here , elec-
trocatalysts for fuel cells and active electrode materials for Li-ion batteries are taken as the examples
that illustrate the capability of XAS and allow observation and theory to be correlated with electrochem-
ical phenomena.
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1 Introduction

Recently environmental issues have driven doz-
ens of researches worldwide to pursue efficient and
clean energy technologies for a better quality of life.
Several renewable clean energy technologies have
been developed. The performance of these devices is
influenced by several factors:one of the most critical
issues is the characteristics of the electrode materials,
which dominates the reaction kinetics and the corre-
sponding stabilities of the devices. Currently material
characterization techniques are able to provide multi-
scale information and lead us a better understanding
of the physical and chemical properties that underlie
electrochemical behavior. However, the change of lo-
cal environment from the atomic level to the ~1 nm
scale is difficult to probe with most state-of-the-art
techniques. Although modern transmission electron

microscopy ( TEM ) can provide excellent atomic
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scale structural ( HRTEM, STEM ) and composition
(STEM + EDS) information, difficulties in sample
preparation together with limitations with respect to
the analysis environment restrict their use in various
investigations. X-ray absorption spectroscopy ( XAS)
is able to provide detailed local structural information
in the scale range below 1 nm. The information gath-
ered is representative since it is taken from the aver-
aged spectra, obtained using the required quantity of
the sample; it should therefore follow Beer’'s law. A
significant area of application for XAS exploits its ca-
pability for in situ analysis, where the use of a syn-
chrotron radiation-based X-ray source allows for the
easy design of in situ monitoring experiments to detect
changes in materials during cell operation. The unique
advantage of XAS leads to a clear picture of material
transformation in terms of structure, composition and

valence state of the element.
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2  X-ray Absorption Spectroscopy
(XAS)

To understand the capability of XAS, its origin
should be briefly addressed. In general the interac-
tions of X-rays with matter can be divided into ab-
sorption and scattering. X-ray scattering includes elas-
tic and inelastic scattering. In the elastic case, micro-
structural information can be determined, either for
soft or crystalline solids. In the case of inelastic scat-
tering and absorption , the electronic structure and the
local environment of the targeted element can be
probed. The X-ray absorption spectroscopy ( XAS)
technique was developed based on the fundamentals
of X-ray-matter interactions, in which the absorption
of the X-ray at a specific energy (edge) by the core-
level electron (K,L,M shells) of an atom takes place
and the excited electron will be ejected from the atom
as an electron wave. This is the basis of photoelectric
absorption , where the specific energy is the (K, L or
M) edge of the target element. The electron wave can
interact with the atoms nearby the central atom that
the excited electron comes from,so that its properties
can be altered by the surrounding atoms (Fig. 1). It
is crucial to remember that XAS probes the changes
in the local structure that surrounds the targeted at-
om. This simple description of the process, starting
with an X-ray being absorbed by an atom, briefly il-
lustrates the basics of the XAS technique. Basically
XAS can be divided into two parts: X-ray absorption
near-edge spectroscopy ( XANES) and extended X-
ray absorption fine structure ( EXAFS) , which pro-
vides different information with respect to the ana-
lyzed materials and will be illustrated in detail in the
following paragraphs.

During the experiment,the energy of the incident
X-ray increases, from a level at which it is not ab-
sorbed by the targeted atom ( pre-edge ) , this is fol-
lowed by a transient step from the background ( with-
out absorption) ,to the absorption stage (the so-called
the near edge, XANES region) and the EXAFS re-

gion. The electronic structure ( d-band vacancy, va-

lence state) and the coordination symmetry of the tar-
geted atom (the atom that absorbed the incident X-
ray) in the sample determine the features of XANES.
Basically the shift of the edge position ( white line)
can be taken as a guideline for the change of the va-
lence state of the absorbing atom , which can be rough-
ly determined by the linear combination of the edge
positions of the standard samples with the known va-
lence states. In some cases the height and the position
of the peak appearing at the pre-edge region also re-
veals the oxidation state of the absorbing atom. How-
ever, XANES is difficult to fully interpret since there
is no a simple equation to describe the feature. Even
adequately explain
XANES are not yet fully developed.

