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Materials Science

• TRIUMF hosts the world’s only radioactive nuclear beam resonance facility 
for thin-film and interface research.

• TRIUMF is the sole facility in the Americas that provides high-resolution 
muon spectroscopy for quantum and chemical systems.

• TRIUMF materials science program is well established and provides critical 
complementary research probes to Canadian and International users.
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Muon and b-NMR

The depth-resolved β-NMR shows that the near-surface
antiferromagnetic structure reorients at the same temper-
ature as the bulk Morin transition; however, the spin
dynamics are strongly surface modified. To observe this,
it is necessary to selectively probe regions within a few
nanometers of the surface through the choice of 8Liþ

implantation energy, as shown in the simulated profiles in
Fig. 2(a). Contrary to theoretical predictions, the antiferro-
magnetic orientation is depth independent between 1 and
200 nm at temperatures near TM. As shown in Fig. 2(b), the
experimental asymmetry A0 of 8Liþ at different depths
exhibits the same behavior, where the step at 260 K is the
bulk TM, and the transition retains a first-order character
near the surface. For instance, in Fig. 2(c), as t → 0, there
are no significant differences in the value of A0 that would
signify a fraction of 8Liþ in a surface spin-flop domain.
Any change in the direction of the internal field would alter
the magnitude of the nonprecessing component, indicating
that the 8Liþ’s experience the same internal field direction
at all depths, ruling out a noncollinear spiral structure.
The identical transition temperature differs from several

theories proposing that spin reorientation of a free anti-
ferromagnetic surface is intrinsically different from the
bulk [7,20], even acting as the initial trigger for the bulk
[21]. The dominant first-order behavior is similar, within
experimental uncertainty, to past findings from Mössbauer
spectroscopy [22,23], and it is different than models of the
hematite surface which propose a strongly second-order
transition [20] or a nucleating spin-flop domain [7]. This
surface insensitivity is surprising because it is widely
known that the spin-reorientation temperature is suppressed
in nanoparticles [24–26] and thin films [27,28]. A universal
explanation would be a suppressed surface transition
temperature [7], but there is no evidence of this in the
semi-infinite case. Two other explanations have been
offered: finite-size [29] and lattice distortion [30]. While
we discount lattice strain in our crystal, we find evidence of
a finite length scale implicit in the antiferromagnetic
dynamics illustrated in Fig. 2(c), which shows spin-
relaxation measurements at 255 K for several depths.

Clearly, the nuclear spins relax very differently depending
on proximity to the surface. In α-Fe2O3, the depth-
dependent 1=T1 signifies modified antiferromagnet dynam-
ics [16] with a higher spectral density near the surface. One
theory predicted the existence of magnetic surface states on
α-Fe2O3 accompanied by soft-surface magnons [7], moti-
vated by earlier calculations showing that dipolar
anisotropy makes a large contribution to the net anisotropy
field [31]. The existence of a modified excitation spectrum
in finite-size α-Fe2O3 has recently been observed by
inelastic neutron spectroscopy (INS) in powders of nano-
particles [24–26]. The latter linked the surface spin dynam-
ics to a modified surface anisotropy [26], which alters the
free-energy relation, acting to decrease the Morin transition
to below 2.2 K in hematite nanoparticles [24–26]. The
precise depth and homogeneity of the relevant spin exci-
tations, however, has not been determined until now due to
the volume-averaged nature of INS. The decay depth is
important, however, because it reveals the spatial scale
where variations in the local free-energy relationship occur,
and thus it sets a threshold where surface-dominated
behavior is expected in nanomaterials. In order to deter-
mine the length scale of the surface-localized antiferro-
magnetic dynamics, the temperature dependence of the
magnetic excitation was recorded for several beam ener-
gies. Figure 3(a) shows the depth dependence of the
average 1=T1 measured approaching TM from a lower
temperature. The relaxation rate decreases exponentially
from the surface with a temperature-independent length
scale ϵ ¼ 11# 1 nm that does not diverge near TM. The
absence of a diverging correlation length again confirms
that the latter is not a typical second-order surface tran-
sition. As discussed, the modified dynamics do not alter the
surface phase transition temperature in the semi-infinite
crystal, indicating that coupling of the top layers of spins to
the underlying bulk layers acts to globally enforce the
ordinary transition temperature. Nevertheless, the specific
length scale where we observe modified dynamics is
illuminating in the context of the rich data set [32–37]
which shows a suppressed Morin temperature in finite-size
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FIG. 2. (a) Stopping profile of 8Liþ ions as a function of beam energy calculated with SRIM. (b) Initial experimental asymmetry A0

as a function of temperature for several beam energies. The steplike decrease signifies the SR transition. (c) Sample β-NMR SLR
data as a function of beam energy below the Morin transition showing modified spin-lattice relaxation for ions stopping near the
α-Fe2O3 (110) surface.
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hematite particles [see Fig. 3(b)]. From this data mining, it
is clear that the Morin temperature is strongly dependent on
the finite particle length L and is typically suppressed
below 5 K for L < 10 nm [30,34]. In contrast to the latter
strong effect on TM, finite size only weakly affects the
second-orderNéel transition.Recent high-T data onhematite
nanostructures indicates that TN obeys the standard form
ðTc=T0Þ ¼ 1 − ðL0=LÞ1=ν governed by a typical suppres-
sion length L0 ¼ 2.3 nm, and a scaling exponent near the
Ising value ν ¼ 0.6 [38]. Applying the same form to the
Morin transition, Fig. 3(b) shows that the first-order TM
scaling is governed by a much larger length scale
L0 ¼ 11 nm and a higher scaling exponent (ν ≈ 1.0). It is
remarkable that the spatial scale governing the SR transition
in the zero-dimensional particles matches that of the modi-
fied dynamics at the semi-infinite three-dimensional surface.
This implies a phase transition controlled by a modified
surface-free-energy relation rather than short-range surface
critical behavior. Clearly, the suppressed transition remains
“latent” in the semi-infinite limit, but it is present in dimen-
sionally constrained α-Fe2O3 nanoparticles [32–37] or 2D
films [6,39] with a length scale below ϵ.
The origin of the modified dynamics provides insight

into which parameters change in the surface free energy.
Our temperature-dependent 1=T1 measurements indicate
that modified spin dynamics arise from altered surface
magnon behavior near the transition, caused by the change
in surface anisotropy which controls the energy of soft
modes related to the reorientation [9,10]. Theories have
been developed for the relaxation of a nuclear spin due to
hyperfine interactions with a thermal population of anti-
ferromagnetic magnons [16,40]. Energy conservation con-
strains the interaction between the nuclear and electron
spins. The direct process, whereby a single magnon is
scattered from the nuclear spin, is typically forbidden
because a small spin anisotropy will gap (Δ) the magnon
spectrum with a forbidden region extending far above the
nuclear Larmor frequency (sub-μeV range). The lowest

energy magnon mode in hematite occurs at the finite gap
energy [10]:

ΔðT; D Þ ¼ ℏωLOð0Þ
!
1 −

"
T
TL

#
4
$
1=2

; ð2Þ

with ωLOð0Þ ≈ 1 THz, and ΔðT; DÞ ≈ 0.1 THz at 260 K
for bulk (D ¼ ∞), where D is the depth from the surface.
The incomplete softening has been explained as resulting in
TL ¼ TMð1þ δÞ, where δ is a coefficient related to the net
magnetic anisotropy [9]. Without zero-energy excitations,
nuclear relaxation in an antiferromagnet occurs by a
multimagnon process, corresponding to the absorption
and emission of magnons with different energies. This
mechanism is sensitive to spin waves over the entire
Brillouin zone; however, INS [41] and Raman spectroscopy
[42] show that the bulk high energy magnons barely change
above and below TM in α-Fe2O3. Therefore, to a first
approximation, we relate the changes in T1 to the occu-
pation of soft modes above the anisotropy gap, obtaining
the simplified relation

T1ðD Þ ¼ ½eΔðT;DÞ=kBT − 1&
AM0ðDÞ

: ð3Þ

M0 accounts for a rigid magnon density of states thermally
populated across a depth-dependent Δ obeying Eq. (2), and
A is a proportionality constant accounting for the hyperfine
coupling. Figure 3(c) illustrates that the model based on
Eq. (3) produces a reasonable description of the bulk
and surface nuclear relaxation in the temperature
range 100–260 K, using the common Morin transition
TM ¼ 260 K. A key result from the model is that the fitted
δ value—even at 85 nm deep—is 0.016' 0.02, which is
slightly smaller than the bulk anisotropy parameter reported
in the range 0.02–0.04 [10]. Interestingly, δ is significantly
increased near the surface to 0.08' 0.03 at 10 nm,
supporting the theory of strong changes in the hematite

FIG. 3. (a) The nuclear relaxation rate 1=T1 is depth dependent near the (110) α-Fe2O3 surface, with a characteristic decay length of
11 nm. (b) Data-mined experimental results for spherical α-Fe2O3 nanoparticles taken from the previously published references showing
the finite-size threshold for the Néel and Morin phase transition are approximately 2.3 and 11 nm, respectively. (c) Temperature
dependence of the β-NMR 1=T1 rate at the surface of the α-Fe2O3 crystal at different depths, implying that the relaxation is caused by
soft-surface magnons, described by the model encapsulated in Eqs. (3) and (2).
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Lithium Ion Batteries

20 000 g mol!1. PEO is oen prepared by the cationic or anionic
ring-opening polymerization of ethylene oxide depending on
the catalyst type. PEO is a commercially available product with
many applications from industrial manufacturing to medicine.
PEO has low toxicity and is thus used in a variety of products,
such as medical, chemical, biological, commercial, and indus-
trial uses.

As mentioned above, PEO can complex with lithium salts
(Li+) to form polymer electrolytes. Its ethylene oxide (EO) units
have a high donor number for Li+ and high chain exibility,
which are important for promoting ion transport. In addition,
PEO has a high dielectric constant and strong Li+ solvating
ability. Therefore, PEO-based SPE is the most extensively
researched system. However, PEO is a semi-crystalline poly-
mer, and the amorphous phase with activated chain segments
(above Tg) aids ion transportation (Fig. 3).34 Although a few
reports indicated that crystalline PEO can offer even greater
ion conductivity than amorphous PEO,35,36 prevailingly, PEO
crystallization is considered to be detrimental to ion transport
owing to the slowed down polymer chain dynamics upon
crystallization.37 Therefore, the design criterion for PEO-based
electrolytes is generally the suppression of PEO crystallinity to
increase the percentage of the amorphous phase of PEO for
ion transport. Various strategies and approaches such as the
addition of a plasticizer38–44 or nanoller,24,30,45 polymer
blends,46–50 graing short PEO oligomers onto polymer back-
bones or cross-linking PEO based polymers,16,17,19,21 and
designing of a block copolymer (BCP)51–77 with a PEO block
(conductive properties) and other blocks like polystyrene (PS)
and polyethylene (PE) (mechanical properties) have been
employed to improve the ionic conductivity of PEO-based
electrolytes.

