
W e are facing a global energy crisis caused by 
the growth of the world population, an esca-

lating increase in demand and a continued depen-
dence on fossil-based fuels for generation. It is widely 
accepted that increases in the concentration of 
greenhouse gases, if not reversed, will result in major 
changes to the world climate, with consequential ef-
fects on our society and economy. The development 
of new materials for energy relies to a large extent on 
a profound understanding of the multi-scale origins 
of their properties. The following research highlights 
are selected from the energy science published by the 
user communities during year 2018. These highlights 
demonstrate that synchrotron X-ray and neutron 
characterization, with their capacity to probe matter 
from the atomic to the macro scale, contribute signifi-
cantly to this objective and are expected to play an 
even more important role in the future. The science 
highlights from NSRRC beamlines SP12B1, SP12U1, 
TLS 11A1, TLS 17C1 and TLS 01C1 show how X-ray 
absorption techniques can unveil the catalytic nature 
of both real devices under operating conditions and 
idealized model systems under precisely controlled 
environments, for water splitting and CO2 reduction. 
The selection from TLS 23A1 includes the detailed 
structural information of a functional two-dimension-
al coordination polymer as a charge barrier in Li−S 
batteries. The highlight from TPS 09A demonstrates 
how X-ray diffraction operando can probe the inter-
calation of the chloroaluminate anion into a graphite 
positive electrode during electrochemical charging 
and discharging in situ of rechargeable aluminum 
batteries. The last highlight from ANSTO-CG4 SIKA 
and ANSTO-TG1 ECHIDNA shows how neutrons can 
probe the structural changes of the anode and cath-
ode materials during charging and discharging for a 
battery application. (by Yan-Gu Lin)

Energy  
Science 
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T he reduction of CO2 to a chemical fuel offers a promising strate-
gy to manage the global carbon balance, but presents challeng-

es for chemistry because of the lack of an efficient catalyst. One key 
challenge is to design a great catalyst that can bind and activate the 
CO2 molecule with the least possible activation energy and produce 
selective hydrocarbon products. The development of improved 
catalysts with adequate activity and selectivity is hence still a long-
term goal to realize their practical application. Single-atom catalysts 
with atomically distributed active metal centers have demonstrated 
maximum atom efficiency and excellent selectivity in several catalytic 
reactions because of the unique electronic properties of a single ac-
tive site, and are thus expected to have a great potential to improve 
the performance of the CO2 reduction. Furthermore, anatase TiO2 
and its hybrid catalysts have been extensively studied for CO2 reduc-
tion because of their unique physicochemical properties, but the 
construction of perfect single-atom catalysts or TiO2 hybrid catalysts 
remains a great challenge. More importantly, the atomic structure 
of the developed catalysts has remained elusive, which impedes 
an understanding of these catalysts and the further design of new 
catalysts for the CO2 reduction.

Bin Liu (Nanyang Technological University) and his co-workers 
recently developed atomically dispersed nickel on nitrogenated 
graphene as an efficient and durable electrocatalyst for CO2 re-
duction.1 Employing X-ray absorption spectra operando at NSRRC 
beamline SP12B1 of SPring-8, the authors clarified the details of the 
adsorption and activation of CO2 on single-Ni-atom catalysts (Fig. 
1). The Ni K-edge shifted approximately 0.4 eV to greater energy in 
CO2-saturated KHCO3 solution under an open-circuit voltage bias 
relative to that in an Ar-saturated KHCO3 solution. This effect indi-
cates an increased Ni oxidation state, which probably results from 
delocalization of the unpaired electron in the 3dx2−y2 orbital and a 
spontaneous charge transfer from Ni(I) to the carbon 2p orbital in 
CO2 to form a CO2

δ− species. During electrochemical CO2 reduction, 
the Ni K-edge of single-Ni-atom catalysts shifted back to smaller 
energy, which indicates the recovery of the low-oxidation-state Ni 
after one cycle of CO2 reduction. The intensity of the main signal at 

