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The global energy crisis cannot be addressed with 
one unique solution; it is widely recognized that 

we must develop varied systems and techniques in 
parallel and concurrently develop diverse strategies 
for a clean and sustainable generation of energy, 
whilst also taking care to consider the environmental, 
social and economic impacts. The following research 
highlights are selected from the energy science pub-
lished by the user communities of year 2017. These 
highlights demonstrate the utility of synchrotron 
X-ray characterization for the study of both real de-
vices under operating conditions and idealized model 
systems under precisely controlled environments. The 
science highlights from TLS 20A1, TLS 16A1 and TLS 
01C1 show how X-ray absorption techniques can 
clarify the interactions between the dopant (P) and 
Mo2C for the evolution of hydrogen, and can probe 
the intermolecular interactions between polymers 
and graphitic carbon nitride for the conversion of 
solar energy to hydrogen. The selection from TPS 
09A includes a detailed understanding of the micro-
structure information in new fluoride phosphors. The 
highlight from TLS 17C1 demonstrates how defect 
formation affects the interactions between Pt and 
the singly or doubly doped TiO2 supports and ma-
nipulates the physical and chemical properties of the 
resulting catalysts. The last highlight from TLS 05A1 
shows how the local electronic state around the Co 
site alters during charging for a battery application. 
(by Yan-Gu Lin)

Energy  
Science 
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Phosphorus Doping Enlarges Hydrogen Evolution
Elucidating feasible electronic regulation and the remarkably enhanced catalysis associated 
with controlled P-doping has paved the way for developing efficient noble-metal-free cata-
lysts via rational surface engineering.

T he hydrogen evolution reaction (HER) by water 
electrolysis can sustainably produce high-purity 

hydrogen, which is a promising solution to the energy 
crisis and several environmental issues. To this end, 
numerous efforts have been made to explore cost-ef-
fective electrocatalysts based on earth-abundant 
elements. Among them, molybdenum carbide (MoCx) 
has attracted intensive interest due to its low-cost, 
wide pH applicability, and tunable phase and com-
position. However, due to the unoccupied d-orbitals 
with large density, the strong Mo–H bonding restricts 
Hads desorption and leads to an intrinsic limitation in 
activity. 

In the work1 done by Zhangping Shi (Fudan Universi-
ty) and his co-workers, a facile and universal approach 
was proposed to engineer P-doping in carbides, 
which can increase the electron density around the 
Fermi level of Mo2C and introduce steric hindrance by 
P on the Mo2C surface, resulting in weakened Mo–H 

bonding toward promoted HER kinetics. Remarkably, 
the optimal P-Mo2C@C nanowires with controlled 
P-doping (P: 2.9 wt%) deliver a low overpotential of 
89 mV at a current density of -10 mA cm−2 and strik-
ing kinetic metrics (onset overpotential: 35 mV, Tafel 
slope: 42 mV dec−1) in acidic electrolyte. Furthermore, 
the authors performed synchrotron-based X-ray ad-
sorption techniques at TLS 20A1, TLS 16A1 and TLS 
01C1 to clarify the interactions between the dopant 
(P) and active sites (Mo2C).

The Mo K-edge spectra and K space oscillation curves 
in Fig. 1(a) show gradual changes with different P 
concentrations. Figure 1(b) gives the correspond-
ing R space curves after k2 [χ(k)] functions Fourier 
transform, and two peaks at around 1.5 and 2.7 Å in 
Mo2C@C are associated with Mo–C/O and Mo–Mo 
bonding, respectively. Notably, a shoulder emerges 
after P-doping at 1.7 Å, which can be assigned to 
Mo–P coordination. Visibly, with increased P-doping, 