first-principle calculations to
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Fig.1 Explanation of a typical XAS

The region of EXAFS extends from 50 to 1000
eV after edge. A typical feature of the spectrum in the
EXAFS region composes of several oscillations. The
origin of the oscillations comes from the interference
of outgoing and backscattered photoelectron waves,
which may interfere either constructively or destruc-
tively , depending on the ratio of A ( wavelength of pho-
toelectron) and R( distance between the absorbing at-
om and the surrounding scattering atoms ). The
change of A is due to the change of the incident X-ray
energy during XAS measurement. Therefore the inter-
ference between the outgoing and backscattered pho-
toelectron waves modifies X-ray absorption, resulting
in the oscillations in EXAFS region. The frequency of

the oscillation is associated with R ,and the amplitude
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is correlated with the number and type of neighboring
atoms. With a proper model and a data reduction
process, local structural information in terms of the co-
ordination number and the bond distance can be ob-
tained , these parameters are related by the EXAFS e-
quation ;

f(k eizkzofz
X<k) — z M

i ka sin[ZkRj +68,(k) ]

(1)

_ m(E - E,)
k= [T (2)

Where ;

x (k) is the EXAFS signal ; £ is the wave num-
ber;m the photoelectron mass; £ is the X-ray ener-
gy; E, is the energy at the edge of absorbing ele-
ment ; i is the Planck constant; N is the coordination
number;f( k) is the scattering factor; § (k) is the
phase shift; R is the bond distance; and ¢ is the
mean-square disorder of neighbor distance.

Since f(k) and §(k) are related to the atomic
number Z of the scattered atom,we can determine the
identities of neighboring atoms. If the above informa-
tion is known, N, R and ¢ can also be obtained. In
many cases,the changes in the local structural param-
eters can be correlated with the electrochemical be-
havior of the materials. Our group has had a long-term
interest in the application of XAS analysis, especially
to fuel cell electrocatalysts and the cathode materials
used in Li-ion batteries. Some general strategies have
been developed for probing these materials, which
strongly correlates the measured parameters with their
performance. In this review we have illustrated the ap-
plication of XAS to energy related materials, and in
doing so we hope to have provided some useful infor-
mation for readers.

2.1 Characterization of Nanostructure of
Bimetallic Nanoparticles

Bimetallic nanoparticles ( NPs) are of great in-
terest from both the scientific and technological per-
spectives. The physical and chemical properties of bi-
metallic NPs, such as their: (i) homogeneity, (ii)
surface segregation, (iii) structure and shape, and

(iv) the extent of alloying or atomic distribution ; play

a crucial role with respect to their catalytic behavior.
A general methodology, based on XAS, to determine
the alloying extent and the atomic distribution in bi-
metallic NPs was developed by our group''’. These lo-
cal structural parameters have been employed to re-
solve the properties of the bimetallic NPs. The strate-
gy, we have developed, will be carefully discussed
with reference to a simple bimetallic (A-B) NP mod-
el.

To reach the target,some parameters need to be
derived , based on N ( their coordination number ) ,
R P and R

The parameter P, ..., is defined as the ratio of the

these include: P

observed » observed » random random *

scattering atoms B coordination number around the

absorbing A atoms (N, ;) to the total coordination

number of the absorbing atoms ( 2 N, )(P

observed

=N,/ Y, N, ).Similarly, R, .., can be defined

as Robscrvcd = NB—A/ 2 NB—i .
P and R
alloyed bimetallic NPs if the atomic ratio of A to B is

On the other hand,
can be taken as 0.5 for perfectly

random random

1: 1. This value can be deduced from the fact that
Ny, =N, and Ny, = Ny, , for perfectly alloyed bi-
metallic NPs and can be easily extended to the other
NP systems of interest. For example, in the case of
A-B bimetallic NPs with an atomic ratio of 1: 2( A

B),2N,, =N, and Ny, =2N,, are easily un-
derstood for perfect alloyed bimetallic NPs , indicating
values of 0. 67 for P and 0. 33 for R
we focus on the 1: 1 bimetallic NP system. From
the ratio of P, .. to P
ement A(J,) in NPs is able to be evaluated , as well

Here ,

random random *

the alloyed extent of el-

random

“andom for that of element B
(Jy) in NPs, this is shown by Equations (3) and
(4) , respectively.

