
T he search for economical and sustainable en-
ergy alternatives to the world’s ever dwindling 

reserves of fossil fuels has increased significantly in 
the past decade. In particular, research on advancing 
electrocatalysis at solid–liquid interfaces is vital to 
drive technological innovations that are required to 
deliver reliable, affordable and environmentally com-
patible energy. Synchrotron radiation provides a pow-
erful method to relate the structure and properties 
of molecules and materials. The following research 
highlights are selected from the energy science pub-
lished by the user communities during year 2019. 
These highlights outline synchrotron X-ray techniques 
that are suitable for addressing research questions 
in this domain, as well as for the future direction of 
this field. For instance, the science highlights from 
NSRRC beamlines SP 12B1, TLS 20A1, TLS 17C1 and 
TLS 01C1 show how X-ray scattering or diffraction 
and absorption spectra in situ can reveal the reaction 
intermediates at a material–liquid interface for such 
applications as splitting of water and reduction of 
CO2. The selection from TLS 16A1 demonstrates that 
the formation in situ of Li2S/Mo interlayers can pre-
vent the penetration of lithium dendrites in battery 
applications. The last highlight from TLS 17C1, TLS 
01C1, TLS 24A1 and SP 12B1 reveals a unique local-
ization of charge induced by the decoration of Pt3 at 
the interfacial region between the Co core and the 
Pd shell. This finding has a great benefit for advanced 
fuel-cell catalysts. (by Yan-Gu Lin)
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I n solar-driven water-splitting systems, the oxygen evolution reaction (OER) is driven by a four-charge carrier 
transfer path, while the hydrogen evolution occurs on the counter electrode. This OER reaction is regarded 

as a kinetic bottleneck for both artificial photosynthesis and overall water splitting because of the large energy 
requirements to drive the multi-electron transfers. To reveal the fundamental properties of the interfacial charge 
transfer, tracking techniques on an atomic scale that allow simultaneous realization of both the photo- and elec-
trochemical behaviors are highly desirable. Several techniques in situ have been demonstrated to reveal the reac-
tion intermediates at the material–liquid interface. Despite recent advances in techniques for characterization in 
situ, which have resulted in several new perspectives regarding the catalytic behavior of catalysts, detailed discus-
sion of the photoinduced processes in metal and semiconductor (M–S) junctions remains largely inadequate.

Hao-Ming Chen (National Taiwan University) and his co-workers recently developed a Si microwire array with a 
nanoporous surface to act as a photoabsorber, on which Ni nanoparticles were inlaid with the textured surface 
of the wires with a tunable electrodeposition method, which allowed maximizing the interfacial contact of the 
M–S junction. Employing X-ray scattering/diffraction and absorption spectra in situ at TLS 17C1, TLS 01C1 and 
SP 12B1,1 the generation of a photoinduced adaptive NiSi structure was discovered at the interfacial M–S junc-
tion between a state-of-the-art porous Si wire and Ni electrocatalyst, at which oxygen evolution occurred under 
illumination. The contour plots and plots of current density as a function of applied potential under both dark 
and illuminated conditions highlight the different resulting behaviors of the M–S photoanode, as shown in Fig. 
1. The newly identified features were proved to appear only during the photoinduced oxygen evolution, accom-
panied with the formation of α-Ni(OH)2 and β-Ni(OH)2. Furthermore, X-ray absorption spectra during (photo)
electrochemical water oxidation were recorded in situ (Fig. 2), indicating the presence of the orthorhombic NiSi 

Fig. 1: Measurements in situ of grazing-angle X-ray scattering of a photoanode during 
(photo)electrochemical water oxidation: contour plots of grazing-angle X-ray 
diffraction signals of the photoanode in situ in solution (1 M KOH) under illumi-
nation and darkness. The upper images show the scattering intensity (color-cod-
ed) as a function of the voltage; the lower images show the measured current 
densities for both cases. [Reproduced from Ref. 1] 

An Adaptive Ni–Si Layer to Drive Water Oxidation
An adaptive Ni–Si phase can serve an imperative role in the charge transfer of photocatalytic 
water oxidation. 

phase. These results are the first 
direct demonstration through 
several methods in situ to verify 
the formation of an adaptive junc-
tion during photoinduced water 
oxidation; the observations of the 
photoinduced phases in situ were 
characteristic of the formation of 
a metal silicide from the parent 
metal and the silicon semiconduc-
tor. 

