
Neutron 
Science This year, we selected five remarkable highlights of the 

neutron technique that seek to answer varied scientific 
questions about the fundamental properties of magnetic 
and energy materials on an atomic scale, and for medical 
applications on a nanometer scale. In answering these 
questions, neutrons help spur innovations that improve 
our daily lives such as new methods of data storage, 
materials with small or even zero thermal expansion, cost-
effective all-solid-state battery material and more effective 
drug-delivery systems. Using the capability of neutron 
instruments, researchers count scattered neutrons, measure 
their energies and the angles at which they are scattered, 
and map their final position, which makes it possible for 
scientists to glean details about the nature of materials. 

The selected remarkable studies were performed by our 
user communities; they completed their outstanding work 
at OPAL, ANSTO, using neutron instruments at the state 
of the art in the year 2021. Four highlights are from the 
neutron powder diffractometer (ECHIDNA and WOMBAT), 
which are magnetic materials reported by Wei-Tin Chen, 
Hung-Duen Yang and Xianran Xing; the solid-state battery 
material was reported by Chen Ma. In the other highlights 
that applied used the SANS instruments BILBY showed the 
potential of new novel materials for a drug-delivery system 
by Kuen- Song Lin. (by Shih-Chun Chung)
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M agnetoresistance (MR) is such a technologically 
important phenomenon that the resistivity of a 

material changes with an applied magnetic field. Such a 
property can be observed in many conducting materials, 
but the changes of resistance are typically about a few 
percent and with rather limited sensitivity. Nowadays 
MR materials are widely used in our daily life, as reader 
heads of hard drives in computer or consumer electronics. 
More functional materials have been further explored for 
potential technological application; for instance, in 1990s 
the colossal magnetoresistance (CMR) was demonstrated 
in the manganite perovskites. The archetypal LaMnO3 
based system was intensively investigated, in which a 
colossal change in resistance against magnetic field can 
be realized on tuning the electronic configuration of the 
system. An optimal MR response was soon established 
with a specific doped region, but the phase diagrams such 
as La1−xCaxMnO3 (LCMO) remain controversial. The CMR 
was believed to result from electronic phase segregation 
between ferromagnetic metallic and antiferromagnetic 
insulating states.1 It is, however, a long-standing 
conundrum that such a precise doping value leads to a 
maximized MR effect; the phase segregation has prevented 
an atomistic-level understanding of the orbital ordered 
state at this doping level.

Wei-Tin Chen (National Taiwan University), Mark Senn 
(University of Warwick, UK), Yu-Chun Chuang and Chin-

Wei Wang (NSRRC) recently demonstrated a successful 
collaboration to provide structural insight for a mechanistic 
understanding of such intriguing physical phenomena. 
These properties are exhibited in strongly correlated 
electron systems that tend to have dense and strongly 
bound structures. The application of high-pressure high-
temperature (HPHT) synthesis techniques is therefore 
particularly useful to explore novel functional materials as 
unstable structural distortions and metastable magneto-
electric phases might be stabilized under extreme 
conditions. Chen’s research group is dedicated in HPHT 
techniques and utilizes AA’3B4O12 quadruple perovskites 
as a model framework to investigate target functional 
properties, such as CMR and multiferroicity (MF) (Fig. 1). 
Detailed crystallographic information was extracted from 
high-resolution synchrotron X-ray powder diffraction 
(SXRD) data collected from the TPS 19A beamline at the 
NSRRC, and high-resolution neutron powder diffraction 
(NPD) data collected from beamline ECHIDNA at Australian 
Nuclear Science and Technology Organisation (ANSTO); 
furthermore, it is particularly beneficial to investigate a tiny 
sample obtained from a HPHT synthesis with high-intensity 
neutron powder diffraction instrument WOMBAT, at 
ANSTO. With assistance of thorough systematic symmetry 
element examination, Chen and Senn provided crucial 
structural evidence to understand the intrinsic properties.

The archetypal CMR systems are the doped manganite 

Colossal Magnetoresistance and Improper 
Ferroelectric Polarization Explicated in Quadruple 
Perovskites
From various designed high-pressure synthesized AMn7O12 series, the specific electron stripes arrangement provides 
mechanistic understanding of how magnetoresistance might be enhanced, and how the novel charge ordered state 
reveals novel coupling of electronic and ferroelectric order parameters.