3. Key points for improving ionic
conductivity
3.1. Ionic conductivity in LIBs

Lithium-ion batteries (LIBs) are composed of a cathode and an
anode as the electrodes, a lithium salt solution as the electrolyte,
a separator and functional additives (Fig. 4). The rechargeable
lithium ion insertion/extraction during the discharge/charge
process is accompanied by a redox reaction of the host matrix
assisted by a ow of electrons through the external circuit.1,10

Ionic conductivity is a key property of the electrolyte for LIBs,
and it represents the ion transition character of the electrolyte.
The basic requirement of a suitable electrolyte for LIBs is high
ionic conductivity.

Liquid electrolytes have high ionic conductivity and the
ability to establish stable contact with electrodes. Most liquid
electrolytes used in commercial LIBs are non-aqueous solutions,
in which a lithium salt such as lithium hexauorophosphate
(LiPF6) is dissolved in a mixture of solvents. Among electrolyte
solvents, organic carbonates, such as ethylene carbonate (EC),
propylene carbonate (PC), dimethyl carbonate (DMC), ethyl
methyl carbonate (EMC), and diethyl carbonate (DEC), are the
most suitable solvents for the application of LIBs.10,32 Cyclic
carbonates have high viscosity, and a linear carbonate with high
uidity needs to be added for preparing multi-solvent blend
electrolytes to enhance the ionic conductivity.10 Due to the high
dielectric constant of cyclic carbonates, they are frequently used
as a high-permittivity component of electrolytes in lithium
batteries, usually together with a low viscosity solvent. Their high
polarity allows them to create an effective solvation shell around
lithium ions, resulting in a conductive electrolyte.

As mentioned in Section 1, although liquid electrolytes full
many property requirements for LIBs, the safety issues and the

Fig. 2 Structures of different types of linear PEO.

Fig. 3 Morphologies of semi-crystalline PEO. Fig. 4 Schematic description of LIBs.
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and separators have been optimized to high performance with
respect to conductivity. However, the performance decay and
safety concerns of liquid electrolytes, which include inam-
mable solvents, re, and explosion hinder the commercializa-
tion of LIBs on a large scale.5–9 Thus, studies on safer and more
reliable electrolytes for LIBs are urgent and obligatory. More-
over, to achieve improvement in the performance and energy
density of LIBs, the high demand for novel electrolytes requires
a much better understanding.10

Solid polymer electrolytes (SPEs) are now becoming
increasingly attractive for LIBs because of their excellent prop-
erties such as safety, mechanical properties, and exibility
(Fig. 1). In fact, polymers may also act as hosts for ions. The ions
can move in the space provided by the free volume of the
polymer host, and conductivity is thus possible above the glass
transition temperature (Tg) of the polymer where the polymer
molecules are free to move. The ionic conductivity displays a
diffusive liquid-like behaviour in the solid electrolyte. Since
Wright's discovery of the ionic conductivity of poly(ethylene
oxide) (PEO) complexes with alkali metal salts,11,12 and
Armand's suggestion of a PEO conductor as a material of
interest for the development of electrochemical devices,13,14

polymer electrolytes have been extensively investigated as
promising candidates to prepare thinner, lighter and safer
LIBs.15–32 Although an SPE based on PEO usually shows low
ionic conductivity in the range of 10!8 to 10!4 S cm!1 at room
temperature which is not suitable for practical applications, it
has been widely studied as an ionic conductor of polymer
electrolytes.16,18,32,33

Lithium polymer batteries have never reached the stage of
large-scale commercial production. The challenging and critical
issue with SPE is to improve the ionic conductivity, interfacial
contacts between electrodes and electrolytes, and electro-
chemical stability window. Compared with the properties of
liquid electrolytes and SPE, a gel polymer electrolyte (GPE)
combines the merits of a liquid electrolyte (high ionic conduc-
tivity) and SPE (good mechanical properties) (Fig. 1). Thus, the
GPE has been of great interest as an electrolyte for high
performance LIBs.20,22,31 However, researchers must consider

the interfacial properties between electrodes and electrolytes
when the liquid electrolyte is replaced with GPE. Liquid elec-
trolytes are successful in commercial products owing to their
high ionic conductivity and the ability to form stable contact
with electrodes, although there exist safety issues such as
leakage, ammability, and stability (Fig. 1). Therefore, devel-
oping an electrolyte which has simultaneously high ionic
conductivity, good interfacial properties, good mechanical
properties, thermal and electrochemical stabilities, and safety is
very challenging.

Inorganic solid electrolytes (ISEs) are a type of solid elec-
trolytes.31 Use of ISEs that conduct Li+ at an ambient
temperature is another option to construct nonammable
LIBs. ISEs are decoupled systems, implying that the mode of
relaxation for ion conduction is decoupled from the mode of
structural relaxation. The ISEs are promising for all-solid-state
batteries. However, most ISEs show low ionic conductivity at
room temperature, and the ionic conductivity of ISEs is very
sensitive to the composition and structure of the inorganic
solid. The all-solid-state LIBs based on ISEs face the issue of
poor cycle performance, resulting from an unstable electro-
lyte/electrode interface during the process of charging/dis-
charging. In addition, the high rigidity of ISEs leads to poor
conformability, which limits their applications in exible
devices.

One of the goals of this article is to review the types, struc-
tures, ionic conductivity, and other fundamental aspects of
PEO-based SPE and GPE electrolytes for LIBs. This review aims
to make a comprehensive understanding of state-of-the-art
PEO-based electrolytes.

2. Physical and chemical properties of
PEO
Poly(ethylene oxide) (PEO) is a polyether compound with a
chemical structure of H–(O–CH2–CH2)n–OH (Fig. 2). PEO is also
known as polyethylene glycol (PEG) depending on themolecular
weight of PEO. Normally, PEO is a polymer with a molecular
weight above 20 000 g mol!1, and PEG refers to the oligomer of
ethylene oxide or the polymer with a molecular weight below

Fig. 1 Illustration of the destination of different electrolytes in LIBs.
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20 000 g mol!1. PEO is oen prepared by the cationic or anionic
ring-opening polymerization of ethylene oxide depending on
the catalyst type. PEO is a commercially available product with
many applications from industrial manufacturing to medicine.
PEO has low toxicity and is thus used in a variety of products,
such as medical, chemical, biological, commercial, and indus-
trial uses.

As mentioned above, PEO can complex with lithium salts
(Li+) to form polymer electrolytes. Its ethylene oxide (EO) units
have a high donor number for Li+ and high chain exibility,
which are important for promoting ion transport. In addition,
PEO has a high dielectric constant and strong Li+ solvating
ability. Therefore, PEO-based SPE is the most extensively
researched system. However, PEO is a semi-crystalline poly-
mer, and the amorphous phase with activated chain segments
(above Tg) aids ion transportation (Fig. 3).34 Although a few
reports indicated that crystalline PEO can offer even greater
ion conductivity than amorphous PEO,35,36 prevailingly, PEO
crystallization is considered to be detrimental to ion transport
owing to the slowed down polymer chain dynamics upon
crystallization.37 Therefore, the design criterion for PEO-based
electrolytes is generally the suppression of PEO crystallinity to
increase the percentage of the amorphous phase of PEO for
ion transport. Various strategies and approaches such as the
addition of a plasticizer38–44 or nanoller,24,30,45 polymer
blends,46–50 graing short PEO oligomers onto polymer back-
bones or cross-linking PEO based polymers,16,17,19,21 and
designing of a block copolymer (BCP)51–77 with a PEO block
(conductive properties) and other blocks like polystyrene (PS)
and polyethylene (PE) (mechanical properties) have been
employed to improve the ionic conductivity of PEO-based
electrolytes.

3. Key points for improving ionic
conductivity
3.1. Ionic conductivity in LIBs

Lithium-ion batteries (LIBs) are composed of a cathode and an
anode as the electrodes, a lithium salt solution as the electrolyte,
a separator and functional additives (Fig. 4). The rechargeable
lithium ion insertion/extraction during the discharge/charge
process is accompanied by a redox reaction of the host matrix
assisted by a ow of electrons through the external circuit.1,10

Ionic conductivity is a key property of the electrolyte for LIBs,
and it represents the ion transition character of the electrolyte.
The basic requirement of a suitable electrolyte for LIBs is high
ionic conductivity.

Liquid electrolytes have high ionic conductivity and the
ability to establish stable contact with electrodes. Most liquid
electrolytes used in commercial LIBs are non-aqueous solutions,
in which a lithium salt such as lithium hexauorophosphate
(LiPF6) is dissolved in a mixture of solvents. Among electrolyte
solvents, organic carbonates, such as ethylene carbonate (EC),
propylene carbonate (PC), dimethyl carbonate (DMC), ethyl
methyl carbonate (EMC), and diethyl carbonate (DEC), are the
most suitable solvents for the application of LIBs.10,32 Cyclic
carbonates have high viscosity, and a linear carbonate with high
uidity needs to be added for preparing multi-solvent blend
electrolytes to enhance the ionic conductivity.10 Due to the high
dielectric constant of cyclic carbonates, they are frequently used
as a high-permittivity component of electrolytes in lithium
batteries, usually together with a low viscosity solvent. Their high
polarity allows them to create an effective solvation shell around
lithium ions, resulting in a conductive electrolyte.

As mentioned in Section 1, although liquid electrolytes full
many property requirements for LIBs, the safety issues and the

Fig. 2 Structures of different types of linear PEO.