Fig. 1:   (a) Mo K-edge extended XAFS spectra and K space k2[χ(k)] function oscillation (inset), (b) their corre-
sponding R space spectra and P (c), and C (d) K-edge X-ray absorption near edge structure (XANES) spec-
tra of the compounds of (I) Mo2C@C, (II) P-Mo2C@C-0.8, (III) P-Mo2C@C-1.9, (IV) P-Mo2C@C-2.9, and (V) 
P-Mo2C@C-3.4. [Reproduced from Ref. 1]
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the intensity of Mo–P coordination increases, and the 
Mo–C/O bonds slightly shift to a lower radical dis-
tance. These observations should result from the lat-
tice distortion by P incorporation. Indeed, they clearly 
confirm the presence of P–Mo bonds in P-Mo2C@C 
and the direct interaction between the dopant and 
carbide. Additionally, P K-edge and C K-edge X-ray 
absorption near edge structure (XANES) spectra 
are also recorded. Figure 1(c) depicts the P K-edge 
XANES spectra of P-Mo2C@C, and the XANES spectra 
of MoP is also replotted from the reference. Except 
for the sharp peak around 2153 eV related with 
phosphates, the broad feature at the pre-edge region 
(around 2145 eV) further indicates the formation of 
Mo–P species, showing the increasing trend corre-
sponding to the enhanced Mo–P coordination (Fig. 
1(b)). The C K-edge XANES results are presented 
in Fig. 1(d) in which pronounced C=C π* and C–C σ* 
resonances located at 285 and 292 eV can be ob-
served, respectively. The additional peak and shoulder 
at 288 eV and 284 eV respectively should be assigned 
to typical features of Mo2C. Another shoulder around 
287 eV is typically associated to carbon bonded with 
nitrogen and phosphorus, demonstrating the co-dop-
ing of N and P into the carbon matrix. Noticeably, 
the P-Mo2C@C and Mo2C@C samples display slight 
changes in the C K-edge XANES profiles, which indi-
cates the negligible influence on the carbon matrix 
after varied P-doping.

In summary, controlled P-doping was developed to 
effectively optimize the electronic configuration and 
HER activity of Mo2C electrocatalysts. Remarkably, 
P-doping into Mo2C can increase the electron density 
around the Fermi level of Mo2C, leading to weakened 
Mo–H bonding promoting HER kinetics. The synergy 
of electron transfers into the anti-bonding orbitals of 
Mo–H and steric hindrance of H atoms on P-doped 
sites is responsible for the effectively weakened Mo–
H. This work opens up a new opportunity to develop 
efficient noble-metal-free catalysts. (Reported by 
Yan-Gu Lin)

This report features the work of Zhangping Shi and his 
co-workers published in Energy Environ. Sci. 10, 1262 
(2017).

TLS 01C1  SWLS – EXAFS
TLS 16A1  BM – Tender X-ray Absorption, Diffraction 
TLS 20A1  BM – (H-SGM) XAS
•  XANES, EXAFS
•  Materials Science, Chemistry, Condensed Matter 

Physics, Environmental and Earth Science

Reference 
1. Z. Shi, K. Nie, Z.-J. Shao, B. Gao, Hu. Lin, H. Zhang, 

B. Liu, Y. Wang, Y. Zhang, X. Sun, X.-M. Cao, P. Hu, 
Q. Gao, and Y. Tang, Energy Environ. Sci. 10, 1262 
(2017).

Voltammetric Enhancement of Li-ion Conduction in 
Al-Doped Li7-xLa3Zr2O12 Solid Electrolyte
Cyclic voltammetry has served as a tool to accelerate the Li-ion mobility within a gar-
net-phase solid electrolyte, Al-doped Li7-xLa3Zr2O12; the modification of the local ionic ar-
rangements has been studied by refinement of neutron powder diffraction (NPD) ex situ and 
correlated with the results of X-ray absorption near-edge spectra (XANES).