Fig. 1: (a) Schematic crystal structure of AMn7O12 quadruple perovskites, showing B-site octahedra Mn (left) and A’-site square-planar Mn (right). (b) 
DIA-type cubic anvil high-pressure apparatus employed in the related studies. The pressure cell is placed at the center of six tungsten carbide 
anvils for HPHT synthesis. [Image courtesy of Wei-Tin Chen]
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perovskites; the key regime has been established 
that x = 3/8 in narrow-bandwidth Pr1−xCaxMnO3 and 
La1−xCaxMnO3 systems corresponds to a maximum 
MR effect. With HPHT-synthesized 134 quadruple 
perovskites AMn3Mn4O12 (or AMn7O12) solid solution, 
in which A = La1−xCax and Na1−xCax at intervals Δx = 0.1, 
the system can serve as a prototype to revisit the 
x = 0–1/2 doped regime of the LCMO manganites in 
detail.2 There are several advantages that make the 
current 134 system a sufficient model for the present 
study. The small variations in cell volume (< 2%) and 
octahedral tilt angles (138.7° ± 1.2°) of the entire 
solid solution prevent the band-narrowing physics 
to the electronic doping accordingly. The octahedral 
tilt pattern of the series is locked as a+a+a+ in Glazer’s 
notation with phase transitions so that further lattice 
distortion becomes indicative of long-range orbital 
ordering. The degree of crystallinity of these HPHT 
synthesized samples is much greater than simple 
perovskites of similar composition; the microstrain 
remains exceptionally low across phase transitions 
(e0 ≤ 0.015%), evident of the absence of significant 
intrinsic phase segregation. From detailed variable-
temperature SXRD and NPD experiments, four 
distinct crystallographic phases and a comprehensive 

Fig. 3: Structural phase transitions of HMO from high-temperature cubic to intermediate-temperature rhombohedral 
and to low-temperature orthorhombic phases. (a,b) Evolution of lattice parameters, volume and selected SXRD 
pattern across the phase transitions. (c,d) Detailed structure and symmetry-element analysis from SXRD and NPD 
joint Rietveld refinements of data at 300 and 100 K. [Reproduced from Ref. 4]

Fig. 2: (a) Magnetic phases observed from heat map of NPD patterns at 
base temperature. (b) Detailed temperature and compositional 
phase diagram of AMn3Mn4O12 solid solution. (c) Four distinct 
structural phases with various orbital ordering at representative A-site 
compositions. [Reproduced from Ref. 2] 
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temperature and compositional phase diagram were 
obtained; a new magnetic ordered phase was observed 
(Fig. 2). the Utilizing web-based symmetry analysis tool, 
ISODISTORT,3 the evolution of tetragonality and the 
transformation of orbital-ordering distortion modes were 
revealed. At a particular doping region, an arrangement of 
alternating ordered-insulating and disordered-conducting 
electron stripes forms a new state of matter. Such structural 
insight provides evidence showing how an external 
magnetic field induces the collapse of an insulating state, 
and how the MR effect might be enhanced in operational 
temperatures and sensitivities.

The collaborative team by using symmetry-analysis 
approach also demonstrated a new paradigm of improper 
ferroelectric polarization. In type-II MF mechanism, the 
polarization is a secondary order parameter of the primary 
magnetic ordering. Novel HgMn7O12 (HMO) quadruple 
perovskite was prepared with HPHT techniques, exhibiting 
a MF property at low temperarture.4 Compared to its 
analogue CaMn7O12, in addition to the charge-ordering 
phase transition from cubic to rhombohedral phases at 
high temperature, HMO experienced a further symmetry-
lowering transition on cooling at ~260 K to orthorhombic 
phase Pnn2 according to SXRD and NPD joint Rietveld 
refinement (Fig. 3). It was revealed from symmetry element 
analysis that the improper ferroelectric polarization in HMO 
originated from the lattice instabilities directly linked to 
charge and orbital degrees of freedom.