Fig. 1:  X-ray absorption spectra operando. (a) 
Normalized Ni K-edge XANES spectra 
operando at various biases in KHCO3 
aqueous solution (0.5 M) at 23 oC un-
der Ar or CO2 at 1 bar. The inset shows 
the enlarged Ni K-edge XANES spectra. 
(b) Fourier-transform magnitudes of 
EXAFS spectra under open-circuit volt-
age bias in Ar (OCV-Ar) and CO2 (OCV-
CO2), and at -0.7 V (vs. RHE), in which 
an extended Ni–N bond was detected. 
[Reproduced from Ref. 1]

Uncovering the Catalytically Active Site with X-rays 
Electronic states of catalysts have given significant insight into CO2 reduction reactions.

approximately 1.45 Å in the Fourier transform of the EXAFS spectrum (Fig. 1(b)) increased slightly, which was 
ascribed to a contribution from the Ni−C bond that overlapped with the Ni−N bond. The main signal shifted 
(~0.04 Å) to greater length during CO2 reduction with the catalyst biased at -0.7 V vs. RHE, relative to that under 
an open-circuit voltage bias, which indicates an extension of the Ni−N bond. This extension is due to distortion 
of the Ni atoms from the graphene plane, and results from a redistribution of the electrons in the Ni 3d orbital 
between the four N ligands and the Ni−C bond (from adsorbed CO2).

Black TiO2 loaded with Ni-nanoclusters with dual active sites for selective photocatalytic CO2 conversion was also 
developed by Li-Chyong Chen (National Taiwan University) and Kuei-Hsien Chen (Academia Sinica).2 Employing 
X-ray absorption spectra at TLS 17C1 and TLS 01C1, these authors investigated how the chemical environment 
and its electronic interaction around the Ni site alter in the CO2 reduction (Fig. 2); they found that the metallic 
Ni clusters are anchored on the black TiO2. A robust conjugation of this kind to assist the Ni clusters to coalesce 
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strongly with the TiO2 provides a less resistive path 
suitable for rapid electron transfer. This conjugation 
hampers the aggregation of Ni clusters, thereby facili-
tating highly reactive sites on the surfaces. The an-
chored configuration induces a charge transfer from 
the TiO2 conduction band to the NiO/Ni nanoclusters, 
which further up-shifts the d-band center of Ni, and 
thereby increases its CO2 binding to the surface. This 
condition in turn favors the photocatalytic reduction 
of CO2, leading to the great activity and selectivity of 
the C2-molecule production.

In summary, the discoveries of single-Ni-atom cat-
alysts and Ni-nanocluster-loaded black TiO2 offer a 
unique insight into the geometry of the active site 
and structural transitions during CO2 reduction, 
which will be essential for the development of future 
CO2 catalysts. Furthermore, the ability to probe atom-
ic structures of catalysts under conditions operando 
makes synchrotron-based X-ray spectra an important 
technique to provide valuable insight for issues relat-
ed to catalysts. (Reported by Yan-Gu Lin)

Fig. 2:  (a) X-ray absorption near-edge spectra at the Ni K-edge of Ni/TiO2 and Ni/TiO2[Vo] catalysts. (b) k3-weighted EXAFS data of the 
Ni K-edge and first-shell fits obtained from (c) Ni/TiO2 and (d) Ni/TiO2[Vo]. [Reproduced from Ref. 2]

This report features the work of (1) Bin Liu and his 
co-workers published in Nat. Energy 3, 140 (2018); 
(2) Li-Chyong Chen and her co-workers published in 
Small 14, 1702928 (2018).

TLS 01C1  SWLS – EXAFS
TLS 17C1  W200 – EXAFS
SP12B1  BM – Materials X-ray Study
•  XANES, EXAFS
•  Materials Science, Chemistry, Condensed-matter 

Physics, Environmental and Earth Sciences
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Unraveling the Geometrical Site Confinement in 
Iron-Doped Electrocatalysts Toward Water Oxidation 
The use of X-rays is conducive to understand the surface mechanism operating in various ap-
plications and to deduce the pertinent systems.

T he role of binary-metal ions in electrocatalysts has aroused considerable attention but remains under pro-
tracted debate. The existence of these controversies indicates that the behaviors of these metal ions in the 

electrolyte are poorly elaborated, especially for the orbital interaction between the metal ions (i.e. active sites) 
and the adsorbates during the catalytic reaction. From the viewpoint of the geometrical site in the lattice and 
the structural conversion, it is highly desirable to recognise how the material engineering and manipulation 
dominate the catalytic activities and structural stabilities. Toward this end, it is paramount to develop a tech-
nique in situ that allows one to identify the roles of these electrocatalysts under realistic conditions.