P

Pobaerved > 100% ( 3 )

P
Jy = =2l % 100% (4)

random

as the ratio of R, .4 to R

']A:

random

To facilitate a better understanding, schematic
models of various atomic distributions in the A-B bi-
metallic NPs are presented to illustrate the relation-
ship between 2 N, , Z Ny, ,Jy,and J,(Fig.2).

With the aid of the alloyed extents , as well as the
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Case 1. J,=0, J.=0
HA-A & HB-B>>HA-B
Separated structure

Case 2. J,=J=100
HA-A:HB-B:HA-B
Alloy structure

Case 3. J, <100, J,<100
HA-A>HB-B>HA-B
Homo-philic structure

Case 4. J,>100, 1.<100
HB>B>HA-B>HA-A

‘B'rich -‘A’rich structure

Fig.2  Scheme for bimetallic nanoparticles at various atomic populations

HA-B>HA-A(0r)HA-B

structural parameters extracted from EXAFS, the
structure of the NPs (‘atomic population) is able to be
predicted , by analogy to seven general cases- this will
be discussed in the following paragraphs. In Case 1,if
J, =0 and J; =0, then neither the A or B particles
are involved in alloying,this results in separated clus-
ter particles (see Fig. 2, Case 1). If N, , equals to
Ny ,the particle size of both A and B is the same.
For N, , > N, it reveals the particle size of A is lar-
ger than that of B. Further, the homoatomic interac-
tions of A atoms (H,,) and of B atoms ( H,,) are
much greater than the bimetallic (A-B) heteroatomic
interactions ( H, ;) , indicating no heteroatomic inter-
actions in the NPs.

In Case 2,/, =J, =100% ,both A and B atoms
are involved completely in the alloying process,resul-
ting in perfectly alloyed NPs (see Fig.2,Case 2). If
the bimetallic system is in the equilibrium state , then
the interactions will be H,, = Hy, = H,,, which
means that there are equal bimetallic interactions in
the NPs.

If J, <100% and J; <100% as shown in Case
3 of Fig.2 ,then neither the A or B atoms are prefer-

entially alloyed. The NPs show more homoatomic in-

Case 5. J,>100, J,>100

Heteratomic-rich structure

Case 6. J,<50, J,<50
HA-A>HB-B>HA-B
A B, structure

Case 7. J,=200, J.=200
Onlon-ring structure

teractions ( A-A and B-B) than heteroatomic interac-
tions (A-B). Once J; is larger than J, ,it appears that
the core is A-rich and the shell is B-rich in the NPs.

In other words, z N, 1s greater than z Ny, and the

order of interactions will be H, , > Hy, >H, . If J,
>100% and J, <100% ( Case 4) ,B atoms prefer B
atoms rather than A atoms,but A atoms prefer B at-
oms rather than A atoms. As a result, the atomic dis-
tribution of A atoms is better than that of B atoms,in-
dicating less segregation of A atoms than that of B at-
oms. In the equilibrium state, the interactions are in
the following order: H,, > H,, > H, ,. Here, the bi-
metallic NPs adopt a structure similar to that of the B
rich in core and A rich in shell (see Fig.2,Case 4),
implying Z Ny, > 2 N, . Even though the struc-
tures described in Cases 3 and 4 are similar in na-
ture , the atomic dispersion of A in the NPs of Case 4
is better,and cannot simply be obtained from the co-
ordination numbers. If J, < 100% and J, > 100% ,
the situation is opposite to the Case 4.