A cutting-edge Li-ion battery (LIB) utilizes liquid or 
organic-based electrolytes. Several challenges 

and safety issues restrict their use in high-tempera-
ture operation and small-scale devices. Solid-state 
Li-ion conductors are promising alternatives to 
liquid-based LIB electrolytes, mitigating the safety 
issues of dendritic Li growth.1 Among Li-ion con-
ducting materials, Li7La3Zr2O12 (LLZO), possessing a 
garnet-type crystal structure, is of particular interest 
for application as a solid LIB electrolyte because of 
its suitable ionic conductivity, chemical stability in a 
wide potential range and ease of scaling for industrial 

applications.2 LLZO can crystallize in cubic or tetrago-
nal symmetry phases depending on the conditions of 
synthesis. Cubic LLZO possesses space group symme-
try Ia3d with La, Zr and O atoms located at 24c, 16a 
and 96h sites, respectively, whereas Li occupies both 
24d tetrahedral and 96h octahedral sites.3 Tetragonal 
LLZO possesses space group symmetry I41/acd with 
La, Zr and O atoms located at 8b (and 16e), 16c and 
32g sites, respectively. The conductivity of tetragonal 
LLZO is about 1/100 that of cubic LLZO; doping with 
Al, which preferably occupies the 24d site, provides 
a method to stabilize the more favorable cubic LLZO 
phase.
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in the electrochemical analyses, but the current re-
port highlights only the non-blocking results from the 
published data. 

Al-doped LLZO was synthesized through a solid-state 
reaction. The LLZO was ground into powder (#200 
mesh) and then uniaxially pressed into pellets (diam-
eter 12 mm) at 1734 MPa. The pellets were polished 
repeatedly to obtain a mirror-like surface and then 
assembled in a Swagelok cell using the Li | LLZO | Li 
configuration for further study. A complete low-fre-
quency semicircle resulting from charge transfer of 
Li ions at the interface between LLZO and Li metal 
presents the reversible nature in such system. The 
total ionic conductivity of LLZO was increased from 
3.4 × 10-4 S/cm before voltammetric treatment to 1.2 
× 10-3 S/cm afterward. 

Rietveld refinement profiles for the LLZO before and 
after voltammetric treatment are shown in Fig. 1 
using NPD data. Before voltammetric treatment, the 
LLZO had fully occupied La, Zr and O sites and ~4.98 
Li atoms per formula unit; after that treatment, the 
total Li content increased to ~5.55 Li atoms per for-
mula unit, probably as a result of the inclusion of Li 
ions through the oxidation of Li metal during the 
voltammetric treatment. 

The phenomenon is also present in XANES, through 
the energies at the absorption edge being smaller 
than for the corresponding oxide standard, shown 
in Fig. 2. Nevertheless, the chemical environment of 
LLZO differs from that of the corresponding oxides 

Fig. 1:  Rietveld refinement profiles for LLZO using neutron 
powder-diffraction data (a) before and (b) after voltam-
metric treatment. [Reproduced from Ref. 4]

Fig. 2:  XANES data at (a) La L3 and (c) Zr K-edge and first derivative of data at (b) La 
L3 and (d) Zr K-edge [Reproduced from Ref. 4]

The mechanism of Li-ion conduc-
tion in LLZO has been studied 
with a focus on the bottlenecks. In 
this article, the study4 by Yu-Ting 
Chen (National Taiwan Universi-
ty), Ru-Shi Liu (National Taiwan 
University) et al. is reported; a 
voltammetric treatment was used 
to investigate the electrochemical 
behavior of Al-doped LLZO. In-
stead of a non-continuous current, 
a smoothly evolving potential 
was applied to LLZO. After that 
treatment, the ionic conductivity 
of LLZO became much enhanced 
without significantly increasing 
the electronic conductivity. Sub-
sequent characterizations were 
conducted to deduce the mecha-
nism of such an increment in ionic 
conduction without affecting the 
electronic migration. Systems with 
both Li (non-blocking) and Au 
(blocking) electrodes were utilized 

(a)

(b)

(a)

(c)

(b)

(d)
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as a result of the three distinct cations, complicating 
the determination of the chemical state according 
to the pure oxide reference spectra. Importantly, an 
increased binding energy of both Zr and La follow-
ing voltammetric treatment was found, which might 
have arisen from the inclusion of additional Li ions. 
(Reported by Ru-Shi Liu, National Taiwan University)

This report features the work of Ru-Shi Liu and his 
co-workers published in J. Phys. Chem. C 121, 15565 
(2017).