In summary, the recent work of Chen and his collaborators 
demonstrated that the detailed crystallographic 
information was basic but essential to explain the physical 

properties intrinsically. The systematic examination of 
symmetry elements has provided crucial structural insight 
and mechanistic understanding of intriguing physical 
phenomena that are not only fascinating in fundamental 
research but also important in technological application. 
Collaborative projects adopting symmetry-analysis 
approach continue to further examine the magnetic 
structures and commensurate-incommensurate magnetic-
phase transitions of the related functional materials. 
(Reported by Wei-Tin Chen, National Taiwan University)

This report features the quadruple perovskite-related work 
of Wei-Tin Chen and his collaborators published in Nat. 
Commun. 12, 6319 (2021) and Phys. Rev. B 97, 144102 
(2018).

ANSTO WOMBAT – High-intensity Powder 
Diffractometer

ANSTO ECHIDNA – High-resolution Powder 
Diffractometer

TPS 19A  High-resolution Powder X-ray Diffraction 
• NPD, PXRD
• Materials Science, Condensed-matter Physics, Chemistry
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New Cu-Based Multiferroic Materials

Neutron powder diffraction is a useful tool to characterize the magnetic structures of multiferroic materials.

M ultiferroics, exhibiting two or more ferroic orders, are extensively investigated in condensed-matter physics because 
of their potential applications in spintronics and low-power-based microelectronics, especially multiferroics type II, 

of which the magnetic order and electric order are mutually coupled. Among all currently known multiferroics, materials 
containing Cu2+ spin-1/2 are placed in a special class due to their unconventional spin structures, involving spin frustrations 
or quantum effects. CuO and CuCl2 are well known multiferroic materials; compounds from the CuO-CuCl2-SeO2 ternary 
phase diagram have also been reported to exhibit exotic quantum magnetic states and multiferroic properties. Hung-Duen 
Yang (National Sun Yat-sen University) and his co-workers studied the properties of various Cu-based materials, such as 
Cu2OSeO3 and Cu2OCl2. They recently reported the structural, magnetic and dielectric properties of α-Cu5O2(SeO3)2Cl2 and 
Cu9O2(SeO3)4Cl6,1,2 which belong to 
the CuO-CuCl2-SeO2 ternary system.

Single crystals of α-Cu5O2(SeO3)2Cl2 
and Cu9O2(SeO3)4Cl6 were synthesized 
using a chemical vapor-transport 
method. The mixture of raw materials 
was sealed in an ampoule (length 10 
cm), which was placed horizontally 
in a tubular two-zone furnace, 
as illustrated in Fig. 1(a). Single 
crystals of α-Cu5O2(SeO3)2Cl2 and 
Cu9O2(SeO3)4Cl6 formed in the hot and 
cold ends, respectively. The crystal 
structures of α-Cu5O2(SeO3)2Cl2 and 
Cu9O2(SeO3)4Cl6 are both monoclinic 
with space groups P21/c and C2/m, 
respectively. Both compounds were 
characterized with synchrotron 
radiation X-ray powder diffraction 
(TPS 09A), magnetometry, specific 
heat, dielectric measurements and 
neutron powder diffraction.

The magnetic Bragg peaks from 
the Cu2+ spin structures are typically 
weak because of small magnitudes 
of magnetic moment and quantum 
fluctuation. The magnetic structures 
of these two compounds were hence 
studied with the high-intensity 
neutron powder diffractometer, 
WOMBAT. Figure 1(b) shows 
magnetic diffraction patterns of 
α-Cu5O2(SeO3)2Cl2 obtained on 
subtracting the high-temperature 
diffraction pattern from the low-
temperature one. The propagation 
vector is determined as q = (1/2 0 0), 
which indicates that the magnetic 