Fig. 3 Morphologies of semi-crystalline PEO. Fig. 4 Schematic description of LIBs.
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and separators have been optimized to high performance with
respect to conductivity. However, the performance decay and
safety concerns of liquid electrolytes, which include inam-
mable solvents, re, and explosion hinder the commercializa-
tion of LIBs on a large scale.5–9 Thus, studies on safer and more
reliable electrolytes for LIBs are urgent and obligatory. More-
over, to achieve improvement in the performance and energy
density of LIBs, the high demand for novel electrolytes requires
a much better understanding.10

Solid polymer electrolytes (SPEs) are now becoming
increasingly attractive for LIBs because of their excellent prop-
erties such as safety, mechanical properties, and exibility
(Fig. 1). In fact, polymers may also act as hosts for ions. The ions
can move in the space provided by the free volume of the
polymer host, and conductivity is thus possible above the glass
transition temperature (Tg) of the polymer where the polymer
molecules are free to move. The ionic conductivity displays a
diffusive liquid-like behaviour in the solid electrolyte. Since
Wright's discovery of the ionic conductivity of poly(ethylene
oxide) (PEO) complexes with alkali metal salts,11,12 and
Armand's suggestion of a PEO conductor as a material of
interest for the development of electrochemical devices,13,14

polymer electrolytes have been extensively investigated as
promising candidates to prepare thinner, lighter and safer
LIBs.15–32 Although an SPE based on PEO usually shows low
ionic conductivity in the range of 10!8 to 10!4 S cm!1 at room
temperature which is not suitable for practical applications, it
has been widely studied as an ionic conductor of polymer
electrolytes.16,18,32,33

Lithium polymer batteries have never reached the stage of
large-scale commercial production. The challenging and critical
issue with SPE is to improve the ionic conductivity, interfacial
contacts between electrodes and electrolytes, and electro-
chemical stability window. Compared with the properties of
liquid electrolytes and SPE, a gel polymer electrolyte (GPE)
combines the merits of a liquid electrolyte (high ionic conduc-
tivity) and SPE (good mechanical properties) (Fig. 1). Thus, the
GPE has been of great interest as an electrolyte for high
performance LIBs.20,22,31 However, researchers must consider

the interfacial properties between electrodes and electrolytes
when the liquid electrolyte is replaced with GPE. Liquid elec-
trolytes are successful in commercial products owing to their
high ionic conductivity and the ability to form stable contact
with electrodes, although there exist safety issues such as
leakage, ammability, and stability (Fig. 1). Therefore, devel-
oping an electrolyte which has simultaneously high ionic
conductivity, good interfacial properties, good mechanical
properties, thermal and electrochemical stabilities, and safety is
very challenging.

Inorganic solid electrolytes (ISEs) are a type of solid elec-
trolytes.31 Use of ISEs that conduct Li+ at an ambient
temperature is another option to construct nonammable
LIBs. ISEs are decoupled systems, implying that the mode of
relaxation for ion conduction is decoupled from the mode of
structural relaxation. The ISEs are promising for all-solid-state
batteries. However, most ISEs show low ionic conductivity at
room temperature, and the ionic conductivity of ISEs is very
sensitive to the composition and structure of the inorganic
solid. The all-solid-state LIBs based on ISEs face the issue of
poor cycle performance, resulting from an unstable electro-
lyte/electrode interface during the process of charging/dis-
charging. In addition, the high rigidity of ISEs leads to poor
conformability, which limits their applications in exible
devices.

One of the goals of this article is to review the types, struc-
tures, ionic conductivity, and other fundamental aspects of
PEO-based SPE and GPE electrolytes for LIBs. This review aims
to make a comprehensive understanding of state-of-the-art
PEO-based electrolytes.

2. Physical and chemical properties of
PEO
Poly(ethylene oxide) (PEO) is a polyether compound with a
chemical structure of H–(O–CH2–CH2)n–OH (Fig. 2). PEO is also
known as polyethylene glycol (PEG) depending on themolecular
weight of PEO. Normally, PEO is a polymer with a molecular
weight above 20 000 g mol!1, and PEG refers to the oligomer of
ethylene oxide or the polymer with a molecular weight below

Fig. 1 Illustration of the destination of different electrolytes in LIBs.
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case, direct reaction of N adatoms with nascent hydrogen from
the cage H! would be energetically of greater advantage than the
reaction among N and H adatoms on Ru surface. To further
understand the processes involving H surface species, pathways
leading to the formation of Hþ on Ru/C12A7:e! were also
examined. These pathways include (1) H2-2Hþ þ 2e! and (2)
H2-Hþ þH! reactions (Supplementary Fig. 8a,b). In the case
of the former, H2 is homolytically dissociated to produce two Hþ

ions and two electrons. As such, these Hþ ions may form O–H
bonds with framework O2– ions and electrons are introduced into
the empty cages. In this case, H! ions are not formed, which is
contrary to the H2 TPD result (Fig. 4b). Therefore, the former
possibility is ruled out. In the case of heterolytic H2 dissociation,
Hþ and H! ions are formed on the catalyst surface. This
phenomenon was found to take place on the surfaces of basic
oxides, such as MgO, CaO and SrO45 and in stoichiometric
C12A7 (ref. 46). H! ion can be dissociated into two electrons
and a proton, which is further converted to an OH! ion via
reaction with extra-framework oxide ion (O2! ) as reported
previously47. While there are no extra-framework O2! ions in
the bulk of Ru/C12A7:e! catalyst, we cannot rule out the fact
that the proton may be converted to an OH– species via reaction
with the framework oxygen at the surface of C12A7:e!

(Supplementary Fig. 8b). Hence, we cannot rule out the
formation of transient Hþ species through the heterolytic H2
dissociation. In any case, the formation of transient H! ion is the
important step of ammonia synthesis over Ru/C12A7:e! .

In summary, strong electron donation capability of C12A7:e!

allows ammonia formation along a new, highly efficient route
where the activation energy for N2 cleavage is smaller than those

of the subsequent N–Hn formation steps. Characteristics of fast
reversible storage–release of hydrogen atoms on the surface of
C12A7:e! near Ru nanoparticles not only prevent hydrogen
poisoning but also keep the cage electron density high near the
surface, resulting in stable and highly active catalyst even under
high pressure.

Methods
Catalyst preparation. C12A7:e! powder samples were prepared by solid-phase
reaction according to the following procedure. First, a mixture (Ca:Al¼ 11:14) of
CaCO3 and a-Al2O3 was ball-milled using a zirconia pot and yttria-stabilized
zirconia balls (3 mm diameter) at a speed of 150 r.p.m. for 30 min. Then, this
mixture was heated at 1573 K for 10 h in air, which led to the formation of
intermixed C12A7 and CaO $Al2O3 (CA) powders, and then treated in a vacuum at
1273 K for 15 h. The resulting powder was mixed with Ca metal shot in a glove box
filled with Ar gas, sealed in an evacuated silica tube and kept at 973 K for 15 h. The
following reaction proceeds during this heat treatment: 0.8Ca12Al14O33þ 1.4
CaAl2O4þCa-Ca12Al14O32. Some of the Ca metal precipitates at the inner wall of
the silica tube in this process. To compensate for this effect, we used twice the
amount of Ca metal needed for this reaction. The glass tube was opened in the
glove box and the reacted material was grinded with an agate mortar. Finally, the
obtained powder was sealed in an evacuated silica tube and kept at 1,373 K for 2 h.
C12A7:H! was prepared by heating C12A7:e! in a mixture of H2 and N2 gas flow
(N2:H2¼ 1:1) at 873 K for 12 h. CaO $Al2O3 (CA) was prepared by a reaction of
CaCO3 and a-Al2O3 with a molar ration of 1:1 at 1,573 K for 20 h in an ambient
air. The obtained powder was heated at 1,273 K for 15 h in a dynamically evacuated
silica tube (B1 % 10! 4 Pa) to eliminate water and hydroxyl groups on the surface.
Ru-loaded samples were prepared by the following procedure. The sample powder
and Ru3(CO)12 were sealed in an evacuated silica tube and were heated under the
following temperature programme (2 K min! 1 up to 313 K, hold for 1 h; in 2 h up
to 343 K, hold for 1 h; in 2 h up to 393 K, hold for 1 h; and in 2.5 h up to 523 K, hold
for 2 h; cooling down to ambient temperature). Since all Ru catalysts are deposited
on the support by chemical vapour deposition method using Ru3(CO)12 as a
precursor, zero-valence state of Ru is confirmed by X-ray photoelectron
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Figure 6 | Proposed reaction mechanism and energy profile for ammonia synthesis. Reaction mechanism and energy profile for ammonia synthesis
over (a) conventional catalyst and (b) Ru/C12A7:e! . (a) N2 and H2 react on the catalyst surface through a Langmuir–Hinshelwood mechanism to
form NH3 in which N2 dissociation is the RDS. The energy barrier (Edis) for this step corresponds to the apparent activation energy (Ea) for ammonia
synthesis. As for Ru/C12A7:e! (b), the rate-limiting step is not N2 dissociation but the formation of N–Hn species. NH3 is formed through the
Langmuir–Hinshelwood mechanism (route 1) and the direct reaction of N adatoms with H radicals (nascent hydrogen) derived from cage H! anions
(route 2). Ea is determined by the difference between the top of the barrier for N–Hn formation and the energy level of reactant molecules (N2 and H2).
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There are likely to be other such defects that are waiting to be 
discovered that have attractive features for quantum computa-
tion. The approach taken here highlights the important role 
played by computational methods in advancing the materials 
science relevant to quantum computation.   

 Topological qubits made with semiconductor 
nanowires 
 In their article on qubits formed in semiconductor nanowires, 
Frolov et al. describe both the growth of precisely formed 
nanowires as well as how qubits can be made by using them. 
Gold nanoparticles dispersed on a substrate surface provide 
nucleation sites and catalyze the formation of nanowires in 
chemical vapor deposition.  40   With two dimensions of con-
fi nement already formed by the wire geometry, quantum dot 
arrays can be made with linear arrangements of electrostatic 
gates that can be used to both defi ne the size of the dot as well 
as the coupling between dots. When combined with the super-
conducting proximity effect and an appropriately chosen mag-
netic fi eld, quantum wires made of semiconductors with large 
spin-orbit coupling have been proposed to give rise to the exotic 
Majorana fermion.  41   Indeed, in a pioneering experiment, the 
authors of this article showed spectroscopic evidence for the 
formation of Majorana fermions under exactly the right con-
ditions for them to be formed.  42   The benefi t of 
their application to quantum computing comes 
from the nature of the Majorana fermion itself. 
Two of these objects, which are necessarily 
physically separated in different locations 
in space, arise from one electron state, and a 
topological qubit resistant to dephasing by local 
perturbations can be made using them.  43   In a 
topological qubit, the location of the Majorana 
fermion is the quantum variable, as illustrated 
in   Figure 2  . Since many of the problems lead-
ing to decoherence and decay arise from the 
interaction of a qubit with local fi elds, by using 
a delocalized quantum mechanical state, some 
level of topological protection against loss of 
quantum information is obtained.       

 Superconducting qubits 
 Superconducting qubits are lithographically 
fabricated electrical circuits comprising induc-
tors, capacitors, Josephson junctions, and inter-
connects. In their article, Oliver and Welander 
review superconducting qubits, their decoher-
ence due to materials defects, and the tremen-
dous improvements that have been achieved 
over the past decade. 

 At the core of all superconducting qubits is 
the Josephson tunnel junction, which is a weak 
link between two superconductors mediated 
by electron tunneling.  44   When cooled to tem-
peratures accessible to a  3 He/ 4 He dilution 

refrigerator ( ∼ 20 millikelvins), these junctions exhibit quan-
tized energy levels and behave as “artifi cial atoms.” For exam-
ple, the quantum behavior of a Josephson phase qubit is due to 
quantum fl uctuations in the phase difference between the two 
superconducting electrodes, and this is visible if the experi-
mental environment is suffi ciently quiet.  45   The wave function 
of the ground state at zero current is a symmetric Gaussian 
function of the phase difference, and the wave function of the 
fi rst excited state is an antisymmetric function of the phase 
difference. This is illustrated in  Figure 2 . Other qubit designs 
are also possible, for example fl ux qubits that consist of a super-
conducting loop in which one or more Josephson junctions are 
placed. Flux states play the role of phase in these qubits. 