Hao Ming Chen (National Taiwan University) and his co-workers recently developed Fe-doped cobalt oxides as an 
efficient electrocatalyst for the oxygen-evolution reaction (OER).1 Dynamic structural conversion is clearly evident 
from X-ray absorption spectra (XAS) recorded in situ at TLS 01C1 (Fig. 1(a) and 1(b)). The ratio of the coordina-
tion numbers of octahedral and tetrahedral sites gradually increases in the region of oxidation and subsequently 
decreases during the reduction, which indicates that the structural conversion is a dynamic equilibrium rather 
than an irreversible process. The authors clarified the distinctive geometric sites in spinel; Fe occupies the octa-
hedral sites (Fe3+

(Oh)) and Co is confined to the tetrahedral site (Co2+
(Td)), resulting in a strikingly great activity. A 

further enrichment of Fe ions would occupy the tetrahedral sites to decrease the amount of Co2+
(Td) and to dete-

riorate the OER activity. Fe3+
(Oh) ions are hence proposed mainly to confine cobalt ions to the tetrahedral site so 

as to restrain the multipath transfer of cobalt ions during the dynamic structural transformation between spinel 
and oxyhydroxide, continuously activating the catalytic behavior of Co2+

(Td) ions (Fig. 1(c)).

Chen’s group also developed Fe-doped 
spinel (Co-Dom spinel and Fe-Dom 
spinel, named after the specific met-
al-oxide-dominated frames).2 Record-
ing Kβ1,3 high-energy-resolution fluo-
rescence-detected X-ray absorption 
spectra (HERFD-XAS) operando with a 
small incident angle at NSRRC beam-
line SP12U1 of SPring-8, these authors 
observed oxygen directly interacting 
with 3d orbitals of Co ions rather than 
those of Fe ions. They concluded that 
the Co-Dom spinel evidently affected 
the oxidized behavior or coordinating 
environment of cobalt ions, which 
benefits the catalytic OER (Fig. 2(a) 
and 2(b)). Most importantly, the result 
indicates that the presence of Fe ions 
near the Co ions can significantly stabi-
lize the Co ions with higher oxidation 
states, which might facilitate the for-
mation of intermediates and further 
refer to an efficient path of OER. The 
results of HERFD operando, as shown 
in Fig. 2(c)–2(f), reveal a significant in-

Fig. 1:  Ratio of coordination numbers of octahedral and tetrahedral sites, ex-
tracted from XAS in situ for (a) CoFe-0 and (b) CoFe-0.44. The catalyst un-
derwent oxidation and then reduction during the measurement in situ. O. 
C. means open circuit state. (c) Schematic representation of the multipath 
during a phase conversion in cobalt oxides. [Reproduced from Ref. 1]
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teraction between the electrolyte and Co ions during 
the catalysis. The authors observed also a different 
behavior with regard to the chemical state of the Co 
ion, thereby leading to a distinct path or interme-
diated state in OER. The Co-Dom spinel exhibited a 
substantially intense maximum of the oxygen-medi-
ated metal-metal interaction with increasing applied 
voltage (i.e., during OER), and verified a stronger 
orbital interaction between Co ions and O ions than 
in the pristine spinel. These results might be the key 
reason for the increased intrinsic catalytic activity of 
the Co-Dom spinel.

In summary, an introduction of iron into cobalt oxides 
and spinel systems has served a crucial function to 
enhance significantly the catalytic activity toward the 
oxygen evolution reaction. X-ray spectra, including 
conventional XAS and HERFD-XAS, were recorded in 
situ to unveil the catalytic nature of the complicated 
catalysts. In particular, the HERFD-XAS approach op-
erando corresponding to the local orbital interaction 
at the reactant-catalyst interface can potentially offer 

synergetic strategies toward recognising the chemical 
reactions or reaction paths in various fields. (Reported 
by Yan-Gu Lin)

This report features the work of Hao Ming Chen and 
his co-workers published in (1) Adv. Energy Mater. 8, 
1701686 (2018), and (2) J. Am. Chem. Soc. 140, 17263 
(2018).