Fig. 1: (a) Experimental two-zone growth of α-Cu5O2(SeO3)2Cl2 and Cu9O2(SeO3)4Cl6 single crystals: 
pictorial representation and photograph of the quartz ampoule. A red line denotes the 
temperatures of the hot and cold ends of the two-zone furnace. Brownish α-Cu5O2(SeO3)2Cl2 
and green Cu9O2(SeO3)4Cl6 single crystals grown at hot and cold ends, respectively. (b) 
and (d) show the fit of magnetic neutron diffraction patterns of α-Cu5O2(SeO3)2Cl2 and 
Cu9O2(SeO3)4Cl6, respectively. (c) and (e) show the order magnetic peak intensities as a 
function of temperature. [Reproduced from Ref. 1 and Ref. 2] 
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unit cell is double the nuclear 
unit cell. The temperature 
dependence of the magnetic 
peak intensity is plotted in Fig. 
1(c); the magnetic structure 
is illustrated in Figs. 2(a) and 
2(b). The ordered Cu2+ moments 
are about 0.75 μB at 3.5 K and 
lie in plane a-c. The typical 
spin structure of the frustrated 
bow-tie lattice is realized in 
the Cu2-Cu3 layer, in which 
the Cu3 spins form sequence 
(++--) along axis a, which might 
invoke magnetoelectric coupling 
through the exchange-striction 
effect.

In the case of Cu9O2(SeO3)4Cl6, 
the propagation vector is found 
to be q = (1/2 1/2 0), indicating 
that the magnetic unit cell is 
double the nuclear unit cell 
along axes a and b (Fig. 1(d)). 
The temperature dependence 
of the magnetic peak intensity is 
plotted in Fig. 1(d); the magnetic structure is illustrated in Figs. 2(c)–2(e). The magnetic moments lie in plane a-c forming a 
non-collinear antiferromagnetic structure. Half of Cu(5) ions carry no moments as required by the magnetic symmetry group, 
showing that the spins of Cu(5) ions still fluctuate, even below TN, and carry no static magnetic moment. 

In summary, Yang’s group successfully synthesized α-Cu5O2(SeO3)2Cl2 and Cu9O2(SeO3)4Cl6 single crystals with a chemical 
vapor-transport method and investigated the structural, magnetic and dielectric properties. Neutron powder diffraction 
provided information about the magnetic order and magnetic structures. (Reported by Chin-Wei Wang) 

This report features the work of Hung-Duen Yang and his collaborators published in Mater. Adv. 2, 7939 (2021) and Phys. Rev. B 
100, 245119 (2019).

TPS 09A  Temporally Coherent X-ray Diffraction 
ANSTO WOMBAT – High-intensity Powder Diffractometer 
•  XRD, NPD
•  Condensed-matter Physics
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Fig.2: Magnetic structure of α-Cu5O2(SeO3)2Cl2 illustrated as (a) stacking along the crystallographic b-axis 
direction and (b) projection of Cu2 and Cu3 spins in crystallographic plane a-c. Dashed rectangular 
blocks indicate ferromagnetic spin-dimers that form along the a-axis direction. Non-collinear 
antiferromagnetic structure of Cu9O2(SeO3)4Cl6: (c) stacking of Cu layers along the crystallographic 
b-axis direction, (d) Cu spin configuration in layer A, and (e) Cu spin configuration in layer B. 
[Reproduced from Ref. 1 and Ref. 2] 
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Super-Invar Behavior with Ultrawide Temperature 
Range
Super-invar (SIV) metallic materials underpinned by magnetic ordering are of great practical merit for a wide range of 
high-precision engineering. 

I t is generally accepted that 
the volume of most matter 

increases upon heating; water 
below 4 oC is a well known 
textbook exception. Such a 
phenomenon, so-called thermal 
expansion, occurs in our daily 
lives and is a critical issue in an 
extreme environment. From a 
technological point of view, the 
thermal expansion of component 
devices is crucial for diverse 
high-precision applications, such 
as metrology devices, aerospace 
vehicles, optical instruments 
etc. Materials with small or 
even zero thermal expansion 
(ZTE) are valuable in preventing 
size deformation under rapid 
and frequent thermal shock, 
increasing the accuracy and 
lifetime as a result. Xianran 
Xing (University of Science and 
Technology Beijing, China) and 
his co-workers are devoted 
to the study of the negative 
thermal expansion (NTE) and 
ZTE materials. REM2 intermetallic 
compounds (RE = rare-earth 
element, M = transition metal) 
display magnetic ordering and 
an associated magnetovolume 
effect (MVE), being promising 
candidates for engineering 
ZTE materials. The thermal-
expansion behavior of REM2 can 
be tuned on either modifying 
the materials themselves or on 
applying an external magnetic 
field or pressure. For example, 
the thermal-expansion behavior 
of Lu2Fe17 compounds can 
be modified with yttrium 
substitution for lutetium or 
introducing vacancies to the 
lutetium sites.1,2 Because the 