 Although superconducting qubits are macroscopic in size, 
containing about a billion atoms, many of the dynamical 
degrees of freedom are “frozen out” by the superconducting gap 
and the associated low temperature operation. Nonetheless, 
materials (or materials-related) defects remain. These are 
spurious two-level systems that interact with the qubit and 
localized surface electron states that can hold one electron 
spin. Such defects may cause energy decay and/or dephas-
ing of the qubit, limiting their effective coherence times and, 
ultimately, their utility in quantum information science and 
technology applications.  46   In their article, Oliver and Welander 

  

 Figure 2.      Qubit states for fi ve material systems.    
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Introduction: In a conventional superconductor, Cooper pairs are formed between two electrons
having an asymmetric spin state and a symmetric orbital state, both of which belong to the same
Fermi surface. On the other hand, the two electrons forming Cooper pairs in a non-centrosymmetric
superconductor belong to two di↵erent Fermi surfaces, which correspond to spin-up and spin-down
bands. This allows for the possibility of the Cooper pairs to contain an admixture of spin-singlet and
spin-triplet state, exhibiting exotic superconducting properties due to the antisymmetric spin-orbit
coupling. Even though non-centrosymmetric superconductors have been known for a long time, the
recent interest in this prominent topic was fueled by the discovery of the first heavy fermion super-
conductor without inversion symmetry – CePt3Si [1]. Since then, a number of non-centrosymmetric
superconductors have been revisited, in hopes of revealing unconventional pairing due to non-standard
pairing mechanisms [2]. Despite the continuing e↵orts, very little is known about the superconduct-
ing order parameter and the nature of the superconducting gap symmetry in non-centrosymmetric
superconductors, motivating further research of these exotic systems.

Synthesis and Characterization of LaPtGe3:

The intermetallic compound LaPtGe3 was synthesized and characterized for the first time. The
non-centrosymmetric BaNiSn3-type crystal structure of LaPtGe3 (space group I4mm, a = 4.5064(2)
Å) is shown in Fig. 1(a). The crystal structure has been confirmed using synchrotron (not shown)
and powder (Fig. 1(b)) x-ray di↵raction. Magnetic susceptibility �(T ) for LaPtGe3 is depicted in
Fig. 2(a). It is diamagnetic for the whole temperature range (1.8 K  T  400 K), with an up-
turn below 100 K, which can be attributed to a minor paramagnetic impurity. However, resistivity
measurements below T = 1.8 K reveal that LaPtGe3 is a superconductor with Tc = 0.55 K (Fig.
2(b)). Unfortunately, low superconducting temperature prevents estimate of the Meissner fraction,
however, bulk superconductivity is confirmed by the strong specific heat anomaly (Fig. 2(c)).

La

Ge

Pt
c

a
b

La

Ge

Pt

(a)

Figure 1: (a) The crystal structure of non-centrosymmetric LaPtGe3 (I4mm). La, Pt, and Ge atoms are represented by
gray, blue, and pink spheres, respectively. (b) The experimental (black circles), calculated (red line), and di↵erential
(black line) powder x-ray di↵raction patterns of LaPtGe3. Vertical symbols represent peak position for the I4mm

space group. The inset shows the shows the description of (024) and (006) reflection assuming centro and non-
centrosymmetric structural models.
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To be the facility of choice for the international and Canadian Community

§Muon in Materials Science is a unique probe, and is 
complementary to Neutron Scattering.

Muon facilities / instruments added to
Neutron facilities and instruments
from “Neutrons for the Nation”
(APS POPA report, July 2018)

11

3(+4 planned)

2(+2) in North America
(TRIUMF)

Muons at TRIUMF are used for 
• Investigation of quantum correlation, phase 

diagram and transitions.

• Understanding Hydrogen state in 
semiconductors and related materials.

• Elucidating chemical reactions involving 
Hydrogens McKenzie, Mozafari

Frandsen, Lee, Sonier

• Muon resolves magnetism in real space, 
neutron in momentum space.

• Muon probe slower dynamic regime, 
compared to faster dynamics studies with 
neutron scattering, for both atomic and spin 
motions.
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To be the facility of choice for the international and Canadian Community

§ TRIUMF hosts the world’s only b-NMR facility for materials science.

b-NMR facilities / instruments added to
Neutron facilities and instruments
from “Neutrons for the Nation”
(APS POPA report, July 2018)

2(+2) in North America
(TRIUMF)

• Spin polarized probe nuclei (8Li and 31Mg) 
have been developed and used. 

• Capable of resolving nano-meter depth 
profile within thin-films. 

8Li at TRIUMF is used for
• Variable energy implantation provides nano-

meter depth resolution profiles in atomic or 
molecular sub-surfaces, interfaces and 
layered materials.

• Tracing the Li diffusion in pathways and 
mechanism in battery materials

Dunsiger

McKenzie
(+1 planned 
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Muons: available at M15 and M20 in Meson Hall, 

150 days / year simultaneously
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measurement in extreme conditions. 

CFI approved.

b-NMR stations in ISAC-I building, 35 days / year 

Ø FUTURE: ARIEL will expand the beam availability 

of b-NMR by 3~5 times (5 => 15~25weeks).
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Li ion battery material

1b. To what extent is TRIUMF a leader in scientific excellence in particle and nuclear physics and related 
fields, including nuclear medicine and accelerator science?

Lithium Ion Batteries

20 000 g mol!1. PEO is oen prepared by the cationic or anionic
ring-opening polymerization of ethylene oxide depending on
the catalyst type. PEO is a commercially available product with
many applications from industrial manufacturing to medicine.
PEO has low toxicity and is thus used in a variety of products,
such as medical, chemical, biological, commercial, and indus-
trial uses.

As mentioned above, PEO can complex with lithium salts
(Li+) to form polymer electrolytes. Its ethylene oxide (EO) units
have a high donor number for Li+ and high chain exibility,
which are important for promoting ion transport. In addition,
PEO has a high dielectric constant and strong Li+ solvating
ability. Therefore, PEO-based SPE is the most extensively
researched system. However, PEO is a semi-crystalline poly-
mer, and the amorphous phase with activated chain segments
(above Tg) aids ion transportation (Fig. 3).34 Although a few
reports indicated that crystalline PEO can offer even greater
ion conductivity than amorphous PEO,35,36 prevailingly, PEO
crystallization is considered to be detrimental to ion transport
owing to the slowed down polymer chain dynamics upon
crystallization.37 Therefore, the design criterion for PEO-based
electrolytes is generally the suppression of PEO crystallinity to
increase the percentage of the amorphous phase of PEO for
ion transport. Various strategies and approaches such as the
addition of a plasticizer38–44 or nanoller,24,30,45 polymer
blends,46–50 graing short PEO oligomers onto polymer back-
bones or cross-linking PEO based polymers,16,17,19,21 and
designing of a block copolymer (BCP)51–77 with a PEO block
(conductive properties) and other blocks like polystyrene (PS)
and polyethylene (PE) (mechanical properties) have been
employed to improve the ionic conductivity of PEO-based
electrolytes.

3. Key points for improving ionic
conductivity
3.1. Ionic conductivity in LIBs

Lithium-ion batteries (LIBs) are composed of a cathode and an
anode as the electrodes, a lithium salt solution as the electrolyte,
a separator and functional additives (Fig. 4). The rechargeable
lithium ion insertion/extraction during the discharge/charge
process is accompanied by a redox reaction of the host matrix
assisted by a ow of electrons through the external circuit.1,10

Ionic conductivity is a key property of the electrolyte for LIBs,
and it represents the ion transition character of the electrolyte.
The basic requirement of a suitable electrolyte for LIBs is high
ionic conductivity.

Liquid electrolytes have high ionic conductivity and the
ability to establish stable contact with electrodes. Most liquid
electrolytes used in commercial LIBs are non-aqueous solutions,
in which a lithium salt such as lithium hexauorophosphate
(LiPF6) is dissolved in a mixture of solvents. Among electrolyte
solvents, organic carbonates, such as ethylene carbonate (EC),
propylene carbonate (PC), dimethyl carbonate (DMC), ethyl
methyl carbonate (EMC), and diethyl carbonate (DEC), are the
most suitable solvents for the application of LIBs.10,32 Cyclic
carbonates have high viscosity, and a linear carbonate with high
uidity needs to be added for preparing multi-solvent blend
electrolytes to enhance the ionic conductivity.10 Due to the high
dielectric constant of cyclic carbonates, they are frequently used
as a high-permittivity component of electrolytes in lithium
batteries, usually together with a low viscosity solvent. Their high
polarity allows them to create an effective solvation shell around
lithium ions, resulting in a conductive electrolyte.

As mentioned in Section 1, although liquid electrolytes full
many property requirements for LIBs, the safety issues and the

Fig. 2 Structures of different types of linear PEO.

Fig. 3 Morphologies of semi-crystalline PEO. Fig. 4 Schematic description of LIBs.
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and separators have been optimized to high performance with
respect to conductivity. However, the performance decay and
safety concerns of liquid electrolytes, which include inam-
mable solvents, re, and explosion hinder the commercializa-
tion of LIBs on a large scale.5–9 Thus, studies on safer and more
reliable electrolytes for LIBs are urgent and obligatory. More-
over, to achieve improvement in the performance and energy
density of LIBs, the high demand for novel electrolytes requires
a much better understanding.10

Solid polymer electrolytes (SPEs) are now becoming
increasingly attractive for LIBs because of their excellent prop-
erties such as safety, mechanical properties, and exibility
(Fig. 1). In fact, polymers may also act as hosts for ions. The ions
can move in the space provided by the free volume of the
polymer host, and conductivity is thus possible above the glass
transition temperature (Tg) of the polymer where the polymer
molecules are free to move. The ionic conductivity displays a
diffusive liquid-like behaviour in the solid electrolyte. Since
Wright's discovery of the ionic conductivity of poly(ethylene
oxide) (PEO) complexes with alkali metal salts,11,12 and
Armand's suggestion of a PEO conductor as a material of
interest for the development of electrochemical devices,13,14

polymer electrolytes have been extensively investigated as
promising candidates to prepare thinner, lighter and safer
LIBs.15–32 Although an SPE based on PEO usually shows low
ionic conductivity in the range of 10!8 to 10!4 S cm!1 at room
temperature which is not suitable for practical applications, it
has been widely studied as an ionic conductor of polymer
electrolytes.16,18,32,33

Lithium polymer batteries have never reached the stage of
large-scale commercial production. The challenging and critical
issue with SPE is to improve the ionic conductivity, interfacial
contacts between electrodes and electrolytes, and electro-
chemical stability window. Compared with the properties of
liquid electrolytes and SPE, a gel polymer electrolyte (GPE)
combines the merits of a liquid electrolyte (high ionic conduc-
tivity) and SPE (good mechanical properties) (Fig. 1). Thus, the
GPE has been of great interest as an electrolyte for high
performance LIBs.20,22,31 However, researchers must consider

the interfacial properties between electrodes and electrolytes
when the liquid electrolyte is replaced with GPE. Liquid elec-
trolytes are successful in commercial products owing to their
high ionic conductivity and the ability to form stable contact
with electrodes, although there exist safety issues such as
leakage, ammability, and stability (Fig. 1). Therefore, devel-
oping an electrolyte which has simultaneously high ionic
conductivity, good interfacial properties, good mechanical
properties, thermal and electrochemical stabilities, and safety is
very challenging.