TLS 01C1  SWLS – EXAFS
SP12U1  U32 – Inelastic X-ray Scattering
•  XANES, EXAFS
•  Materials Science, Chemistry, Condensed-matter 

Physics, Environmental and Earth Sciences
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Fig. 2:   (a) Schematic illustration of the interaction of a cobalt 3d-orbital of a catalytic surface with an oxygen 2p-orbital of the elec-
trolyte. (b) High-energy-resolution fluorescence-detection X-ray absorption spectra of the Co K-edge for pristine spinel and 
Co-Dom spinel. HERFD-XAS operando and difference spectra of the Co K-edge for (c)–(d) pristine spinel and (e)–(f) Co-Dom 
spinel. [Reproduced from Ref. 2]
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A Functional Two-Dimensional Coordination Poly-
mer Revives Li−S Batteries 
The notorious sulfur-shuttling effect is suppressed with a functional 2D-coordination poly-
meric layer, which is a significant breakthrough in next-generation Li–S batteries.

T wo-dimensional (2D) poly-
meric layers have become a 

fascinating research topic because 
of their unique physical proper-
ties by design and their potential 
applications in sensing, catalysis 
and energy conversion. Their 
ultrathin feature also enables 
a highly efficient separation of 
gases and molecules based on a 
commonly reported size-exclusion 
mechanism. In particular, ultrathin 
2D polymeric layers are capable of 
separating gases and molecules 
based on that reported size-exclu-
sion mechanism. What is equally 
important but missing at present 
is an exploration of the 2D layers 
with charge functionality, which 
enables applications using the 
charge-exclusion principle.

In the study done by Jing-Kai 
Huang (KAUST Solar Center) and 
his co-workers, a free-standing 
2D-coordination polymer, namely, 
Zn2(benzimidazolate)2(OH)2, was 
synthesized at the air−water inter-
face, which improved the battery 
capacity and cycle performance.1 
The hydroxyl groups are stoi-
chiometrically coordinated and 
implement electrostatic charges 
in the 2D-structures, providing 
powerful functionality as a charge 
barrier. The authors applied syn-
chrotron-based grazing-incidence 
X-ray diffraction (GI-XRD) tech-
niques at TLS 23A1 to clarify the 
detailed structural information of 
layers of the zinc benzimidazolate 
coordination polymer (ZBCP) on 
water surfaces.

The GI-XRD reveals no evidence 
of a crystalline structure (Fig. 1), 

indicatng that the ZBCP layers 
might be amorphous in the in-
plane direction. Because of this 
amorphous nature, there should 
be no well defined pore structures 
within the ZBCP; the porosity 
analysis consequently showed no 
pronounced porosity in the ZBCP. 
Furthermore, the amorphous 
structure increased the tolerance 
to mechanical stress relative to a 
crystalline film, which is advan-
tageous for battery applications. 
This effect was inferred from the 
wrinkles but not cracks existing in 
the ZBCP thin film shown in SEM, 
OM and AFM images. The electro-
chemical performance of the Li−S 
battery shows that the Zn2(ben-
zimidazolate)2(OH)2 coordination 
polymer layers efficiently mitigate 
the polysulfide shuttling effects 
and greatly enhance the battery 
capacity and cycle performance.

In summary, a synthetic strategy 
was developed to grow a transfer-
able Zn-coordination 2D-polymer 
of large area, in which hydroxyl 
groups and the amphoteric zinc 
hydroxides play an active role in 

the separation or selection ac-
cording to the charge-exclusion 
principle. The charge-barrier 
feature has been integrated into 
the Li−S battery to mitigate the 
polysulfide shuttle effects by the 
electrostatic shield, greatly pro-
moting the Li−S capacity and cycle 
performance. (Reported by Yan-
Gu Lin)

This report features the work of 
Jing-Kai Huang and his co-workers 
published in ACS Nano 12, 836 
(2018).