Fig. 1: (a) Schematic ferrimagnetic structure of Ho2(Fe, Co)17 determined with NPD refinements.  
(b) Contour plot of magnetic peaks (110) for Ho2Fe17, Ho2Fe16Co and Ho2Fe15Co2.  
(c) Temperature dependence of magnetic moments of the Fe/Co-sublattice determined 
from NPD. (d) M(H) curves of Ho2Fe17, Ho2Fe16Co and Ho2Fe15Co2 measured at 4 K. The 
inset shows the saturation magnetization. (e)−(g) Temperature dependence of magnetic 
moments of various atomic sites and sublattices for Ho2Fe17, Ho2Fe16Co and Ho2Fe15Co2 
compounds. [Reproduced from Ref. 3]
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MVE effect in REM2 is strongly related to the 3d electrons, 
modifying the transition-metal sites can tune the thermal-
expansion behavior. Xing and his co-workers recently 
reported the thermal-expansion behavior in Ho2(Fe, Co)17 
and discovered the SIV in Ho2Fe16Co1.

The thermal expansion of a material can be characterized 
with various techniques, such as a dilatometer, X-ray 
diffraction and neutron powder diffraction. Neutron 
powder diffraction, among the three, is unique in 
simultaneously probing the lattice expansion and long-
range magnetic ordering that is critical for specific groups 
of NTE or ZTE materials. The high-intensity neutron powder 
diffractometer, WOMBAT, which is capable of rapid data 
acquisition, has undertaken many proposals on NTE and 
ZTE materials. Measurements of neutron powder diffraction 
indeed provide critical experimental results for Ho2(Fe, 
Co)17 compounds in this work, such as the magnetic 
structure (Fig. 1(a)), temperature dependence of the lattice 
parameters and the magnetic moments of Ho and Fe/Co 
sites (Figs. 1(c), 1(e)–1(g)). The experimental results match 
well the results from first-principle calculations. Greatly 
varied thermal-expansion behaviors have been observed 
in Ho2(Fe, Co)17 with varied Co substitution, as shown in 
Fig. 2(a). Ho2Fe17 exhibits the NTE behavior below TC ~ 340 
K and a typical positive thermal expansion (PTE) above TC. 
The Co-substituted Ho2Fe15Co2 and Ho2Co17 exhibit low and 
high-PTE behaviors, respectively. In between, the HoFe16Co 
shows a wide temperature range of ZTE, in which the 
variation of cell volume is less than 1 Å3 and the thermal-
expansion coefficient is of order 10-6 K-1, as shown in Fig. 
2(b).

The work on the R2(Fe, Co)17 compounds by Xing and his 
collaborators utilizes various experimental probes and 
first-principle calculations.3 All these techniques together 
reveal the key role of the 3d bonding state in the thermal 
expansion upon the long-range magnetic ordering. In this 
work, Xing and his collaborators reported a record wide 
SIV temperature range among metallic compounds, from 
3 to 461 K (ΔT = 458 K), almost twice the value of known 
metallic SIV. This research together with the flexibility and 
numerous R-Fe-Co alloy systems indicates great potential 
in the development of promising thermal expansion and 
related functional magnetic performances. (Reported by 
Chin-Wei Wang)

This report features the work of Xianran Xing and his 
collaborators published in Phys. Rev. Lett. 127, 055501 
(2021). 

Fig. 2: (a) Temperature dependence of relative unit-cell volume 
determined with NPD refinements from 3 to 650 K for Ho2(Fe, 
Co)17 compounds; (b) apparent zero thermal expansion of 
compound Ho2Fe16Co determined with a thermal dilatometer 
from 100 to 520 K. The coefficients of thermal expansion are of 
order 10-6 K-1 in the three temperature windows. [Reproduced 
from Ref. 3]

ANSTO WOMBAT – High-intensity Powder 
Diffractometer

• NPD
• Condensed-matter Physics
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A Cost-Effective and Humidity-Tolerant Solid 
Electrolyte for All-Solid-State Lithium Batteries
A new cost-effective material as solid electrolyte enables an all-solid-state cell at room temperature with sound 
performance.