Inorganic solid electrolytes (ISEs) are a type of solid elec-
trolytes.31 Use of ISEs that conduct Li+ at an ambient
temperature is another option to construct nonammable
LIBs. ISEs are decoupled systems, implying that the mode of
relaxation for ion conduction is decoupled from the mode of
structural relaxation. The ISEs are promising for all-solid-state
batteries. However, most ISEs show low ionic conductivity at
room temperature, and the ionic conductivity of ISEs is very
sensitive to the composition and structure of the inorganic
solid. The all-solid-state LIBs based on ISEs face the issue of
poor cycle performance, resulting from an unstable electro-
lyte/electrode interface during the process of charging/dis-
charging. In addition, the high rigidity of ISEs leads to poor
conformability, which limits their applications in exible
devices.

One of the goals of this article is to review the types, struc-
tures, ionic conductivity, and other fundamental aspects of
PEO-based SPE and GPE electrolytes for LIBs. This review aims
to make a comprehensive understanding of state-of-the-art
PEO-based electrolytes.

2. Physical and chemical properties of
PEO
Poly(ethylene oxide) (PEO) is a polyether compound with a
chemical structure of H–(O–CH2–CH2)n–OH (Fig. 2). PEO is also
known as polyethylene glycol (PEG) depending on themolecular
weight of PEO. Normally, PEO is a polymer with a molecular
weight above 20 000 g mol!1, and PEG refers to the oligomer of
ethylene oxide or the polymer with a molecular weight below

Fig. 1 Illustration of the destination of different electrolytes in LIBs.
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20 000 g mol!1. PEO is oen prepared by the cationic or anionic
ring-opening polymerization of ethylene oxide depending on
the catalyst type. PEO is a commercially available product with
many applications from industrial manufacturing to medicine.
PEO has low toxicity and is thus used in a variety of products,
such as medical, chemical, biological, commercial, and indus-
trial uses.

As mentioned above, PEO can complex with lithium salts
(Li+) to form polymer electrolytes. Its ethylene oxide (EO) units
have a high donor number for Li+ and high chain exibility,
which are important for promoting ion transport. In addition,
PEO has a high dielectric constant and strong Li+ solvating
ability. Therefore, PEO-based SPE is the most extensively
researched system. However, PEO is a semi-crystalline poly-
mer, and the amorphous phase with activated chain segments
(above Tg) aids ion transportation (Fig. 3).34 Although a few
reports indicated that crystalline PEO can offer even greater
ion conductivity than amorphous PEO,35,36 prevailingly, PEO
crystallization is considered to be detrimental to ion transport
owing to the slowed down polymer chain dynamics upon
crystallization.37 Therefore, the design criterion for PEO-based
electrolytes is generally the suppression of PEO crystallinity to
increase the percentage of the amorphous phase of PEO for
ion transport. Various strategies and approaches such as the
addition of a plasticizer38–44 or nanoller,24,30,45 polymer
blends,46–50 graing short PEO oligomers onto polymer back-
bones or cross-linking PEO based polymers,16,17,19,21 and
designing of a block copolymer (BCP)51–77 with a PEO block
(conductive properties) and other blocks like polystyrene (PS)
and polyethylene (PE) (mechanical properties) have been
employed to improve the ionic conductivity of PEO-based
electrolytes.

3. Key points for improving ionic
conductivity
3.1. Ionic conductivity in LIBs

Lithium-ion batteries (LIBs) are composed of a cathode and an
anode as the electrodes, a lithium salt solution as the electrolyte,
a separator and functional additives (Fig. 4). The rechargeable
lithium ion insertion/extraction during the discharge/charge
process is accompanied by a redox reaction of the host matrix
assisted by a ow of electrons through the external circuit.1,10

Ionic conductivity is a key property of the electrolyte for LIBs,
and it represents the ion transition character of the electrolyte.
The basic requirement of a suitable electrolyte for LIBs is high
ionic conductivity.

Liquid electrolytes have high ionic conductivity and the
ability to establish stable contact with electrodes. Most liquid
electrolytes used in commercial LIBs are non-aqueous solutions,
in which a lithium salt such as lithium hexauorophosphate
(LiPF6) is dissolved in a mixture of solvents. Among electrolyte
solvents, organic carbonates, such as ethylene carbonate (EC),
propylene carbonate (PC), dimethyl carbonate (DMC), ethyl
methyl carbonate (EMC), and diethyl carbonate (DEC), are the
most suitable solvents for the application of LIBs.10,32 Cyclic
carbonates have high viscosity, and a linear carbonate with high
uidity needs to be added for preparing multi-solvent blend
electrolytes to enhance the ionic conductivity.10 Due to the high
dielectric constant of cyclic carbonates, they are frequently used
as a high-permittivity component of electrolytes in lithium
batteries, usually together with a low viscosity solvent. Their high
polarity allows them to create an effective solvation shell around
lithium ions, resulting in a conductive electrolyte.

As mentioned in Section 1, although liquid electrolytes full
many property requirements for LIBs, the safety issues and the

Fig. 2 Structures of different types of linear PEO.

Fig. 3 Morphologies of semi-crystalline PEO. Fig. 4 Schematic description of LIBs.
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and separators have been optimized to high performance with
respect to conductivity. However, the performance decay and
safety concerns of liquid electrolytes, which include inam-
mable solvents, re, and explosion hinder the commercializa-
tion of LIBs on a large scale.5–9 Thus, studies on safer and more
reliable electrolytes for LIBs are urgent and obligatory. More-
over, to achieve improvement in the performance and energy
density of LIBs, the high demand for novel electrolytes requires
a much better understanding.10

Solid polymer electrolytes (SPEs) are now becoming
increasingly attractive for LIBs because of their excellent prop-
erties such as safety, mechanical properties, and exibility
(Fig. 1). In fact, polymers may also act as hosts for ions. The ions
can move in the space provided by the free volume of the
polymer host, and conductivity is thus possible above the glass
transition temperature (Tg) of the polymer where the polymer
molecules are free to move. The ionic conductivity displays a
diffusive liquid-like behaviour in the solid electrolyte. Since
Wright's discovery of the ionic conductivity of poly(ethylene
oxide) (PEO) complexes with alkali metal salts,11,12 and
Armand's suggestion of a PEO conductor as a material of
interest for the development of electrochemical devices,13,14

polymer electrolytes have been extensively investigated as
promising candidates to prepare thinner, lighter and safer
LIBs.15–32 Although an SPE based on PEO usually shows low
ionic conductivity in the range of 10!8 to 10!4 S cm!1 at room
temperature which is not suitable for practical applications, it
has been widely studied as an ionic conductor of polymer
electrolytes.16,18,32,33

Lithium polymer batteries have never reached the stage of
large-scale commercial production. The challenging and critical
issue with SPE is to improve the ionic conductivity, interfacial
contacts between electrodes and electrolytes, and electro-
chemical stability window. Compared with the properties of
liquid electrolytes and SPE, a gel polymer electrolyte (GPE)
combines the merits of a liquid electrolyte (high ionic conduc-
tivity) and SPE (good mechanical properties) (Fig. 1). Thus, the
GPE has been of great interest as an electrolyte for high
performance LIBs.20,22,31 However, researchers must consider

the interfacial properties between electrodes and electrolytes
when the liquid electrolyte is replaced with GPE. Liquid elec-
trolytes are successful in commercial products owing to their
high ionic conductivity and the ability to form stable contact
with electrodes, although there exist safety issues such as
leakage, ammability, and stability (Fig. 1). Therefore, devel-
oping an electrolyte which has simultaneously high ionic
conductivity, good interfacial properties, good mechanical
properties, thermal and electrochemical stabilities, and safety is
very challenging.

Inorganic solid electrolytes (ISEs) are a type of solid elec-
trolytes.31 Use of ISEs that conduct Li+ at an ambient
temperature is another option to construct nonammable
LIBs. ISEs are decoupled systems, implying that the mode of
relaxation for ion conduction is decoupled from the mode of
structural relaxation. The ISEs are promising for all-solid-state
batteries. However, most ISEs show low ionic conductivity at
room temperature, and the ionic conductivity of ISEs is very
sensitive to the composition and structure of the inorganic
solid. The all-solid-state LIBs based on ISEs face the issue of
poor cycle performance, resulting from an unstable electro-
lyte/electrode interface during the process of charging/dis-
charging. In addition, the high rigidity of ISEs leads to poor
conformability, which limits their applications in exible
devices.

One of the goals of this article is to review the types, struc-
tures, ionic conductivity, and other fundamental aspects of
PEO-based SPE and GPE electrolytes for LIBs. This review aims
to make a comprehensive understanding of state-of-the-art
PEO-based electrolytes.

2. Physical and chemical properties of
PEO
Poly(ethylene oxide) (PEO) is a polyether compound with a
chemical structure of H–(O–CH2–CH2)n–OH (Fig. 2). PEO is also
known as polyethylene glycol (PEG) depending on themolecular
weight of PEO. Normally, PEO is a polymer with a molecular
weight above 20 000 g mol!1, and PEG refers to the oligomer of
ethylene oxide or the polymer with a molecular weight below

Fig. 1 Illustration of the destination of different electrolytes in LIBs.
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Catalyst for NH3 synthesis

1b. To what extent is TRIUMF a leader in scientific excellence in particle and nuclear physics and related 
fields, including nuclear medicine and accelerator science?