In summary, the formation of an 
adaptive silicide phase during 
photoinduced water oxidation is 
the major factor causing a large 
barrier height. This photoinduced 
adaptive layer offers a new per-
spective regarding the catalytic 
behavior of catalysts, especially for 
the photocatalytic water-splitting 
system, and acting as a key aspect 
in the development of highly effi-
cient photoelectrodes. (Reported 
by Yan-Gu Lin) 
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Fig. 2: X-ray absorption spectra of a photoanode recorded in situ during (photo)electrochemical water oxidation. (a) Digital photo-
graph of customized cells used for the X-ray absorption measurements in situ. (b) Voltage-dependent XANES spectra under 
illumination and darkness. (c) Ni+2/Ni+0 ratio and corresponding photocurrent density vs. control potentials. (d) Fourier-trans-
form EXAFS spectra in aqueous solution containing KOH (1 M) under illumination and darkness at various bias voltages. 
[Reproduced from Ref. 1] 

This report features the work of Hao-Ming Chen and his collaborators published in Adv. Energy Mater. 9, 1901308 
(2019). 

TLS 01C1  SWLS – EXAFS
TLS 17C1  W200 – EXAFS
SP 12B1  BM – Materials X-ray Study 
•  XANES, EXAFS
•  Materials Science, Chemistry, Condensed-matter Physics, Environmental and Earth Science

Reference
1. C. W. Tung, T. R. Kuo, C. S. Hsu, Y. Chuang, H. C. Chen, C. K. Chang, C. Y. Chien, Y. J. Lu, T. S. Chan, J. F. Lee, J. Y. 

Li, H. M. Chen, Adv. Energy Mater. 9, 1901308 (2019).
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Li2S/Mo Interlayer to Defend against Dendrite  
Formation
An interlayer with sluggish kinetics can initiatively suppress lithium dendrites efficiently. 

L ithium metal is believed to be the ultimate anode because of 
its extremely high capacity, small density and lowest electrode 

potential, but a metallic lithium anode has not been commercialized 
in consideration of potential risks due to the formation and propaga-
tion of lithium dendrites in conventional liquid electrolytes. Adopting 
nonflammable inorganic solid electrolytes to use with Li anodes is a 
promising way to develop a next-generation technology for energy 
storage. The chemical stability and large shear modulus of inorganic 
solid electrolytes were considered key to preventing the penetration 
of lithium dendrites, but recent research revealed that batteries using 
solid electrolytes are prone to short circuits at large current, because 
a hard-solid electrolyte (thermodynamically stable) actually promotes 
rapid dendrite penetration. More strategies to defend against den-
drite formation in solid electrolytes are hence desirable.

Xiaosong Liu (Chinese Academy of Sciences) and his co-workers re-
cently developed the feasibility of building a soft interlayer (kinetically 
stable) using MoS2 to improve bifunctionally the performance of the 
Li/garnet interface. Employing X-ray absorption spectra (XAS) at TLS 
16A1,1 the team found that, a nanoscale-thin MoS2 layer in contact 
with the Li anode can be converted into an interlayer composed of Mo 
and Li2S through a conversion reaction. The S K-edge XAS of samples 
cycled at varied current densities are shown in Fig. 1. These results 
demonstrate that this interlayer formed in situ grows dynamically as 
the current density increases. The formation and thickening of the thin 
Li2S/Mo interlayer at large current density should be responsible for the 
reversible polarization. Furthermore, this interlayer could both de-
crease an interfacial resistance and defend initiatively against dendrites 

Fig. 1: S K-edge XAS detected in mode total 
fluorescence yield (TFY) of the cycled 
samples. The spectra of Li2S and MoS2 
powder are shown as fingerprints to 
assign the possible reaction products. 
[Reproduced from Ref. 1] 

on tuning the distribution of current and the deposition of lithium.