In Case 5(J, >100% and J, > 100% ), both
the atomic distributions of A and B atoms are much

improved ,and the resulting structure can be expected
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Fig.3 Comparison of methanol oxidation activity of JM-30 and E-TEK 30 Pt-Ru/C catalysts
a. CO stripping voltammograms recorded in 0.5 mol - L' H, SO0, solution ( CO gas was purged for 15 min at 0.1 V
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Fig.4 Properties and oxygen reduction reaction (ORR) activity of homemade Pt-Co electrocatalyst

a. d-band unfilled state and extent of platinum alloying; b. linear sweep voltammograms recorded at 1 mV - s~ for

ORR ; c. mass-activity of ORR measured at 0.95 V(vs RHE) of (b)

to be show more heteroatomic interactions than homo-
atomic interactions (see Fig.2,Case 5). At equilibri-
um, the interactions will be in the following order;
H,,>H,, and H,; > Hy ;. By comparing the differ-
ent models described above (from Cases 3 to 5) , we
can provide quantitative atomic distribution, which
can be very important for NP applications. In Case 6
(J, <50% and J, <50% ) the resultant structure
shows A particles are in the core and B particles are

in the shell (see Fig.2,Case 6). The total coordina-

tion number, ZNAJ , will be greater than that of

z Ny, . At equilibrium, the interactions follow the
order:H, , >H,, >H, ;. In Case 7 (J, =200% and
Jy =200% ) , A atoms always prefer B atoms and vice
versa,and the resulting structure looks like an onion
ring (see Fig.2,Case 7) ,in which one layer is occu-

pied by A atoms and the other layer by B atoms.

The above discussion shows a general strategy to
describe the atomic distribution based on XAS analy-
sis and the developed J factor. The following para-
graphs adopt this strategy to correlate the atomic pop-
ulation of bimetallic NPs to the corresponding electro-
catalytic performance.

2.2 Atomic Population of Pt-Ru Bimetal-
lic Electrocatalysts Toward Methanol
Oxidation Ability

The atomic populations of bimetallic NPs are
crucial to their electrocatalytic performance ;this is the
case even for materials having the same overall com-
position. To demonstrate this point, we will show the
correlation between the performance and the corre-
sponding alloyed extent,for both commercially availa-
ble E-TEK 30(30% ,by mass,Pt-Ru on carbon, Pt:
Ru=1: 1) and JM-30(30% ,by mass,Pt-Ru on car-



553 3]

CHENG Ming-yao % : LA X Selio'a i 20 b BE USRI T A 54 - 249 -

bon,Pt: Ru=1: 1)"". The atomic population is ex-
tremely important for Pt-Ru electrocatalysts in the
methanol oxidation reaction ( MOR) ,since surface Ru
is thought to provide hydroxyl groups via H,O hydrol-
ysis, which is the key to CO poisoning at Pt active
sites. To reach the maximum MOR ability, higher al-
loyed extents of Pt-Ru are preferred. The alloyed ex-
tent of Pt(Jp) and Ru(J,,) in E-TEK 30 are 26%
and 48% ,respectively. For JM-30 catalyst, J,, and J,,
are 40% and 78% , respectively. Clearly, both cata-
lysts show considerable amounts of Ru segregated on
the shell layer, similar to Case 3. However the degree
of Ru segregation for E-TEK 30 is higher than that of
JM-30, since JRu for JM-30 indicates a better alloyed
extent of Ru at the shell. The different atomic popula-
tions for both catalysts directly reflect on their electro-
chemical catalytic performance ,where a better alloyed
extent of Ru for JM-30 exhibits a higher activity to-
ward methanol oxidation as well as the CO striping a-
bility (Fig.3). Similar work done on the Pt-Ag sys-

2l in which

tem is shown in our previous publication
our strategy of using XAS-based analysis,as a general
probe ,was directed towards the understanding of bi-
metallic electrocatalysts.

It is worth noting that the surface population of
the Pt-Ru electrocatalyst can be altered by annealing
in a hydrogen or oxygen atmosphere , depending on the
strength of the interactions between H, (0,) mole-
cules and Pt ( Ru) atoms, respectively; determining
which will be driven from core/surface to surface/
core. The phenomena can also be probed by the de-
veloped XAS-based analysis"’.