ANSTO-TG1  ECHINDA – High-resolution Powder  
          Diffractometer

TLS 01C1  SWLS – EXAFS 
TLS 17C1  W200 – EXAFS 

•  XANES, Oxidation State
•  Neutron Powder Diffraction, Crystal Structure, Ma  

 terials Chemistry
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Molecular Design Drives Solar-Hydrogen Conversion
A rational molecular design of polymer heterojunctions is an effective strategy to benefit the 
exciton dissociation or light-harvesting ability for efficient conversion of solar energy.

T he key to solar-hydrogen conversion (SHC) is to 
develop an ideal photocatalyst with not only an 

efficient and stable ability for hydrogen production 
driven with visible light but also a nontoxic and ter-
restrially abundant elemental composition for prom-
ising industrial application. The photocatalysts de-
veloped so far are mainly inorganic semiconductors, 
but the necessity of noble or toxic metals might be a 
serious hindrance to a large-scale industrial applica-
tion of those inorganic semiconductors. In contrast, 
organic semiconductors are more intriguing for pho-
tocatalytic applications in terms of terrestrial abun-
dance and environmental benignity, but most organic 
semiconductors have shown poor photocatalytic SHC 
efficiencies for three well known reasons: first, the 
large band gaps limit their harvest to a small portion 
of visible light; second, unlike free Wannier excitons 
photogenerated in inorganic semiconductors, photo-
excitation of an organic semiconductor typically gen-
erates Frenkel excitons with a large exciton binding 
energy, hence small dissociation probability, resulting 
in serious charge recombination; third, because of a 
lack of catalytic reaction sites on the surface of the 
semiconductor, even if the charge carriers survive 
recombination, they can contribute only to surface 
water reduction with a small probability. The further 
design of organic photocatalysts toward a highly 
efficient photocatalytic SHC is hence crucial.

In this work, Shaohua Shen and his collaborators 
reported polymer heterojunction (PHJ) photocatalysts 
consisting of polymers in the polyfluorene family (PF) 
and graphitic carbon nitride (g-C3N4) for an efficient 
SHC.1 A strategy of molecular design was executed to 
achieve an improved exciton dissociation and extend-
ed light absorption of PHJ photocatalysts for highly 
efficient photocatalytic SHC. The authors applied 
synchrotron-based X-ray adsorption techniques at 
TLS 20A1 and TLS 16A1 to clarify the intermolecular 
interactions between electron-rich aromatic rings 
of the PF and electron-deficient heptazine rings of 
g-C3N4.

To acquire profound insight into the electron transfer 
processes in these PHJ, X-ray absorption near-edge 
structure (XANES) spectra of the C-, N- and S-edges of 
the samples as prepared were recorded both in dark-
ness and under illumination. The S K-edge spectra, 
which probes S 3p unoccupied states, is displayed in 
Fig. 1(a). It can be observed that there is no spectral 
difference in pure PFBT with or without illumination, 
whereas the peak intensity of PFBT/CN decreases 
under illumination. Specifically, the electron transfer 
in PFBT/CN differs from that in PFO/CN or PCzF/CN, 
because of the introduction of the benzothiadiazole 
unit containing a S atom. Note that the N–C=N bonds 
exist only in g-C3N4; the C and N K-edge XANES spec-
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Probing the Structural Evolution of a Battery with 
X-rays
Spectra and scattering have given significant insight into battery reactions.

tra of the PHJ in Figs. 1(b) and 1(c) are derived from the heptazine 
rings of g-C3N4. The C K-edge spectra of g-C3N4 and PHJ upon irradi-
ation showed greater intensity than under darkness, indicating that 
more empty states were created in the LUMO of g-C3N4. Notably, the 
decreased intensities of the PHJ are due to charge transfer from the 
LUMO of PF to the C sites in g-C3N4. The N K-edge spectra of both 
PFO/CN and PFBT/CN show enhanced intensities under illumina-
tion, whereas the N K-edge intensity of PCzF/CN decreases under 
illumination. This fact indicates that electron transfer from PCzF 
to the N sites in g-C3N4 is more facile, which might account for the 
charge-transfer dynamics of PCzF/CN more accelerated than of PFO/
CN and PFBT/CN. Together with the significantly increased intensity 
of the N K-edge in PFBT/CN under illumination, it can be deduced 
that there is an electron migration from the N site of the heptazine 
rings back to the S site in PFBT.