S econdary battery research has become a vigorous research field in recent decades. It reflects the increasing demands 
from portable devices, electric vehicles and the development of renewable energy. The electrolyte is a critical 

component of batteries and a particular focus of battery research. The solid-state electrolyte materials are critical to realize 
an all-solid-state battery, which is potentially less flammable, preventing the formation of a solid-electrolyte interphase, 
increasing cycling performance and strength. Li-ion-conducting chloride solid electrolytes possess effective physicochemical 
characteristics such as high ionic conductivity, deformability and oxidative stability, but these materials are expensive and 
commercially uncompetitive. Chen Ma (University of Science and Technology of China, China) and his collaborators report a 
new chloride solid electrolyte, Li2ZrCl6, which costs much less than the present chloride solid electrolytes and has an atypical 
humidity tolerance. 

Li2ZrCl6 (LZC) was synthesized with a mechanochemical method. A stoichiometric mixture of LiCl and ZrCl4 was ball-milled for 
45 hours to obtain the as-milled LZC, which was treated with annealing at 350 °C. Surprisingly, the ionic conductivity of the 
LZC decreased by two orders of magnitudes after the annealing treatment, which was explained by an irreversible structural 
phase transition. The phase transition was studied with both X-ray and neutron diffraction (WOMBAT), revealing that the as-
milled LZC crystalizes into the α-phase of space group P3m (Fig. 1(a)) and transforms into the monoclinic β-phase (C2/m) after 
heating (Fig. 1(e)). An analysis of the bond-valence-site energy (BVSE) was performed to evaluate the ionic conductivities 
based on the refined crystal-structure models. The BVSE method was employed to locate the positions of Li+ ions in the 
environment of heavy ions Zr+4 and Cl-. The potential exerted on the Li+ ion determines the possible distribution of the Li+ ion 
in the lattice. The Li-ion potential isotherm is plotted in Figs. 1 (b) and 1(f) for α-LZC and β-LZC, respectively. The positions of 

Fig. 1: BVSE analysis of Li-ion migration within the α-LZC and β-LZC structures. The crystal structures of α-LZC (a) and β-LZC (e) superimposed with the 
Li-ion potential map. Li-ion migration paths of α-LZC ((b) and (c)) and β-LZC ((f), and (g)). Energy profiles of the migration paths in α-LZC (d) and 
β-LZC (h). Each path in (b)–(c) and (f)–(g) corresponds to the energy profile of the same color in (d) and (h), respectively. [Reproduced from Ref. 1]
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low potential reveal the possible Li-ion conduction path. In α-LZC, the interconnect paths form a 3D percolating network with 
an effective migration barrier 0.803 eV (Fig. 1(c)). For the β-LZC structure, the paths within plane a-b are more favorable for 
Li-ion transport than for the interplane direction; the barrier for migration between adjacent planes is more than three times 
the barriers in plane a-b (Fig. 1(f)). An analysis of the ion conduction path partially explains the significant difference in the 
ionic conductivity between α-LZC and β-LZC. 

A test of humidity tolerance was performed employing X-ray diffraction (XRD), X-ray photoelectron spectra (XPS) and 
electrochemical impedance spectra. Figures 2(a) and 2(b) display the Zr-3d and Cl-2p XPS of the as-milled LZC and LZC 
exposed to humidity (5% RH for 24 h). The difference is insignificant. In tests of the electrochemical impedance spectra, the 
as-milled LZC well preserved its high conductivity after the humidity treatment (Fig. 2(c)), compared with a decrease almost 
an order of magnitude of Li3InCl6 (Fig. 2(d)), which is the most humidity-tolerant chloride solid electrolyte reported before 
LZC. The raw materials for the mechanochemical synthesized Li2ZrCl6 are orders of magnitude cheaper than those for other 
chloride solid electrolytes, which makes Li2ZrCl6 at present the only chloride solid electrolyte with raw-material cost ($1.38/
m2) below $10/m2 (the threshold that ensures the competitiveness of all-solid-state batteries).