M. Hiraishi, K.M. Kojima et al.
Phys. Rev. B., 93, 121201(R), 
(2016).

Muon is the hydrogen isotope:
TRIUMF has proved H- formation 

in the cage of electride catalyst

case, direct reaction of N adatoms with nascent hydrogen from
the cage H! would be energetically of greater advantage than the
reaction among N and H adatoms on Ru surface. To further
understand the processes involving H surface species, pathways
leading to the formation of Hþ on Ru/C12A7:e! were also
examined. These pathways include (1) H2-2Hþ þ 2e! and (2)
H2-Hþ þH! reactions (Supplementary Fig. 8a,b). In the case
of the former, H2 is homolytically dissociated to produce two Hþ

ions and two electrons. As such, these Hþ ions may form O–H
bonds with framework O2– ions and electrons are introduced into
the empty cages. In this case, H! ions are not formed, which is
contrary to the H2 TPD result (Fig. 4b). Therefore, the former
possibility is ruled out. In the case of heterolytic H2 dissociation,
Hþ and H! ions are formed on the catalyst surface. This
phenomenon was found to take place on the surfaces of basic
oxides, such as MgO, CaO and SrO45 and in stoichiometric
C12A7 (ref. 46). H! ion can be dissociated into two electrons
and a proton, which is further converted to an OH! ion via
reaction with extra-framework oxide ion (O2! ) as reported
previously47. While there are no extra-framework O2! ions in
the bulk of Ru/C12A7:e! catalyst, we cannot rule out the fact
that the proton may be converted to an OH– species via reaction
with the framework oxygen at the surface of C12A7:e!

(Supplementary Fig. 8b). Hence, we cannot rule out the
formation of transient Hþ species through the heterolytic H2
dissociation. In any case, the formation of transient H! ion is the
important step of ammonia synthesis over Ru/C12A7:e! .

In summary, strong electron donation capability of C12A7:e!

allows ammonia formation along a new, highly efficient route
where the activation energy for N2 cleavage is smaller than those

of the subsequent N–Hn formation steps. Characteristics of fast
reversible storage–release of hydrogen atoms on the surface of
C12A7:e! near Ru nanoparticles not only prevent hydrogen
poisoning but also keep the cage electron density high near the
surface, resulting in stable and highly active catalyst even under
high pressure.

Methods
Catalyst preparation. C12A7:e! powder samples were prepared by solid-phase
reaction according to the following procedure. First, a mixture (Ca:Al¼ 11:14) of
CaCO3 and a-Al2O3 was ball-milled using a zirconia pot and yttria-stabilized
zirconia balls (3 mm diameter) at a speed of 150 r.p.m. for 30 min. Then, this
mixture was heated at 1573 K for 10 h in air, which led to the formation of
intermixed C12A7 and CaO $Al2O3 (CA) powders, and then treated in a vacuum at
1273 K for 15 h. The resulting powder was mixed with Ca metal shot in a glove box
filled with Ar gas, sealed in an evacuated silica tube and kept at 973 K for 15 h. The
following reaction proceeds during this heat treatment: 0.8Ca12Al14O33þ 1.4
CaAl2O4þCa-Ca12Al14O32. Some of the Ca metal precipitates at the inner wall of
the silica tube in this process. To compensate for this effect, we used twice the
amount of Ca metal needed for this reaction. The glass tube was opened in the
glove box and the reacted material was grinded with an agate mortar. Finally, the
obtained powder was sealed in an evacuated silica tube and kept at 1,373 K for 2 h.
C12A7:H! was prepared by heating C12A7:e! in a mixture of H2 and N2 gas flow
(N2:H2¼ 1:1) at 873 K for 12 h. CaO $Al2O3 (CA) was prepared by a reaction of
CaCO3 and a-Al2O3 with a molar ration of 1:1 at 1,573 K for 20 h in an ambient
air. The obtained powder was heated at 1,273 K for 15 h in a dynamically evacuated
silica tube (B1 % 10! 4 Pa) to eliminate water and hydroxyl groups on the surface.
Ru-loaded samples were prepared by the following procedure. The sample powder
and Ru3(CO)12 were sealed in an evacuated silica tube and were heated under the
following temperature programme (2 K min! 1 up to 313 K, hold for 1 h; in 2 h up
to 343 K, hold for 1 h; in 2 h up to 393 K, hold for 1 h; and in 2.5 h up to 523 K, hold
for 2 h; cooling down to ambient temperature). Since all Ru catalysts are deposited
on the support by chemical vapour deposition method using Ru3(CO)12 as a
precursor, zero-valence state of Ru is confirmed by X-ray photoelectron

Ea = 49 kJ mol–1

Ea = Edis

Edis < 29 kJ mol–1
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Figure 6 | Proposed reaction mechanism and energy profile for ammonia synthesis. Reaction mechanism and energy profile for ammonia synthesis
over (a) conventional catalyst and (b) Ru/C12A7:e! . (a) N2 and H2 react on the catalyst surface through a Langmuir–Hinshelwood mechanism to
form NH3 in which N2 dissociation is the RDS. The energy barrier (Edis) for this step corresponds to the apparent activation energy (Ea) for ammonia
synthesis. As for Ru/C12A7:e! (b), the rate-limiting step is not N2 dissociation but the formation of N–Hn species. NH3 is formed through the
Langmuir–Hinshelwood mechanism (route 1) and the direct reaction of N adatoms with H radicals (nascent hydrogen) derived from cage H! anions
(route 2). Ea is determined by the difference between the top of the barrier for N–Hn formation and the energy level of reactant molecules (N2 and H2).

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms7731 ARTICLE

NATURE COMMUNICATIONS | 6:6731 | DOI: 10.1038/ncomms7731 | www.nature.com/naturecommunications 7
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Quantum Materials (I)
1b. To what extent is TRIUMF a leader in scientific excellence in particle and nuclear physics and related 
fields, including nuclear medicine and accelerator science?

TRIUMF has identified the surface 
conductivity and spin relaxation of 
Topological Insulator with depth-
resolved 8Li b-NMR

D. Koumoulisa*, G.D. Morris, et al., 
PNAS 112, E3645, (2015). 

Dunsiger

Other nano-meter depth-resolved 
measurements employing 8Li b-NMR

fewer spins. A potential solution to the sensitivity problem is the
technique of β-detected NMR (β-NMR) (SI Results, β-NMR ex-
periments). β-NMR enables us to interrogate the wavefunction of
the charge carriers while varying the energy of incident ions to
control implantation depth. β-NMR is similar to muon-spin ro-
tation spectroscopy, except that a 8Li+ ion is used rather than a
muon. The heavier mass of 8Li+ enables better control of the ion
position by controlling the energy of the incident ions. The im-
plantation profile of the ions in high-Z materials is sharp and
localized to layers that are tens of nanometers thick. The signal
from such thin layers can be detected with β-NMR using highly
polarized nuclear spins (>60%) and the high-efficiency detection
of β-emissions. Furthermore, the longer half-life of the 8Li iso-
tope (838 ms) can reveal dynamics of magnetic field fluctuations
or spin precessions over timescales longer than muons (half life,
2.2 μs) would allow. The only NMR studies of TI surface states
published to date were done on nanocrystals (7) and nanowires
(8), by inferring the TI properties in the limit of high surface-to-
volume ratios. A recent study on Bi2Se3 performed at high
magnetic fields provides the means of approaching the quantum
limit in TIs via NMR (9). Because films grown by molecular
beam epitaxy (MBE) and cleaved surfaces from single crystals
are universally studied by most researchers, NMR experiments
that directly interrogate TI properties in a depth-resolved man-
ner beneath the surface of epitaxial TI films would be preferred,
as they would enable comparison with the literature. Noninvasive
NMR measurements of TI properties reflect intrinsic material
properties and could even help in the study and control of spin-
polarized electron states. Herein, we investigate the possibility of
depth-resolved measurements of both electronic and magnetic
properties of epitaxial TI films using the technique of β-NMR.
This technique may enable sensitive, noninvasive studies of sur-
faces and interfaces in topological phases. Additional advantages
of the β-NMR technique may include less stringent requirements
in terms of carrier type and concentration, operating temperature
(T), film thickness, and film quality, compared with existing tools.

Experimental Procedure
Epitaxial thin films of the TI bismuth antimony telluride (Bi,
Sb)2Te3, and Cr-doped (∼8%) (Bi,Sb)2Te3 (denoted CrTI below)
with Bi/Sb ratios of 0.51/0.49 and 0.54/0.38, respectively, were
grown on GaAs substrates (Fig. 1 A and B). The Bi-to-Sb ratio and
the Cr doping level were deliberately chosen so that Fermi level
positions of the as-grown samples are already close to the Dirac
point (SI Results, section A). Accordingly, we were able to dem-
onstrate and realize electrical conduction dominated by spin-po-
larized surface states (SI Results, section A), quantum interference
competition (Fig. S1), quantum oscillation (SI Results, Magneto-
Transport Measurements), quantum Hall effect (SI Results, Magneto-
Transport Measurements), and quantum anomalous Hall effect
(SI Results, Magneto-Transport Measurements) in the quantum
limit regime. In this study, GaAs was chosen for two reasons. First,
it is a suitable substrate for growth of this TI. Second, GaAs is
a diamagnetic OI layer that provides an in situ reference for
the β-NMR experiment, as probed by the beam energy of 19.9 keV.
Its frequency shift as a function of depth and T via β-NMR ex-
periments is well studied and understood (10). β-NMR measure-
ments were conducted at the ISAC-I Facility (Isotope Separator
and Accelerator) in TRI University Meson Facility (TRIUMF)
(Vancouver, Canada) using a beam of highly polarized radioactive
8Li+ ions. Beam energies in the range 0.4–19.9 keV were selected
to probe the film properties as a function of depth (Fig. 1A). In the
present study, the beam energy of 0.4 keV was used to probe
primarily the surface layer of the TI film (∼3–5-nm implantation
depth), whereas the 1-keV beam probed the bulk of the TI (ions
implanted ∼10–20 nm deep). Higher beam energies were used to
probe deeper layers into the OI substrate. For additional details of
the experimental procedure, see SI Results, β-NMR experiments.

Results and Discussion
Electronic Properties. The Knight shift is an NMR parameter that
probes the local polarization of conduction band electronic
spins induced by an external field. The nuclear spins are coupled to
the conduction band electrons through the hyperfine interaction,
which is a measure of carrier density (11–13). Quantitative values of
the Knight shift Kd are obtained by correcting the NMR resonance
frequency shift, K = ðν− νref Þ=νref   , for the demagnetization field,
ð8π=3Þ · χ, in the thin film (Fig. S2) according to

Kd =K +
!
8π
3

"
· χ, [1]

where χ is the magnetic susceptibility. K arises from coupling the
8Li+ to the temperature (T)-independent Pauli susceptibility of
the host nuclei, relative to the GaAs in situ reference. Similar to
GaAs, (Bi,Sb)2Te3 is diamagnetic and exhibits a weak T-depen-
dent magnetic susceptibility. Using the value of χ for (Bi,Sb)2Te3
reported by Stepanov et al. (14) and Van Itterbeek et al. (15),
we note that in the data from refs. 14 and 15 χ follows a dia-
magnetic behavior over the range 2–300 K. The values of the
Knight shift are plotted in Fig. 2A (Upper Inset) relative to the
GaAs reference (SI Results, β-NMR experiments). An alternate
graphical presentation of these results for the pure TI is also
shown in Fig. S3. The salient feature of this result is the sub-
stantially larger (negative) Knight shift near the surface of the
TI film compared with the bulk (Figs. S4 and S5). Such in-
creased metallic shifts when approaching the surface of a TI
are consistent with results from a previous study of diamagnetic
Bi2Te3 nanocrystals (7). Knight shift measurements on Bi0.5Sb1.5Te3
nanocrystals with conventional NMR (Fig. S6A) also confirm
the emergence of a negative Knight shift (SI Results, β-NMR
experiments) at the exposed surface. In the case of a metal, the
wavefunction of delocalized charge carriers interacts with the
nuclear spins through the electron–nuclear hyperfine interac-
tion. Therefore, nuclear spins experience the average field of
the electronic spin polarization, which leads to the Knight shift.