In summary, PHJ formed via intermolecular π–π interactions were 
developed for stable and efficient photocatalytic SHC. A strategy of 
molecular design was further proposed toward increased photo-
catalytic activities, through modification of the polymer molecules 
for efficient exciton dissociation or extended light absorption. Po-
tentially, through rational molecular design, the band energy levels 
of the organic semiconductors can be further optimized to attain 
wide-band optical absorption as well as efficient charge separation, 
to achieve high photocatalytic SHC efficiency over the entire solar 
spectrum. (Reported by Yan-Gu Lin)

This report features the work of Shaohua Shen and his co-workers 
published in Adv. Mater. 29, 1606198 (2017).

TLS 20A1  BM – (H-SGM) XAS
TLS 16A1  BM – Tender X-ray Absorption, Diffraction
•  XANES, EXAFS
•  Material Science, Chemistry, Condensed Matter Physics, Environ-

mental and Earth Science

Reference
1. J. Chen, C.-L. Dong, D. Zhao, Y.-C. Huang, X. Wang, L. Samad, L. 

Dang, M. Shearer, S. Shen, and L. Guo, Adv. Mater. 29, 1606198 
(2017).

Fig. 1:   (a) S K-edge XANES of PFBT and PFBT/
CN in darkness and under illumination. 
(b) C K-edge XANES of PFO/CN, PCzF/
CN, PFBT/CN and g-C3N4 in darkness 
and under illumination. (c) N K-edge 
XANES of PFO/CN, PCzF/CN, PFBT/
CN, and g-C3N4 in darkness and under 
illumination. (dot-dashed lines: in dark-
ness; solid lines: under illumination). 
[Reproduced from Ref. 1]

B atteries to store electric energy have attracted intense attention because of the steadily increasing demands 
of mobile and stationary applications. In principle, the capacity of an electrode to store charge is related to 

the number of ionic intercalants that is limited by their size, and is also dependent on the structure and morphol-

(a)
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ogy of the electrode materials. There is a necessity to 
investigate electrode materials with a large ion-inter-
calation capacity with minimal side reactions. Further, 
it is important to investigate and to understand the 
ion-electrode intercalation reactions in relation to the 
electrochemical voltage plateaus, which might hold 
the key to future battery development. In particular, 
to comprehend what happens in battery materials in 
the charge or discharge process, we should know the 
variation of the local electronic state in a valence-se-
lective manner. 

Bing-Joe Hwang (National Taiwan University of Sci-
ence and Technology) and his co-workers recently 
developed a rechargeable Al-ion battery (AIB) using a 

film of SP-1 natural graphite flakes (NG) with a polyvi-
nylidene fluoride (PVDF) binder as the cathode.1 Em-
ploying X-ray spectra at NSRRC beamline TLS 20A1, 
the authors studied the reversible structural evolution 
of NG particles during charging and discharging (Fig. 
1). They found C–Cl binding on the surface or edges 
of NG. Such binding might be a side reaction of the 
AIB and be partly responsible for the non-ideal Cou-
lombic efficiency (CE) of the cell, and the side reaction 
that occurs more readily on the edges or surface 
defects of NG. 