 TLS 23A1  IASW – Small/Wide 
Angle X-ray Scattering
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•  Soft Matter, Protein Crystallog-

raphy, Materials Science, Atomic 
and Molecular Science
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Fig. 1:  (a) XRD profile with a broad amorphous halo and (b) GI-XRD profiles exhib-
iting only the crystalline peak from the sapphire substrate; these features 
indicate the non-crystalline nature of the film. [Reproduced from Ref. 1]
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Al Batteries Activated at Low Temperature 
A remarkable life > 20,000 cycles at rate 6C (charge duration 10 min) was achieved for an Al 
battery operating at low temperatures, corresponding to a battery life > 50 years if charged 
or discharged once daily.

A mong various battery techniques, the alumi-
num-ion battery has gained attention because 

of the great abundance, low cost and high safety of 
aluminum (Al). A rechargeable aluminum-ion bat-
tery (AIB) system based on reversible reduction and 
oxidation of aluminum at the Al negative electrode 

and reversible intercalation or deintercalation of chlo-
roaluminate anions at the graphite positive electrode 
has been intensively developed. Various ionic liquids 
are known to exhibit melting points well below 0 °C, 
which could be utilized to facilitate operation of the 
battery in cold conditions.

Fig. 1:  Synchrotron X-ray diffraction and battery charging in situ and operando. (a) XRD data of a graphite electrode in an alumi-
num–graphite battery in situ under charging to various voltages at -10 °C under 50 mA/g current. The voltages are in the range 
1.858–2.622 V from the bottom to the top curves. The XRD curves are displaced vertically for clarity. Adjacent curves of the 
same color were recorded along a voltage plateau (indicated at the right with a graphite staging number that is also labeled 
in the electrochemical charging curve in (b). (b) Aluminum–graphite battery-charging curve recorded simultaneously with XRD 
measurement with the corresponding graphite intercalation stages labeled along the curve. XRD data in situ in the (c) small-an-
gle and (d) larger-angle regimes showing details of the XRD peak evolutions of graphite during anion intercalation to different 
stages. The right-hand side labels are charging voltages (in volts). [Reproduced from Ref. 1]
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Bing-Joe Hwang (National Taiwan University of Sci-
ence and Technology) and his co-workers recently in-
vestigated rechargeable Al batteries composed of an 
Al negative electrode, a graphite positive electrode 
and an ionic-liquid (IL) electrolyte at temperatures 
down to -40 °C.1 The reversible battery discharge 
capacity at low temperatures could be superior to 
that at room temperature. X-ray diffraction (XRD) 
experiments operando at TPS 09A (Fig. 1) were per-
formed to probe the intercalation of chloroaluminate 
anions into the positive electrode, graphite, during 
electrochemical charging and discharging in situ of 
rechargeable aluminum batteries. These XRD data 
indicated that well defined staging and long-range or-
der exist in the anion–graphite intercalation structures.

The XRD data in situ indicated electrochemically driv-
en structural evolutions from stage n to stage n – 1 (n 
= integer; a staging number corresponding to every 
n graphene layers being intercalated with a layer 
of ions) of the anion–graphite intercalation com-
pound. The results revealed a surprisingly ordered 
anion-intercalation staging behavior in the graphite 
despite the large anion size and the remarkably sta-
ble graphite structure upon repeated intercalation 
and deintercalation with the large anions. Specifically, 
electrochemical and synchrotron XRD experiments in 
situ and operando combined with theoretical mod-
eling revealed stable AlCl4

−/graphite intercalation up 
to stage 3 at low temperatures, whereas intercalation 
was reversible up to stage 4 at room temperature. 
The higher-degree intercalation of anion or graphite 

at low temperatures affords a rechargeable Al battery 
with a greater discharge voltage (up to 2.5 V, a record 
for an Al battery) and energy density.

In summary, the reversible discharge capacity of the 
battery at low temperatures was superior to that at 
room temperature because of the increased staging 
stability and the reversibility of intercalation of chlo-
roaluminate anion in graphite at low temperatures. 
Electrochemical and synchrotron XRD experiments in 
situ and operando combined with theoretical mod-
eling revealed reversible stage 3 intercalation at low 
temperatures, whereas at room temperature inter-
calation was stable up to stage 4. A remarkable cycle 
life and high rate performance were achieved for an 
Al battery operating at temperatures down to -30 °C 
and -40 °C. (Reported by Yan-Gu Lin)

This report features the work of Bing-Joe Hwang and 
his co-workers published in Proc. Natl. Acad. Sci. USA 
115, 5670 (2018). 