The as-milled LZC was integrated as the solid electrolyte into all-solid-state cells with LiCoO2 (LCO) or single-crystal 
LiNi0.8Mn0.1Co0.1O2 particles (scNMC811) as the cathode and Li-In alloy as the anode. A thin layer of Li6PS5Cl (LPSCI) was 
applied to the surface of LZC to prevent the reaction between the anode and LZC. The electrochemical performance of the 
Li-In|LPSCl-LZ |scNMC811 cell is displayed in Fig. 3. Being cycled at 0.1 C (1 C = 200 mA g–1) between 2.2 and 3.8 V, the cell 
delivered an initial Coulombic efficiency 90.3% and a discharge capacity 181 mA h g–1 (Fig. 3(a)). The rate capability of the 

Fig. 2: Zr-3d (a) and Cl-2p (b) XPS of as-milled LZC before and after being exposed to the atmosphere with relative humidity 5%. 
Nyquist plots of the as-milled LZC (c) and Li3InCl6 (d) before and after exposure to the atmosphere with relative humidity 
5%. [Reproduced from Ref. 1]
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scNMC811/LZC cell is shown in Figs. 3(b) and 3(c); the average discharge capacities at 0.2 and 2 C are 176 and 96 mA h g–1,  
respectively. The long-term cycling data is displayed in Fig. 3(d), which demonstrates Coulombic efficiency 99.9% and 
discharge capacity 149 mA h g–1 after 200 cycles at 1 C. According to the scanning electron microscope and XRD ex situ, the 
positive electrode and solid electrolyte were still in intimate contact with each other without noticeable reaction or inter-
diffusion after prolonged cycling.

Ma and his co-workers discovered as-milled LZC as a new solid-state electrolyte that might possess the advantages of greater 
tolerance to humidity and lower cost for the raw materials. (Reported by Chin-Wei Wang) 

This report features the work of Chen Ma and his collaborators published in Nat. Commun. 12, 4410 (2021).

ANSTO WOMBAT – High-intensity Powder Diffractiometer
•  NPD
•  Condensed-matter Physics, Materials Science
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Fig. 3: Electrochemical performance of the Li-In|LPSCl-LZC|scNMC811 cell. (a) Initial charge/discharge curves at 0.1 C, with the Coulombic efficiency  
η Coulomb denoted. (b,c) Rate capability at 0.2, 0.33, 0.5, 1 and 2C. (d) Long-term cycling performance at 1C. [Reproduced from Ref. 1]
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Fig. 1: (a) Fe K-edge derivative XANES spectra of Fe3O4, IONP, 
MGNS and MGNS-nanogel. (b) Fe K-edge EXAFS Fourier-
transformed spectra of Fe3O4, IONP, MGNS and MGNS-
nanogel. [Reproduced from Ref. 6]

Doxorubicin-Loaded Thermo- and pH-Tunable 
Carriers for Targeted Drug Delivery to Liver 
Cancer Cells in Vitro 
The thermo- and pH-dependent DOX carriers based on MGNS, functionalized with a PNIPAM and PEI nanogel that 
targets liver cancer cells, were formulated and showed a high potential for microenvironment stimulus-prompted drug 
delivery and suppression of cancer cells.

S mart drug-delivery biomaterials that are triggered 
with specific stimuli, including temperature, pH and 

enzymatic activity, have recently been formulated. The 
stimulus-responsive properties of these biomaterials 
can offer an improved delivery of drugs to the targeted 
tumor sites when applied in anticancer drug delivery.1,2 
Stimulus-dependent biomaterials are promising 
candidates for precise control of drug delivery to targeted 
sites. These materials undergo rapid tunable structural 
changes prompted by exterior stimuli in the surrounding 

changes of the samples were measured at temperatures 25, 
37 and 42 °C.

Kuen-Song Lin (Yuan Ze University) and his group 
thoroughly examined the nature of the iron products using 
the XANES technique to obtain information related to the 
electronic configuration, stereochemistry and oxidation 
states of Fe atoms in the samples.2,6 The XANES results 