Fig. 1:  X-ray absorption spectra of graphite at the C–K-edge. (a) 
Fluorescence (fluorescence yield, FY) mode and (b) total- elec-
tron-yield (TEY) modes of natural graphite in various charging 
and discharging states (denoted C and D, respectively) through 
the second cycle. HOPG: highly oriented pyrolytic graphite. 
[Reproduced from Ref. 1]

Fig. 2:   RIXS spectra about the Co L3-edge of Nax Co[Fe(CN)6] films: (a) x = 1.6, (b) 1.1, and 
(c) 0.0; the spectra are normalized to the incident photon flux. [Reproduced from 
Ref. 2]

An understanding of the variation of the lo-
cal electronic state of the battery materials in 
the charging (or oxidation) process was also 
reported2 by Yutaka Moritomo (University of 
Tsukuba) and Di-Jing Huang (NSRRC). Employing 
resonant inelastic X-ray scattering (RIXS) at TLS 
05A1, these authors investigated how the local 
electronic state around the Co site alters in the 
charging process (Fig. 2). They found that that 
local electronic state around Co2+ is invariant, 
within the energy resolution, against partial 
oxidation. In addition, the local electronic state 
around the oxidized Co3+ is essentially the same 
as that of the fully charged film. Such a strong 
localization of the oxidized Co3+ state is advanta-
geous for the reversibility of the redox process, 
as the localization decreases extra reaction with-
in the materials and resultant deterioration.

In summary, the rate capability in a battery can 
be significantly improved on constructing a 
highly porous three-dimensional NG that allows 
rapid ion diffusion or intercalation. Furthermore, 
it has also been clarified how far the effect of the 

oxidized site spreads and the 
nature of the electronic state 
of the oxidized site. The ability 
to probe electronic structures 
of electrode materials during 
charging and discharging 
makes synchrotron-based soft 
X-ray spectra and scattering 
important techniques that 
provide valuable insight for 
issues related to batteries. 
(Reported by Yan-Gu Lin)

This report features the work 
of: (1) Bing-Joe Hwang and his 
co-workers published in Nat. 
Commun. 8, 14283 (2017); 
(2) Yutaka Moritomo and his 
co-workers published in Sci. 
Rep. 7, 16579 (2017).

(a) (b)

(a) (b) (c)
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TLS 20A1  BM – (H-SGM) XAS
TLS 05A1 EPU – Soft X-ray Scattering
•  XANES, RIXS
•  Material Science, Chemistry, Condensed Matter 

Physics
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Fluoride Phosphors Illuminate a White LED
A fluoride phosphor that forms a zero-phonon line and exhibits high quantum efficiency was 
applied successfully in diodes emitting white light.

T o enhance the color-rendering index (CRI) of 
a device, red-light phosphors are necessary to 

enrich the red region of the spectrum. As the hu-
man eye is least sensitive to red light within the 
visible region, we barely detect light emitted above 
wavelength 650 nm. As a result, the broadened 
band-emission maximum at approximately 650 nm 
might cause a loss of high energy in the usage of 
diodes emitting white light (WLED). A fluoride phos-
phor with high intensity and a line spectrum, with 
maximum at 630 nm, can be detected by a human 
eye. Fluoride phosphors show no excitation at 550 
nm, which can assist WLED devices to avoid re-ab-
sorption, thus making a fluoride phosphor a suitable 
candidate for use in WLED devices. At present, fluo-
ride phosphors are synthesized with varied chemical 
compositions. To modify the spectra from fluoride 
phosphors, a distortion of the crystal is necessary, 
to cause the formation of the zero-phonon line that 
gains another line with maximum about 620 nm.

In the study1 done by Ru-Shi Liu (National Taiwan Uni-
versity) and his co-workers, a new fluoride phosphor, 
namely, Rb2GeF6:Mn4+ (RbGF), was synthesized with 
the formation of a zero-phonon line (ZPL), which can 
further improve the color-rendering index of WLED 
devices. The fabricated RbGF phosphor was applied 
in a LED, and the performance was compared with 
the commercial phosphor. The authors applied syn-
chrotron-based X-ray diffraction (XRD) techniques at 
TPS 09A to clarify the detailed structural information 
of the RbGF samples.