TPS 09A  Temporally Coherent X-ray Diffraction
•  XRD
•  Materials Science, Surface, Interface and Thin Films, 

Condensed-matter Physics

Reference
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Rapid Reconstruction of Amorphous Nanofilms for 
Bifunctional Electrocatalysts 
A facile strategy based on rapid reconstruction of amorphous nanofilm precursors is pro-
posed for the exploration of catalysts free of precious metals.

T he development of efficient bifunctional electrodes with extraordinary mass activity and robust stability is 
an eternal, yet challenging, goal for the water-splitting process. Under conditions of operation of the oxy-

gen-evolution reaction (OER) or the hydrogen-evolution reaction (HER), some perovskite electrocatalysts were 
recently found to undergo a slow reconstruction over the surface, which transformed into an amorphous phase 
of thickness ≈ 20 nm, resulting in increased activity. For such transformation to be utilized for the development 
of new electrode materials for water splitting would be highly attractive, but several challenges must be over-
come. First, the rate of reconstruction should be significantly increased; for a conventional process reported for 
perovskite electrocatalysts, a period of several hours is required for the electrode to attain the greatest activity, 
following which an amorphous film of thickness from several to dozens of nanometers was formed on the sur-
face of the perovskite oxides. Second, charge transfer in the reconstructed electrocatalysts is a great concern, 
as most perovskite oxides are poor electric conductors near 23 oC, which might significantly retard the reaction 
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Fig. 1:  (a)–(b) SEM images of SCFP-NF after (a) OER and (b) HER at current densities 10 and -10 mA cm−2 for 2 min. The scale bars are 
200 nm and 1 μm, respectively. (c)–(d) XAS of (c) Co and (d) Fe before and after the first LSV of OER. (e)–(f) XAS of (e) Co and (f) 
Fe before and after the first LSV of HER. [Reproduced from Ref. 1]

kinetics at the electrode. Third, crystal perovskite oxides are typically prepared at high temperature with a well 
sintered bulk and surface, resulting in a small specific surface area; the mass specific activity of the perovskite 
oxides is consequently small, even after surface reconstruction.

Zongping Shao (Nanjing University of Technology) and his co-workers recently developed electrocatalysts 
without precious-metal oxides, namely, SrCo0.85Fe0.1P0.05O3−δ (SCFP), to split water with outstanding activity and 
stability based on electrochemically induced rapid reconstruction of amorphous nanofilm precursors.1 Soft 
X-ray absorption spectra (XAS) at TLS 11A1 were used to detect the initial surface electronic structures of the 
transition metals in the SCFP nanofilms. The electronic structures of Co and Fe in SCFP before and after the first 
linear-sweep voltammetry (LSV) treatments are shown in Fig 1. The initial average oxidation states for Co/Fe of 
the SCF catalyst free of P are near those in the SCFP catalyst. The oxidation states of Co altered with a different 
tendency with or without P after the OER; explicitly, the portion of Co2+ decreased in SCF but increased with the 
presence of P in SCFP (Fig. 1(c)). The retention of the P element in the SCFP nanofilms indicated that an efficient 
and stable amorphous Co-P catalyst might be generated in situ. After the HER, the Co-L2,3 XAS revealed that all 
Co ions converted into Co2+ in both SCF (blue line) and SCFP (red line) catalysts (Fig. 1(e)). The state of Fe3+ in 
SCF (blue dashed line) and SCFP (red dashed line) remained unaltered after the OER as the Fe-L2,3 XAS (Fig. 1(d)) 
show little change. The poorly resolved spectral feature for SCF and SCFP relative to that for Fe2O3 (green line) 
indicates the existence of a low local coordination, as shown in Fig. 1(d) for the YBaCo3FeO7 (magenta line) 
spectrum with a FeO4 tetrahedral coordination. The Fe-L2,3 XAS of SCF (blue line) and SCFP (red line) after HER 
in Fig. 1(f) became much sharper; the t2g and eg related signals became well resolved. This effect indicates an 
increased coordination number of Fe ions, in turn an enhanced crystal field interaction of 10 Dq, especially for 
SCFP. Because of the larger electronegativity of P, its presence can draw electrons from the metal ions; the Fe ions 
thus become more positive and attract the additional ligands from solution, to benefit the HER activity.
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In summary, a facile strategy based on rapid reconstruction of amorphous nanofilm precursors is proposed for 
the exploration of catalysts free of precious metal and with satisfactory electronic conductivity, ultrahigh activity 
and robust stability. The rapidly reconstructed SCFP bifunctional catalysts show ultrahigh mass activity and pro-
tracted operational stability, significantly over-performing precious-metal catalysts at the state of the art. (Re-
ported by Yan-Gu Lin)

This report features the work of Zongping Shao and his co-workers published in Adv. Mater. 30, 1804333 (2018).