2.3 Bimetallic Pt-Co Electrocatalysts for
Oxygen Reduction Reaction

Currently the oxygen reduction reaction ( ORR)
is one of the most important issues needing to be ad-
dressed with respect to fuel cell commercialization.
Slow ORR kinetics as well as high Pt usage has stimu-
lated a worldwide investigation for better materials.
Bimetallic NPs may show a way to address the slow
ORR kinetics of Pt. Basically,the introduction of Pt-M
based electrocatalysts modifies the electronic structure

of Pt ( by reducing the unfilled d-state of Pt) , which

leads to weaker adsorption of O atoms at Pt active
sites, and makes the subsequent reduction of O atoms
easier. Therefore , M core-Pt shell-like bimetallic NPs
are preferred,since all Pt atoms can serve as reaction
sites and the core M atoms underneath are able to
modify the electronic structure of the surface Pt at-
oms. Nevertheless NPs with Pt monolayers on M cores
should provide significant benefits in terms of proper
electronic structure and less usage of Pt. Again the a-
tomic population of the bimetallic Pt-M NPs plays a
key role,which can be probed by the developed XAS-
based strategy.

For example , Pt-Co is a promising electrocatalyst
for ORR, which has been thoroughly investigated by
our team'*'. The variation in unfilled d-states ( H,, )
of the in-house fabricated Pt Co, /C bimetallic NPs
with various Pt-to-Co ratios is depicted in Fig. 4. The
H.,, values in the case of samples containing higher Co
contents, that is, Pt,Co;/C and Pt,Co,/C bimetallic
NPs, are lower than those of the reference Pt foil ( H,,
=1.6). The observed trend might be due to the en-
hanced hybridization between Co (3d) and Pt (5d),
i. e. the electron density of Co (3d) reduces and con-
tributes to Pt (5d). It is worth mentioning that the
tendency of the variations in H., is consistent with Jj,
in Pt-Co nanoparticles. The higher J,, value observed
in the case of Pt;Co,/C,the greater is the Pt alloying
with Co. The enhanced ORR performance of Pt,Co,/C
is partially attributed to the comparatively higher al-
loyed extent of Pt and Co, which results in higher
numbers of Pt with lower unfilled d-states. A similar
situation is observed for the Pt Fe, /C system: the
Pt,Fe,/C,which is the lowest unfilled d-state value
and highest alloyed extent of Pt, contributes to the en-
hanced ORR performance "’ .

The dealloying behavior Co,from Pt-Co/C bime-
tallic nanoparticles, usually takes place during the
ORR in acidic conditions. Therefore the formation of
core-shell like Pt-Co NPs with a Pt skin on the Pt-Co
surface is desired to prevent from further Co loss and
to provide a better surface Pt catalytic activity towards
ORR. Here we try to analyze the phenomena, via the
acidic treatment of homemade Pt - Co/ C , using XAS and
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Fig.6 Pt Lj-edge(a) and Ru K-edge (b) FT-EXAFS spectra at various reaction steps during the formation of Pt-Ru nanop-

articles by polyol method

A.0.25 mol - L™"H,PtCl, in ethylene glycol (EG),B.0.25 mol - L™"H,PtCl, +0.25 mol - L. "' RuCl, in EG,C. in-
crease pH value to 11,D. reflux at 160 °C ,0.5 h,E. reflux at 160 °C ,1 h,F. reflux at 160 °C ,2 h,G. reflux at 160 °C ,

4 h,H. Pt (or Ru) foil!”’

propose a dealloying mechanism for Pt-Co NPs ( Fig.
5). It is proposed that an imperfect Pt skin on the Pt-
Co NPs will further suffer from the loss of Co, which
leads to collapse of the NPs'®'.
2.4 In situ Observation of Pt-Ru NPs
Formation by Polyol Process

One of the most significant benefits of the XAS
technique is its capability for in situ probing analysis.
We have resolved the polyol process for the formation

of Pt-Ru NPs using XAS!”'. It is able to provide a

clear picture for the evolution of NPs ( Fig.7) , mak-
ing further improvement/modification of the NPs rela-
tively easy. H,PtCl, and RuCl, were used as the pre-
cursors and dissolved in ethylene glycol ( EG). Sub-
sequently the pH of the solution was increased to 11,
which was followed by refluxing at 160 °C. Fig. 6
shows the respective Pt L;-edge and Ru K-edge Fou-
rier transforms of EXAFS of the precursor solution
during the polyol process. Clearly, the environment of