The XRD pattern of RbGF, in which all diffraction 
signals can be indexed to hexagonal RbGF, indicates 
that pure single-phase RbGF can be obtained in a 
hexagonal system with particle size about 30–50 

μm. The authors performed a Rietveld refinement to 
obtain further information about RbGF (Fig. 1(a)); 
this refinement indicates that Rp = 2.55% and Rwp = 
4.80% adequately represent real data, with crystal 
parameters a = 5.958715(8) Å and c = 9.67058(2) Å 
belonging to the hexagonal system with space group 
P63mc. The geometry of the GeF6

2- site has been 
simulated (Fig. 1(b)); the results of the fit show that 
the F–Ge–F bond angle is slightly distorted by the 

Fig. 1:  (a) XRD refinement results of Rb2GeF6:Mn4+ as prepared, 
with one pure-phase fit. (b) Simulated refinement model 
of the GeF6

2- site into which activator Mn4+ was doped. 
[Reproduced from Ref. 1]

(a)

(b)
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crystal structure, with angle equal to 175.734(7)°. 
This angle differs from that of a commercial fluoride 
phosphor, such as K2SiF6:Mn4+ (KSF) that has an F–Si–F 
angle equal to 180° with point group Oh of the SiF6

2- 

site. Consequently, once the MnF6
2- activator becomes 

doped into RbGF in the GeF6
2- site, the MnF6

2- geom-
etry might also become distorted; the MnF6

2- point 
group might alter to C3, which would directly affect 
the RbGF spectra.

In summary, the authors synthesized a fluoride phos-
phor (RbGF) of a new chemical composition that 
exhibits a ZPL and high quantum efficiency (external 
quantum efficiency = 58%) that is almost equal to 
that of the commercial phosphor (KSF). The mecha-
nism of the ZPL formation, and the relation between 
the ZPL and its sideband, were studied under various 
conditions such as low temperature and high pres-

sure. This new fluoride phosphor might be a critical 
material in revolutionizing WLED. (Reported by Yan-
Gu Lin)

This report features the work of Ru-Shi Liu and his 
co-workers published in Chem. Mater. 29, 935 (2017). 

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

Condensed Matter Physics
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Dual Doping Strengthens Metal-Support Interactions
Dual-doped TiO2 provides an enhanced electron conductivity and improved activities in  
fuel cells.

A s a proton-exchange-membrane fuel-cell cat-
alyst, platinum (Pt) has the best performance 

among catalytic metals, but its great cost and the 
small rate of reaction at the cathode, which is the 
site of the oxygen reduction reaction (ORR), limit the 
widespread use of proton-exchange-membrane fuel 
cells. Moreover, Pt sintering and support degrada-
tion remain unresolved problems in acidic solutions. 
The most commonly used support (as a Pt carrier) is 
TiO2, because of its electrochemical stability and its 
resistance to dissolution in acidic media, as found 
in working fuel cells. Although TiO2 allows for some 
degree of electron transfer from Pt to the electrode, 
its conductivity is much less than that of carbon. This 
decreased conductivity effectively limits the activity of 
a Pt/TiO2 catalyst, such that it is not comparable to a 
Pt/C catalyst. One common approach to enhance the 
conductivity of TiO2, and thus to increase the activity 
of the catalyst, is to dope other elements (cationic or 
anionic) into the TiO2 lattice. In addition to single-ion 
doping, the TiO2 lattice can simultaneously accommo-
date both cationic and anionic dopants. An intriguing 
question naturally arises as to the utility, application 
and activity of dual-doped supports for Pt catalysts in 
fuel-cell applications.

In the study1 conducted by Bing-Joe Hwang (National 

Taiwan University of Science and Technology) and 
his team, electrochemical and spectral data together 
with ORR activity studies indicated that Ti0.9Nb0.1Nx-

Oy and Ti0.8W0.2NxOy synthesized as dual-doped cata-
lytic supports for Pt nanoparticles offer considerable 
promise as a new class of catalytic support for use in 
fuel cells. The authors recorded synchrotron-based 
X-ray absorption spectra (XAS) at TLS 17C1 to 
demonstrate how the defect formation affects the 
interactions between Pt and the singly or doubly 
doped TiO2 supports, and manipulates the physical 
and chemical properties of the resulting catalysts.