TLS 11A1  BM – (Dragon) MCD, XAS
•  MCD, PES, XPS, XAS
•  Condensed-matter Physics, Materials Science
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(2018).

Neutrons See the Mechanism of an Energy Materi-
al Without Destroying the Component
The advantages of neutrons as a probe are utilized, i.e. with sensitivity to Li and the ability to 
penetrate through the battery as a whole. Neutron diffraction has served in an investigation 
of the structural changes of the anode and cathode materials, with the focus on the former, 
that take place during charging and discharging.

T wo mainstream advanced-energy storage sys-
tems are well known and are under development 

for end-user applications. Lithium-ion secondary 
batteries (LIB) have already become practical as small 
power supplies for devices such as mobile telephones 
and notebook computers, but for large power sup-
plies, such as grid energy storage, the weight of the 
material that increases cost, environmental impact 
and cost performance, becomes the top priority 
instead of energy density. One candidate for the 
next generation of secondary batteries that has been 
proposed to meet this demand for large-scale energy 
storage is the sodium-ion secondary battery (SIB), 
that uses sodium instead of lithium as the charge 
carrier.1 

For this application, there is no doubt that safety 
during discharging and efficiency upon charging are 
the most urgent issues for the lithium-ion batteries, 
especially at low temperature. Investigations of the 
phenomena on an atomic scale are essential for a 
full understanding of the processes during battery 
operation. Also, batteries are operated within a broad 
temperature range, both below and above room 
temperature, and temperature change affects the 
performance and safety limits. Li-plating, i.e. forma-

tion of lithium metal on the graphite anode, severely 
degrades the performance of the battery, including 
loss of capacity, increased impedance, slowed activity 
and accelerated aging. Neutron diffraction has been 
used to investigate the structural changes of the 
anode and cathode materials, with the focus on the 
former, that occur during charging and discharging.2 
Chun-Ming Wu (NSRRC) utilized the advantages of 
neutrons as a probe, i.e. the sensitivity to Li and an 
ability to penetrate through the battery as a whole, to 
undertake an nvestigation in operando on an LIB of 
18650 type at and below ambient temperature with 
the first Taiwan cold-triple axis spectrometer ─ SIKA 
at OPAL, ANSTO.3 

Figure 1 shows the temporal evolution of neutron 
diffraction patterns over scattering angle 2θ in the 
range 35° to 42° in monitoring the LiCx from the LiC6 
phase transition to the graphite phase for the dis-
charging or the opposite transition for the charging 
state at varied temperature. The five stages in Fig. 1 
show the substantial loss of capacity at low tempera-
ture, especially at -20 oC at which the capacity was 
found to decrease to 229.5 mAh, which is one sev-
enth that at ambient temperature (stage 1). Stage 4 
at ambient temperature was tested to verify whether 
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Fig. 1:  Temporal evolution of neutron-diffraction patterns collected for a 18650 cell with the NMC cathode corresponding to the state 
of charging (voltage) at five stages of temperature and current rates: (1) discharge phase (CC), (2) is the charge phase (CC) and 
(3) is the relaxation phase (CV) in the battery operation. [Reproduced from Ref. 3]

the battery returns to the original state, i.e. the rate 
of Li extraction and recovery of capacity after cooling 
the battery to -20 oC. The data indicated that the bat-
tery showed only a negligible memory effect, ~3%, as 
discussed in the article.