Ptat step ( A ) and ( B ) is similar . The peak at
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Mixing
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H,PtCl, in EG solution
RuCl, in EG solution No change in chemical state of H,PtCI and
RuCl, inEG solution
L . W |
lAdjust pH to 11 by
NaOH
- - 3.
Reflux at
¥ 160 ‘C,0.5h o
T A—

A=N,(92)>B=N, (5.5)
J,=58%,J, =98%

Pt-rich__-Ru-rich_  nanoparticles

Pt** reduced to Pt** and change in ligand
environment around Ru*" in EG solution

Fig.7 Proposed reaction mechanisms for the formation of Pi-Ru/C NPs by polyol method'”’

around 0. 2 nm in FT-EXAFS is attributed to Pt-Cl
bond ( without phase correction ). Similar behavior is
observed for Ru K-edge FT-EXAFS. Once the solution
pH reaches 11, the environment changes rapidly, this
can be clearly deduced from FT-EXAFS since the
peak intensity ( Pt) and position ( Ru) obviously
change. It is proposed that the valence state of Pt
changes from 4 + to 2 + ,while the Ru-Cl bond is re-
placed by Ru—OH at pH =11. The subsequent reflu-
xing step lead to the reduction of Pt** and Ru’" to
metal atoms within 0. 5 h, which can be identified
from the position of their peaks being similar to those
of bulk Pt and Ru foils. It is noted that the reduction
of Pt** and Ru’" is a function of EG, which acts as
the solvent as well as the reduction agent. The weak
peak intensity indicates low coordination numbers for
both Pt and Ru,resulting from the average of the sur-
face and the inner atoms and can be taken as an indi-
cator of the nano-sized particles nature. The J factors
for both Pt (J,, = 58% ) and Ru (Jy, = 98% ) of
the synthesized Pi-Ru NPs are determined from the

fitting results and indicate a Pt-rich core and a Ru-

rich shell. This can be easily explained from the high-
er standard reduction potential of PtCl,>” than of Ru
(OH),’~, which facilitates Pt cluster formation to
give the nuclei for the further reduction of residual
Pt’* and Ru’".

The above strategy has been applied to various
bimetallic NPs-related investigations'*""’ | indicating
the capability of the developed XAS-based technique
for probing the atomic population, which can be ele-
gantly correlated with their electrocatalytic perform-

ance.

2.5 Variation of Structure of Cathode

Materials during Electrochemical

Cycling

In situ XAS has also been employed to examine
the electronic and local structures of transition metal
ions in the cathodes of Li-ion batteries. The absorption
peak features of the transition metal K-edge XAS pro-
vide useful structural information,such as:the oxida-
tion state of chemical species, their site symmetries,
and covalent bond strengths. During charging/dischar-

ging processes , the active element can be easily probed



2L
- 252 - wo o F 2010 4
RE , Li Ni Co, Mn O, o ab b +  Li Ni Co Mn O, s R
5 i Mno, S 3 CoK edge 5 ¢ i,} 1 0,5M0,,, 0,
; - S o S 3
% mNW o, g . oft wmw-«‘“;’c . 4 , NiO
8 o . 3 e st ICOO, i
g3 W%W 017 § % : H e 025 LN
5 S I e o3 "é 3 W s ot Jg 5032
g b 056 D o o e 071 D ‘:8 ;;
2, k ’ 07 2 2 i s oot 30 =) 0.
< ﬁ 0.81 o e x-0.76 x=0.77
3 ot % ~0.65 3 i o ~0.60 P 0,85
=% == = von
E el ST s 013 ® 033
E '*P;—j / - B - - £ 0,16
2 4 S _,/ S -0
z » 4 Z
i 0 : P £
e 0 — P 4 "
;}/]4 ey 0, g 12 e Y 315 %jﬁfwmmwv.mo
@ 1.2 forn § 0, 58 - Licoo, & A s iNiO,
2 8 .’ 025 B () x«wf\ e VPP *("H‘Zi
i Y "”7§ 0.9 iy X044 S o s sossieiniiand x—) 32
£ - 5 o W
208 IPEE-RE N SUR———— = (4 £0.38 205300 P S S
=2 0565 0.6 - ik & »J“\/\- 68
:t, 0.6 SR I VO S 76 ';,:'30_6 - mr\jf\.—\,.w»www =077
2 x-081 2 8 60 o w“‘qwr\\/\—\,.mx:o.xs
0.4 x0.652 0.3 o =049 .Z0.4 S5t <=0.71
S 056 $ s 031 B W o5
50.2 4 0375 g 013 202 ook N, 3
a 0193 0.0 e B S ey |
2,00 0 g v QOO %QJ’”“‘ " x-0.16
S By
02 - Pt 5 & i 03 X P 'r N()z B ;;;1] . .
6530 6540 6550 6560 6570 6580 6590 6600 7700 7710 7720 7730 7740 7750 7760 777 278530 8340 8350 8360 8370 8380 8390
Energy/eV Energy/eV Energy/eV