To investigate the electronic properties of Pt 
nanoparticles on Ti0.9Nb0.1NxOy and to verify the 
strong metal-support interaction (SMSI) state, Pt L3-
edge X-ray absorption near-edge structure (XANES) 
spectra were recorded. The spectrum was plotted 
and compared with those of the Pt/TiNxOy and Pt/
Ti0.9Nb0.1Oy catalysts; Pt foil and Pt/C were measured 
as references (Fig. 1(a)). In XANES spectra, the in-
tensity of the white line is a direct measure of the 
d-band vacancy. The decrease in the white-line in-
tensity can be attributed to SMSI that in turn lead 
to an electron transfer from the support to Pt. Addi-
tionally, the SMSI decrease the adsorption strength 
of the oxygen intermediates that are formed during 
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the ORR on the Pt surface in the rate-determining 
step, thus leading to a more rapid reaction of oxygen 
reduction. Another important effect of the SMSI is 
an enhancement of the bonding strength between 
Pt and the metal-oxide support that prevents the 
migration and aggregation of Pt on the surface of 
the support in tests of long-term stability. Unex-
pectedly, the white-line intensity decreased in the 
following order: Pt/TiNxOy > Pt/C > Pt/Ti0.9Nb0.1Oy > 
Pt foil > Pt/Ti0.9Nb0.1NxOy. Here, Pt/Ti0.9Nb0.1NxOy rep-
resents the least white-line intensity, thus indicating 
that dual-doped TiO2 has a stronger metal-support 
interaction with Pt nanoparticles, thereby leading to 
increased activity and stability during electrochemi-
cal testing. Pt/Ti0.8W0.2NxOy was also compared with 
singly doped TiO2. Because of the Pt L3-edge overlap 
with the W L2-edge, only the Pt L2-edge of the Pt foil, 

Pt/C, Pt/Ti0.8W0.2Oy and Pt/Ti0.8W0.2NxOy was mea-
sured (Fig. 1(b)). 

Pt/Ti0.8W0.2NxOy showed the least intensity of the 
Pt L2-edge, thus indicating a strong driving force 
for electron transfer from the support to Pt be-
cause of the SMSI. Compared with Pt/C, both Pt/
Ti0.9Nb0.1Oy and Pt/Ti0.8W0.2Oy demonstrated a dona-
tion of electrons from the support to Pt, unlike Pt/
TiNxOy. Defects played an important role and sig-
nificantly altered the properties of the deposited Pt. 
From the XAS results, the decreased intensity of the 
white line indicated that Pt was deposited at defect 
sites rather than at defect-free sites.

In summary, dual-doped TiO2-supported Pt cat-
alysts, which were readily prepared and showed 
excellent activity and stability for oxygen reduction 
reactions, were developed. Dual doping not only 
enhances the electron conductivity but also alters 
the electronic state of Pt on the support materials, 
thus allowing for more active and stable catalysts. 
XAS were recorded to identify the electronic prop-
erties of Pt on the Ti0.9Nb0.1NxOy and Pt/Ti0.8W0.2NxOy 
supports. This work opens a new path toward the 
development of novel catalysts for fuel-cell applica-
tions. (Reported by Yan-Gu Lin)

This report features the work of Bing-Joe Hwang and 
his co-workers published in NPG Asia Mater. 9, e403 
(2017).
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Fig. 1:  (a) Pt L3-edge XANES spectra of Pt/TiNxOy, Pt/Ti0.9Nb0.1Oy 
and Pt/Ti0.9Nb0.1NxOy. Pt foil and Pt/C served as referenc-
es. (Inset) Enlarged regions of the maxima of the Pt L3-
edge XANES white line. (b) Pt L2-edge XANES spectra of 
Pt/Ti0.8W0.2Oy and Pt/Ti0.8W0.2NxOy. Pt foil and Pt/C served 
as references. (Inset) Enlarged region of the maxima of 
the Pt L2-edge. [Reproduced from Ref. 1]
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