Fig. 1. Schematic diagram of the β-NMR experimental setup. The di-
rection of the 8Li+ ion beam and the different epitaxial layers are shown in
A. Structure of the TI-OI multilayered (Bi,Sb)2Te3 sample [capping layer
(<3nm Al2O3)], TI [50-nm (Bi,Sb)2Te3], and OI (350-μm GaAs) as a function
of depth (nm) (B).

E3646 | www.pnas.org/cgi/doi/10.1073/pnas.1502330112 Koumoulis et al.
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The Mott insulating phase (defined broadly as an insulating
state induced by electron correlations) can often be
suppressed by quantum tuning, that is, varying a

nonthermal parameter such as chemical composition or pressure,
resulting in a zero-temperature quantum phase transition (QPT)
to a metallic state driven by quantum fluctuations1,2. Theories of
exotic phenomena known to occur near the Mott QPT such as
quantum criticality and high-temperature superconductivity3

often assume a second-order QPT, but direct experimental
evidence for either first- or second-order behaviour at the
magnetic QPT associated with the Mott transition has been
scarce and further masked by the superconducting phase in
unconventional superconductors.

The low-temperature antiferromagnetic insulating state in
archetypal Mott insulators RENiO3 and V2O3 can be tuned
systematically through variation of the rare-earth ion4 in
RENiO3 and application of hydrostatic pressure5 in
stoichiometric V2O3, making them ideal systems for studying
correlation-driven metal–insulator transitions (MITs). RENiO3
possesses a distorted perovskite structure in which the
average rare-earth ionic size can be continuously controlled
by solid solution of different rare earths4, effectively applying
a chemical pressure and producing the phase diagram shown
in Fig. 1a. An abrupt thermal phase transition (solid red curve)
from a high-temperature metal to a low-temperature
insulator takes place at a temperature dependent on the ionic
radius, with a paramagnetic–antiferromagnetic transition
(blue curve) occurring simultaneously for some compounds and
at lower temperature for others. A structural distortion
(yellow curve) that lowers the symmetry from orthorhombic to
monoclinic is also observed when cooling through the MIT6.
As the ionic radius increases, the temperature of the
thermal MIT decreases until it reaches zero at the estimated
critical radius of B1.175 Å, resulting in a QPT from an
antiferromagnetic insulator to a paramagnetic metal. Varying
the rare-earth ion leaves the electron count unchanged but
alters the width of the relevant electron energy bands by
changing the crystal structure; hence, this constitutes a
bandwidth-controlled Mott QPT1.

The mechanism of the MIT remains controversial. Various
scenarios have been proposed, including the opening of a
charge-transfer gap4, orbital ordering7 and charge ordering6,8,
but experimental observations have been inconsistent with each
of these scenarios8–13. Recent progress has led to a proposed
site-selective Mott transition14,15 that successfully explains many
of the unusual electronic properties of RENiO3.

In the case of V2O3, hydrostatic pressure suppresses the
MIT temperature from B160 K at ambient pressure to 0 K at
B2.0 GPa (Fig. 1b), again resulting in a bandwidth-controlled
QPT. The MIT is likewise accompanied by structural symmetry
lowering (rhombohedral to monoclinic) in the insulating state.
Replacing small amounts of V with either Ti or Cr produces
similar effects as pressure16, shown on the upper horizontal axis
of Fig. 1b. Doping with Cr acts as negative pressure and leads to a
first-order transition at high temperature between a paramagnetic
metal and paramagnetic insulator, dividing the overall V2O3
phase diagram into three parts, similar to RENiO3. However, the
metallic phase produced by Ti doping orders magnetically1

unlike the pressure-induced metal, so these tuning methods
are not equivalent17. The MIT in V2O3 was classified early on
as a Mott–Hubbard transition5, but experimental and
theoretical developments in the 1990s and 2000s, particularly
from numerical techniques like dynamical mean field
theory (DMFT), modified the understanding of this system to
include multiband, S¼ 1 models18,19. This system remains a topic
of active study.

In both materials, the QPT has received less attention than the
thermal MIT, despite being vital for a full understanding of these
materials and the pressure-driven Mott transition in general.
The order of the QPT is significant. A second-order QPT leads to
quantum criticality that may engender unusual properties and
novel electronic phases. For a first-order QPT, the system
would be expected to exhibit more typically first-order behaviour
such as phase coexistence and abrupt changes in the ground state,
not necessarily manifesting quantum criticality in the same way.
Early numerical and analytical studies20–24, scaling analysis25 and
DMFT studies26 suggested first-order behaviour at the Mott QPT,
but conclusive experiments on RENiO3 and V2O3 have been
lacking. Among the few experiments related to the QPT in these
materials are a transport study of V2O3 under pressure27

revealing a gradual reduction of the low-temperature resistance
with higher pressure, a neutron study28 suggesting quantum
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Figure 1 | Phase diagrams for canonical Mott systems RENiO3 and V2O3.
(a) RENiO3 phase diagram, with temperature along the vertical axis and
rare-earth ionic radius along the horizontal axis. The red curve indicates a
metal–insulator transition on cooling, blue a paramagnet–antiferromagnetic
transition, and yellow a structural transition. The coloured circles represent
phase boundaries for the stoichiometric compounds determined by
previous studies. Coloured arrows indicate compositions studied in the
current work. The quantum phase transition (QPT) occurs at a radius of
B1.175 Å. PS, phase separated. After ref. 4. (b) V2O3 phase diagram, with
temperature along the vertical axis and hydrostatic pressure along the
horizontal axis. The QPT occurs at a pressure of B2.0 GPa. Doping with Ti
and Cr is shown on the upper horizontal axis for comparison. All coloured
curves and symbols are the same as in a. After ref. 16.

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms12519
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Quantum Materials (2)
1b. To what extent is TRIUMF a leader in scientific excellence in particle and nuclear physics and related 
fields, including nuclear medicine and accelerator science?

TRIUMF has mapped out phase 
diagram of quantum materials 

with Muon as a magnetic probe.

Neutron would have been 
difficult to identify phase 

separations. Frandsen 

Lee

Sonier
B.A. Frandsen et al., 
Nature Comm. 7, 12519, (2016). 

Other examples.



15Publications, Prizes and Trainees

§ Publications in CMMS

§ Trainees 

2013 2014 2015 2016 2017 2018 YTD
14 52 32 27 16 24

Trainees
Graduate Students hosted (2017) 8
Postdocs hosted (2017) 2
Masters students graduated (2013-17) 10
PhD students graduated (2013-17) 18

Average 28.2 papers/year (2013-2017)
12.8 papers / beamline / year is top-class productivity

among neutron and muon facilities.

Research excellence

§ Prizes 
Yamazaki Prize 2017
R.F. Kiefl (UBC)

Koshiba Prize 2018
K.M. Kojima (TRIUMF)
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CMMS user programs

1c. To what extent has Canada’s participation in TRIUMF connected Canada to the world in TRIUMF-related fields?
2. To what extent has TRIUMF been a benefit to Canadian universities (i.e., universities have leveraged TRIUMF)?

* TRIUMF, Victoria, UBC, SFU, Alberta, Saskatchewan, Winnipeg, Waterloo, 
McMaster, Toronto, Montréal,  Mount Royal, Mount Allison, Saint Mary’s, 
Queens, Sherbrooke, …

affiliation 2013 2014 2015 2016 2017
Canadian* 68 75 59 69 52

International 175 172 136 171 147

Muon and 8Li users on proposals

Over-subscription rate 1.84 (average)

Research proposals are called twice a year, and evaluated by 
Molecular and Materials Science Experimental Evaluation Committee 
(MMS-EEC), consists of 10 members (eight external and two TRIUMF, ex-officio). 
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Research excellence in the next 5YP (ARIEL)
4. Is TRIUMF’s proposed 5-year plan appropriate to ensure the continued relevance and success of TRIUMF?

ARIEL will enhance the b-NMR beamtime by 3-5 times 
(35 days / year to 100-150 days /year), because it 
feeds the competing Medium and High Energy part of 
ISAC-I & II.

More b-NMR user programs will be accommodated.

Variety of probe nucleus is explored: 8Li, 31Mg, Cu, …

S. Koscielniak et al, Proceedings 
of SRF2009, Berlin, Germany 
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Research excellence in the next 5YP (M9H)

H
A

M9H is funded by CFI (J. Sonier, SFU), enabling
negative muon (µ-) measurements
and high momentum muon for extreme conditions

Completion of M9A is planned.
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Materials Science with negative Muon (µ-)

Template: Document-119916 Rel.1 

 

Substantial progress in battery technology has been made in recent years but more improvements are needed 
to meet our climate change goals. The sustainability and cost of batteries must be improved, which requires 
increased battery lifetimes. In order to do this, we must monitor the state of health of batteries continuously 
during operation to minimize their degradation. During electrochemical cycling, significant changes in the 
material structure and elemental distributions within the battery occur, which could substantially influence 
ion and electron transport and affect the performance of the entire battery system. Several analysis 
techniques such as X-ray diffraction, X-ray absorption spectroscopy, neutron diffraction and NMR have been 
used to characterize batteries under working conditions (operando), but most of them can acquire only 
spatially averaged information and do not provide information about the local elemental composition. 
Elemental analysis using negative muons (µ−) can shed light onto location of important elements such as Li, 
O, Na, Mg, Zn, during battery operation, making this a potentially highly valuable avenue of research into 
the microscopic mechanism of battery operation and a tool to study the processes by which batteries fail. The 
muonic X-ray spectrometer could be used to study passivation on the electrodes, corrosion and dendritic 
growth, which have all been linked to decreased performance and battery failure. A schematic of the 
experimental setup is shown in Fig. 1b.  

 
Figure 1: (a) Production of muonic X-rays and (b) schematic of the muonic X-ray spectrometer probing the temporal and spatial dependence of 

the lithium concentration in a lithium-ion battery. 