Fig.8 Normalized and second derivative XANES of Mn K-edge(a) ,Co K-edge (b) ,and Ni K-edge (c¢) for Li, Ni,,Co,,

Mn, 0, at various degrees of charge state during first charge and discharge cycle''!

since the change of the valence state of the active ele-
ment can be resolved in real-time. Further the chan-
ges of bond distance around the absorbing atom dur-
ing charging/discharging are able to be examined,
which may reveal possible pathways for Li* extrac-
tion/intercalation. Here we take Li,  Ni,  Co,,; Mn, ,
0, as examples to illustrate how the developed XAS a-
nalysis technique works''>.

For the pristine Li, Ni, ;Co, ;Mn,,;0, compound
(x=0),the edge position for the Mn, Co,and Ni K-
edges can be confirmed with XANES (not shown) as
being almost the same as those of the references:
MnO, (Mn** ) ,LiCo0,(Co’* ) ,and NiO (Ni** ), re-
spectively , suggesting the same oxidation states of the
selected absorbing atoms as +4 for Mn, + 3 for Co,
and +2 for Ni in the pristine material.

To monitor the changes in real-time of Li, _ Ni,,
Co,,;Mn,,; 0, during Li* extraction and insertion, in
situ Mn,Co and Ni K-edge XANES spectra were ana-
lyzed (Fig. 8). Clearly, the obvious alteration of the
Mn K-edge XANES feature is shown at various de-
grees of charge state,indicating the changes to the Mn
local environment. However, the edge position does
not show a clear shift, indicating the constant valence
state of Mn during the charging and discharging
process. The fact can also be deduced from the peaks
al and o2 ,since they are invariant as well. The inten-

sities of both the 8 and 7 peaks, corresponding to 1s

—4p transitions, results from a shakedown process
and without the shakedown process,they become wea-
ker upon charging. This may be due to the small de-
crease of p character by Mn 3d-4p orbital mixing.

A clear change of the Co K-edge XANES spec-
tra at various degree of charging states are shown in
Fig. 8b. With continuous extraction of Li ions from
the electrode, the absorption intensities of the two
peaks B and 5 decrease with the degree of charge
state. This may be due to the distortion of the CoOg
octahedron structure associated with slight decrease of
p character resulting from Co 3d-4p orbital mixing.
Also, the shift of the & peak toward higher energies
indicates the change of local symmetry. The energy
positions of the pre-edge peak o and the absorption
edge are almost identical during extraction and rein-
sertion of Li* ,which implies Co is not the active ele-
ment in Li, Ni, ,Co,Mn,,0,.