environment, offering a well-controlled drug release. Among 
stimulus-dependent biomaterials, thermo-responsive 
biomaterials offer exciting prospects for the controlled release 
of anticancer drugs, precisely to the cancer cells, whereas 
decreasing adverse effects on other organs.3,4 The interior applied 
temperature can hence prompt the release of drugs from such 
biomaterials, thereby controlling the release pattern or required 
dosage of drugs in the targeted location. Attention should be 
paid to thermo-responsive nanogels, which transit because of 
temperature changes on adjusting their physiochemical and 
colloidal properties, and exhibit a phase-transition temperature, 
namely the lower critical solution temperature (LCST). In an 
aqueous solution, thermo-responsive polymers undergo rapid 
and changeable structural transitions from a swollen to a 
collapsed state, which leads to an on–off detachment of drug 
molecules due to temperature.5 Moreover, pH-dependent 
biomaterials have been developed to release drugs in acidic 
tumor environments. Polymeric micelles have been incorporated 
with pH-sensitive components that transit to a hydrophilic state 
under acidic pH, causing the micelles to disassemble and to 
trigger the release of drugs. These pH-responsive biomaterials 
undergo a transition once delivered to acidic sites or in acidic 
tumor microenvironments.

The analyses of X-ray absorption near edge structure (XANES) 
and extended X-ray absorption fine structure (EXAFS) spectra 
were performed to understand the fine structure and the Fe 
atomic arrangement in terms of bond distance and co-ordination 
number. The XANES and EXAFS experiments were implemented  
at wiggler beamline TLS 17C1. Small-angle neutron scattering 
(SANS) experiments were undertaken on BILBY scattering 
equipment (OPAL research reactor) at Australian Nuclear Science 
and Technology Organisation (ANSTO, Australia). The structural 
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of the Fe atom in the Fe3O4 
standard, IONP, MGNS and 
MGNS-nanogel carriers displayed 
an absorbance signal (Fe = 7112 
eV) characteristic of the 1s to 3d 
transition (Fig. 1(a)). Comparison 
showed that the XANES results 
of the carriers were similar to 
that of the Fe standard spectrum. 
For Fe, the intensity of the 1s 
to 3d signal of the XANES Fe 
K-edge was administered by the average coordination 
number; the oxygen (O) bonds were synchronized to 
the central Fe cation. The EXAFS fits for the first shell are 
displayed in Table 1 and Fig. 1(b), which reveal that the Fe 
standard, MGNS and MGNS-nanogel have Fe atoms at the 
center that are coordinated mainly by Fe–O. The standard 
Fe–O bond distances in Fe3O4 standard, IONP, MGNS, and 
MGNS-nanogel carriers were 1.96, 1.95, 1.93 and 1.92 
Å with coordination numbers 3.71, 3.75, 3.74 and 3.73, 
respectively.6

The SANS techniques were applied to confirm the 
temperature sensitivity of the prepared carriers at 
temperatures 25, 37 and 42 °C, as displayed in Figs. 2(a) 
and 2(b). The transition behavior of the MGNS and MGNS-
nanogel carriers upon applying heat was examined. As  
seen in Fig. 2(a), there was no difference in the scattering 
intensity of MGNS carriers at the different temperatures, 
but, as a function of temperature, an increase in the 
scattering intensity of the MGNS-nanogel carriers was 
observed (Fig. 2(b)).6 When the temperature was increased 
from 25 to 37 °C, an increased order of the MGNS-nanogel 
carriers was noticed, but, between the temperatures 37–42 
°C, there was a slight increase in the order mainly because 
the nanogel attained its maximum temperature (above 
LCST = 42 °C). Moreover, such a transition might result from 
the collapsed structure of the prepared nanogel.6 (Reported 
by Kuen-Song Lin, Yuan Ze University)

This report features the work of Kuen-Song Lin and his 
collaborators published in the J. Ind. Eng. Chem. 104, 93 
(2021).

TLS 17C1  EXAFS
ANSTO BILBY – Small Angle Neutron Scattering
•  SANS, XANES/EXAFS 
•  Materials Science, Chemistry, Surface, Interface and Thin-

film Chemistry, Condensed-matter Physics
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Samples First Shell CN (±0.05)a R (±0.02Å)b ∆σ2 (Å2)c

Fe3O4 Fe–O 3.71 1.96 0.0019

IONPs Fe–O 3.75 1.95 0.0046

MGNSs Fe–O 3.74 1.93 0.0045

MGNS-nanogel Fe–O 3.73 1.92 0.0045

a coordination number; b bond distance; c Debye-Waller factor.
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