A concept similar to the neutron technique was con-
ducted by Chia-Ching Chang (National University of 
Taiwan) who investigated the Na+ ion deintercalation 
in the charging stage of the first cycle. As shown in 
Fig. 2 and 3, the lattice spacing of (002) (d200) ex-
panded from 4.755 to 4.806 Å with cell voltage from 
2.0 to ~3.9 V. On increasing voltage further to 4.3 V, 
d200 maintained 4.806 Å. A plateau of lattice spacing 
between 3.9 and 4.3 V implies a large energy barrier 
for the diffusion of Na+ ions. During charging, the 
polarization curve shows a profile similar to that of a 
distribution of diffusion-controlled ion concentration 
in a solid-state crystal, with capacity increasing from 
0 to 300 mA h. In this curve, an inflection point for 
different slopes of a plot for capacity vs voltage was 
found, implying an interface for the ion diffusion 
barrier at 3.9 V.4

Chang’s group observed a region of slow exchange 
from Na+ to defect site, in the decreased capacity to 
voltage slope at a voltage greater than 3.9 V. In this 
voltage range, a slight decrease of d102 from 2.420 to 

Fig. 2:  Neutron diffraction results in operando and the corre-
sponding polarization curve of a 18650 cell operating 
between 2.0 and 4.5 V during charging. [Reproduced 
from Ref. 4]

2.418 Å resembled a local compression or distortion 
in lattice planes intersecting with plane (002). An 
expansion might be attributed to a local distortion 
mostly at Fe sites. On increasing the cell voltage to 4.5 
V, d002 expanded to 4.825 Å. In this stage d102 shifted 
back to its original width, revealing a relaxation of the 
local distortion upon the completion of ion diffusion 
channels in NFMO. According to the neutron diffrac-
tion in operando conducted by Echidna in ANSTO, 
the scenarios for Na+ deintercalation behavior in the 
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Fig. 3:  Neutron-diffraction pattern in operando of a NFMO cathode in a 18650 
cell operating from 2.0 to 4.5 V. [Reproduced from Ref. 4]

NFMO crystal with respect to voltage change in the 
SIB charging process include (1) Na+ ions relocating 
from lattice points to ion channels from 2.0 to 3.9 
V. In this stage, Na+ ions tend to accumulate in the 
lattice planes perpendicular to axis c as revealed by 
expansion of d002 from 4.755 to 4.806 Å. In this event, 
Na+ intercalation generated a lateral expansion in 
plane (002) and thus compressed the lattice spacing 
of intersecting lattice planes (i.e., (102)). (2) from 
3.9 to 4.3 V, the capacity increased from 133 to 267 
mAh. In the absence of d000 expansion, Na+ relocation 
occurred without generating additional distortion 
in planes (002) and was mainly in ion channels. In-
creasing voltage further from 4.3 to 4.5 V slightly 
expanded d002 to 4.825 Å, which accounts for further 
Na+ intercalation and a structural alignment in the ion 
channels. In this event, expansion of d102 (i.e., relax-
ation of lateral strain in ion channels) to its original 
value complementary explains the interplays of lattice 
strains between intersecting lattice planes from 3.9 to 
4.5 V. We cross-referred the obtained results also with 
X-ray absorption spectra and X-ray diffraction. Our re-
sults reveal that the local structural distortion appears 
at Fe sites bit is absent at Mn sites of NFMO crystals 
in the first charging process. After 100 cycles, the 
transformation of octahedral to tetragonal symmetry 
proves a chemical interaction of Fe sites in the NFMO 
crystal. Such a transformation can be attributed to a 
formation of amorphous NaFeOx structures, but the 
Mn sites showed a greater affinity for Na+ storage 
relative to the Fe sites and maintained their local 
symmetry unaltered, hence suppressing the capacity 
reversibility in a SIB. (Reported by Chun-Ming Wu)

This report features the work of Chun-Ming Wu, Chia-
Ching Chang and their collaborators, published in (1) 
Physica B: Condensed Matter 551, 305 (2018), and (2) 
J. Phys. Chem. C 122(24), 12623 (2018).

ANSTO-CG4 SIKA – Cold Neutron Triple-axis Spec-
trometer 

ANSTO-TG1 ECHIDNA – High-resolution Powder 
Diffractometer

•  Elastic/Inelastic Neutron Scattering, Neutron Pow-
der Diffraction

•  Single Crystal, Superconductivity, Magnetism, Ener-
gy Materials, Material Structure
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