On the contrary, the absorption edge ( white
line) of Ni K-edge XANES spectra is sensitive to the
degree of charge state ( Fig. 8c). Initially the energy
positions of the pre-edge peak o and the absorption
edge B for the pristine LiNi, ,Co,,;Mn, 0, are similar
to those of the reference NiO, indicating the valence
state of + 2 for Ni. Upon delithiation, these peaks
gradually shift toward higher values and ultimately
reach absorption energies higher than those in LiNiO,

for x >0. 85. These peaks reversibly shift back to low-
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er energies upon lithiation. This behavior suggests the
redox pair reactions proceed by, either:a two-step re-
action composed of Ni**/Ni’* and then Ni’*/Ni*"
or a one-step reaction of Ni’*/Ni**  might take place
during charging and discharging. It is worth noting
that the XANES feature of Li, Ni, Co,,;Mn,,0, at x
=0. 33 is in agreement with that of the reference
LiNiO, , corresponding to a transition state from Ni**
to Ni’* upon charging. However the feature is still ob-
served at the end of discharging, indicating the irre-
versible capacity that results from part of Ni’ " not be-
ing able to be reduced to Ni’*. After the first cycle it
is evident that there will not be a full recovery of the
Ni K-edge absorption energy shift.

The change of local structure at the respective
Mn,Co and Ni K edges is related by the extracted
structure parameter from the EXAFS regions. The cor-
relations between bond length (or Debye-Waller fac-
tor) and the degree of charge state are analyzed by
shells. The changes of the first shell (Mn—0,Co—O0,
and Ni—O) in Li,Ni,,; Co,; Mn,,; O, during various
charging states are shown in Fig. 9. At x =0, the respec-
tive lengths of the Mn—O0, Co—O0, and Ni—O bonds
are 0.1921,0. 1929 ,and 0.2045 nm,respectively. These
are consistent with the atomic radii (0. 053 nm for
Mn** ,0.0545 nm for Co’* ,and 0. 069 nm for Ni*").
The small values of the Debye-Waller factor for Mn—
0,Co—0, and Ni—O indicate the absence of Jahn-
Teller active Ni’* and Mn’*

rial. As the Li ions are deintercalated to the degree of

ions in the pristine mate-

charge state of x =1/3 in Li, _ Ni, ;Co,,;Mn,,;0,, the
respective bond lengths of Mn—O and Co—O only
slightly decrease from 0. 1921 to 0. 1914 nm and 0. 1929
to 0. 1914 nm, while the Ni—O bond length is drasti-
cally reduced from 0. 2045 to 0. 1931 nm. It indicates
that Ni is the electroactive element. In addition,the De-
bye-Waller factor shows a maximum of 8.5 x 10 ~> nm’
for Ni—O ranging from x =0.25 to 0. 33. The change of
Mn—O and Co—O is insignificant over the delithiated
process. It suggests that Ni** ions are oxidized to Jahn-
Teller active Ni’* ions and the Mn and Co ions remain

in the +4 and +3 states, respectively. This confirms

the two - step redox reaction of Ni (i. e. Ni** /Ni’* and

0.194
0.193} =
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Fig. 9  The changes of structural parameters withdrawn

from the first shell ( Mn-O, Co-O, and Ni-O) of
Li, Ni, ;Co,,;Mn, ;0, at various degree of charge

r121
states™

Ni**/Ni** ) during cycling. Again Mn—O and
Co—O0 show slight reductions in bond length from
1.914 to 0. 1906 nm and from 0. 1914 to 0. 1901 nm,
respectively ; whereas, the Ni—O bond length varies
from 0. 1931 to 0. 1891 nm,with x ranging from =1/3
to 2/3. The significant changes of the Debye-Waller
factor are observed for Ni—O as well ,where the value
decreases from 8.5 x 107" to 3.4 x 10 > nm”. This is
in good agreement with the oxidation state of the
Ni’*/Ni** transition. A reverse trend is exhibited for
the Debye-Waller factor of Ni—O, implying that the
Jahn-Teller active Ni’* concentration is highly related

to the structural distortion of Li, Ni, Co,,;Mn,,;0,.

3 Conclusion

The investigation of energy materials combined
with an explanation of the electrochemical behavior
and the developed XAS-based analysis provides a rich
source of information for better understanding the fun-

damental processes involved. From the change of local
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structures as well as the symmetry and valence states
of the materials, the atomic-level environment of the
materials can be depicted. The unique in situ analysis
capability of XAS allows real-time understanding of
the local electrochemistry taking place within the ma-
terials, which provides a fast and efficient probing
tool. With knowledge combining electrochemistry and
XAS,a better strategy may arise directed towards the
improvement of electroactive materials, which may not
be limited to energy applications.
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