Another area where muonic X-ray analysis could provide valuable information is the non-destructive 
analysis of corrosion and corrosion-product transport. Fatigue, damage and corrosion are important to 
understand as they can lead to failure of critical infrastructure. It is urgently required for national and world-
wide safety precaution to develop a non-destructive inspection method that is depth-resolved. There are a 
multitude of techniques for analyzing corrosion at a surface or by destructive analysis but muonic X-ray 
analysis is unique in being non-destructive and position-sensitive.  

Archaeology and Anthropology Applications:  
The high energy of the muonic X-rays from high-Z atoms enables these photons to penetrate several 
centimetres of material, so one can probe the elemental composition of the deep interior of a sample. This 
technique will not activate the sample, which occurs in prompt gamma-ray analysis by neutron irradiation, 
and so the proposed spectrometer will also be useful for the non-destructive characterization of cultural-
heritage objects. There are several facilities that use X-ray fluorescence (XRF) to measure elemental 
compositions, however non-destructive XRF is restricted generally to a subset of the mid-Z X-ray region, the 
best portion including Ti-Nb. Muonic X-ray analysis can be used to determine the concentration of 
archaeologically important high-Z elements, such as Ag, Au and Pb, in addition to the mid-Z region.  

RELATIONSHIP TO BROADER CANADIAN RESEARCH COMMUNITY: 

The capabilities of the proposed muonic X-ray spectrometer for studying materials, operating devices and 
cultural-heritage objects will be unique in both Canada and worldwide due to the higher µ− flux. The muonic 
X-ray spectrometer will become part of the TRIUMF Centre for Molecular and Materials Science, which 
serves a broad research community in Canada and abroad.  

The importance of energy-storage devices means that several research groups are trying to image batteries. 
The Canadian Light Source has developed synchrotron-based computed tomography to image a battery’s 
internal structure, but this does not provide information about the time- and position-resolved composition. 
The Wasylishen group at the University of Alberta uses magnetic resonance imaging to monitor operating  
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1. Introduction

Elemental analysis is a process in which a sample is analyzed for its
composition. Often this is accomplished by destructive and damaging
methods. Clearly, such techniques are not desirable for valuable items;
cultural scientific ormonetary, and a non-destructive, non-damaging el-
emental analysis would be extremely useful. Such a tool can be found in
the use of negative muons, where the absorption process releases char-
acteristic X-rays from the elements present.

Negative muons are comparable to heavy electrons; replacing an
electron in the outer shell of an atom, then traveling to near the nucleus
through the modified energy states of the atom. Each transition on this
path produces an X-ray characteristic of the atom in which the muon
was absorbed, hence allowing this spectrum to reflect the atomic spe-
cies (see Fig. 1). The sensitivity of this technique is such that even
light atoms can be detected. Furthermore the technique has the poten-
tial to be used as a depth analysis tool, since by varying themomentum
of the incidentmuon beam it is possible to change the depth of implan-
tation of the negative muon. A significant advantage of muonic X-rays
over those of electronic X-rays is their higher energy (2 keV-10 MeV)
(see Fig. 2). These high energy muonic X-rays are emitted from the
bulk of the samples without the added complication of photon self-

absorption and can be simply detected by a semiconductor detector.
From Fig. 2 we can see that the X-ray emission energy scales with Z
(see ref [1] for a more detailed review). In addition, this technique will
not activate the sample, unlike prompt gamma-ray analysis by neutron
irradiation. Over the years there has been sporadic use of negative
muons as an elemental analysis tool, and awide-ranging number ofma-
terials have been investigated, including Japanese coins [1], spinal col-
umns [2], pig fat and dog's blood [3], tissue analysis [4], ancient
Chinese mirrors and Tang San Cai horse [5] and even meteorite compo-
sition [6]. Recently, an instrument has been constructed at the J-PARC
facility [7]. ISIS pulsed neutron and muon facility is a primary high-
flux source of pulsed muon beams. In this paper we will discuss the lat-
est developments at ISIS and the possible uses for the future.
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cies (see Fig. 1). The sensitivity of this technique is such that even
light atoms can be detected. Furthermore the technique has the poten-
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bulk of the samples without the added complication of photon self-
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irradiation. Over the years there has been sporadic use of negative
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terials have been investigated, including Japanese coins [1], spinal col-
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Substantial progress in battery technology has been made in recent years but more improvements are needed 
to meet our climate change goals. The sustainability and cost of batteries must be improved, which requires 
increased battery lifetimes. In order to do this, we must monitor the state of health of batteries continuously 
during operation to minimize their degradation. During electrochemical cycling, significant changes in the 
material structure and elemental distributions within the battery occur, which could substantially influence 
ion and electron transport and affect the performance of the entire battery system. Several analysis 
techniques such as X-ray diffraction, X-ray absorption spectroscopy, neutron diffraction and NMR have been 
used to characterize batteries under working conditions (operando), but most of them can acquire only 
spatially averaged information and do not provide information about the local elemental composition. 
Elemental analysis using negative muons (µ−) can shed light onto location of important elements such as Li, 
O, Na, Mg, Zn, during battery operation, making this a potentially highly valuable avenue of research into 
the microscopic mechanism of battery operation and a tool to study the processes by which batteries fail. The 
muonic X-ray spectrometer could be used to study passivation on the electrodes, corrosion and dendritic 
growth, which have all been linked to decreased performance and battery failure. A schematic of the 
experimental setup is shown in Fig. 1b.  

 
Figure 1: (a) Production of muonic X-rays and (b) schematic of the muonic X-ray spectrometer probing the temporal and spatial dependence of 

the lithium concentration in a lithium-ion battery. 

Another area where muonic X-ray analysis could provide valuable information is the non-destructive 
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The high energy of the muonic X-rays from high-Z atoms enables these photons to penetrate several 
centimetres of material, so one can probe the elemental composition of the deep interior of a sample. This 
technique will not activate the sample, which occurs in prompt gamma-ray analysis by neutron irradiation, 
and so the proposed spectrometer will also be useful for the non-destructive characterization of cultural-
heritage objects. There are several facilities that use X-ray fluorescence (XRF) to measure elemental 
compositions, however non-destructive XRF is restricted generally to a subset of the mid-Z X-ray region, the 
best portion including Ti-Nb. Muonic X-ray analysis can be used to determine the concentration of 
archaeologically important high-Z elements, such as Ag, Au and Pb, in addition to the mid-Z region.  

RELATIONSHIP TO BROADER CANADIAN RESEARCH COMMUNITY: 

The capabilities of the proposed muonic X-ray spectrometer for studying materials, operating devices and 
cultural-heritage objects will be unique in both Canada and worldwide due to the higher µ− flux. The muonic 
X-ray spectrometer will become part of the TRIUMF Centre for Molecular and Materials Science, which 
serves a broad research community in Canada and abroad.  

The importance of energy-storage devices means that several research groups are trying to image batteries. 
The Canadian Light Source has developed synchrotron-based computed tomography to image a battery’s 
internal structure, but this does not provide information about the time- and position-resolved composition. 
The Wasylishen group at the University of Alberta uses magnetic resonance imaging to monitor operating  
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through the modified energy states of the atom. Each transition on this
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was absorbed, hence allowing this spectrum to reflect the atomic spe-
cies (see Fig. 1). The sensitivity of this technique is such that even
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(see Fig. 2). These high energy muonic X-rays are emitted from the
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From Fig. 2 we can see that the X-ray emission energy scales with Z
(see ref [1] for a more detailed review). In addition, this technique will
not activate the sample, unlike prompt gamma-ray analysis by neutron
irradiation. Over the years there has been sporadic use of negative
muons as an elemental analysis tool, and awide-ranging number ofma-
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Captured negative muon produces characteristic X-ray, 
which enables non-destructive element analysis.
Diffusion of Li-ion may be investigated in the working battery.
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Summary

§ 1 Is TRIUMF a world-class platform for research excellence? 
§ 1a. Is there a need for TRIUMF? 

Ø TRIUMF hosts the world’s only b-NMR facility for thin-film and interface research.
Ø TRIUMF is the sole facility in the Americas that provides high-resolution muon spectroscopy 

for quantum and chemical systems.
§ 1b. To what extent is TRIUMF a leader in scientific excellence in particle and nuclear 

physics and related fields, including nuclear medicine and accelerator science?
Ø Publications, quantity and quality.
Ø Prizes from TRIUMF research or to TRIUMF scientist.

§ 1c. To what extent has Canada’s participation in TRIUMF connected Canada to the world in 
TRIUMF-related fields?

Ø Research proposals are peer reviewed in MMS-EEC and evaluated in merit based. 
Ø Canadian and International Users in CMMS.
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Summary

CMMS Canadian users in         2013-2017

§ 2. To what extent has TRIUMF been a benefit to Canadian universities (i.e., universities have 
leveraged TRIUMF)? 

Ø TRIUMF is an integral part of the Canadian Molecular and Material Science (and Quantum 
Material) landscape: TRIUMF is the facility of choice for the community to investigate, 
characterize, and further develop novel materials, condensed matter, and critical reactions using 
accelerator-based probes (muons and b-NMR).

Ø TRIUMF has important role in trainees: hosts graduate students and postdoctoral fellows
Ø TRIUMF provides unique research capabilities essential to many Canadian research programs
Ø Three TRIUMF faculty affiliated with Canadian universities, seven Canadian University faculty 

(chemistry and physics) are affiliated scientists at TRIUMF

TRIUMF materials science program is well established 
and provides critical complementary research probes to 
Canadian and International users.
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Summary
§ 4. Is TRIUMF’s proposed 5-year plan appropriate to ensure the continued relevance and success 

of TRIUMF?
Ø ARIEL
Ø There are our future initiatives :

§ M15 Revitalization (S. Kreitzman)
§ Expansion of the b-NMR and other unstable nuclear beam usage (S. Dunsiger + life science + 

nuclear science + accelerator)
§ Muonic X-ray spectrometer for elemental analysis ... (I. McKenzie)
§ Expanding Muon Beam Facilities at TRIUMF (G.M. Luke (McMaster)) (M9H & M9A) 

Ø M9H was approved by CFI: J. Sonier (SFU)

• TRIUMF hosts the world’s only radioactive b-NMR facility for thin-film and interface research.
• TRIUMF is the sole facility in the Americas that provides high-resolution muon spectroscopy for 

quantum and chemical systems.
• TRIUMF materials science program is well established and provides critical complementary 

research probes to Canadian and International users.
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Comments on the role of TRIUMF in the muon history

•TRIUMF introduced high intensity surface muons to 

the world in 1984.

•TRIUMF contributed to the discovery of the AFM 

phase in the undoped high-Tc cuprate in 1987. 

•TRIUMF has been the leader of high-field, high-

timing resolution measurements of semiconductors 

(hydrogen state) and chemistry (hydrogen radicals). 

Most of the knowledge about Hydrogen in 

conventional semiconductors is from muon 

spectroscopies at TRIUMF.

•TRIUMF currently has the only spectrometer in the 

world for tracing the chemical reactions with muon 

(=Hydrogen isotope).