In summary, this work proposes to decrease the interfacial resistance and to prevent the growth of lithium den-
drite simultaneously through the formation of interlayers in situ enabled by a conversion reaction of MoS2 layers 
coated on a bare Li6.5La3Zr1.5Ta0.5O12 (LLZO) pellet. The sluggish kinetics of the conversion reaction resulting from 
the poor electronic conductivity makes the interlayer formed in situ kinetically stable, which can effectively hin-
der further reaction of MoS2 with Li. This work provides a new strategy to optimize the interface of anodes by 
screening for more candidates that undergo a conversion reaction. (Reported by Yan-Gu Lin) 

This report features the work of Xiaosong Liu and his collaborators published in Energ. Environ. Sci. 12, 1404 (2019). 

TLS 16A1 BM – Tender X-ray Absorption, Diffraction 
•  XANES, EXAFS
•  Materials Science, Chemistry, Condensed-matter Physics, Environmental and Earth Science

Reference
1. J. Fu, P. Yu, N. Zhang, G. Ren, S. Zheng, W. Huang, X. Long, H. Li, X. Liu, Energ. Environ. Sci. 12, 1404 (2019).
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Carbon-Neutral Fuels Move a Step Closer
Single-atom catalysts with high efficiency and selectivity demonstrate outstanding perfor-
mance in electrocatalytic conversion and reactions. 

Fig. 1: Operando XAS characterization. (a)−(b) Fe K-edge XANES spectra (left) and first 
derivative of the spectra (right) of (a) Fe3+–N–C and (b) Fe2+–N–C as dry powder 
(black) and loaded on glassy carbon electrodes at open circuit potential (OCP) 
(blue), -0.1 V (light blue), -0.2 V (green), -0.3 V (dark green), -0.4 V (dark blue), 
-0.5 V (red), and -0.6 V (pink) vs. RHE, with spectra of Fe2O3 (blue dashed), Fe3+TP-
PCl (green dashed), FeO (pink dashed), and Fe foil (orange dashed) as references. 
[Reproduced from Ref. 1] 

T o achieve high energy efficien-
cy and scalability, the reaction 

must occur rapidly and selectively 
at low overpotentials. The electro-
chemical reduction of CO2 could 
play an important role in address-
ing climate-change issues and 
global energy demands as part 
of a carbon-neutral energy cycle. 
The most active electrocatalysts 
for the conversion of CO2 to CO 
are currently gold-based nano-
materials, whereas non-precious 
metal catalysts have shown little 
or modest activity. Many single-at-
om catalysts have recently been 
developed in which numerous 
catalytic metal sites separated 
from each other were chemically 
and electronically constrained 
on solid supports. These catalysts 
exhibit properties and activity 
distinct from both nanoparticles 
and molecular complexes of the 
same metal elements. Single-atom 
catalysts can display outstanding 
electrocatalytic performance, but, 
given their single-site nature, they 
are typically amenable only to 
reactions that involve single mol-
ecules. For processes that involve 
multiple molecules, improved cat-
alytic properties could be achieved 
through the development of 
atomically dispersed catalysts with 
greater complexities.  

Xile Hu (Ecole polytechnique 
fédérale de Lausanne) and Hao-
Ming Chen (National Taiwan 
University) have recently made a 
landmark discovery, successful-
ly developing a highly efficient 
catalyst that converts dissolved 
CO2 into CO–an essential ingredi-
ent of all synthetic fuels, as well 
as plastics and other materials. 
Employing operando X-ray ab-

sorption spectra (XAS) at SP 12B1 and TLS 20A1,1 the authors clarified 
the active sites to be discrete Fe3+ ions, coordinated to pyrrolic nitrogen 
(N) atoms of the N-doped carbon support. Operando XAS measurements 
in the CO2- saturated KHCO3 catholyte (0.5 M) are illustrated in Fig. 1. 
The results imply that Fe3+ sites are more active for generating CO; fur-
thermore, the reduction of Fe3+ sites is accompanied by a change of local 
structure around the Fe ions. A reference sample (Fe2+–N–C) was also 
prepared and operando XAS characterization performed. The results 
indicate that ligands of pyrrolic type are important to maintain Fe sites in 
oxidation state +3 during electroreduction of CO2, and consequently to 
retain the high activity and stability of these Fe3+ sites.

Chen Chen (Tsinghua University) and his coworkers recently also devel-
oped a new catalyst that features two adjacent copper atoms, which they 
call an atom-pair catalyst, that work together to implement the critical 
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bimolecular step in CO2 reduction. Employing an operando XAS 
technique at SP 12B1,2 Chen’s team learned that CuOx (Cu–O) spe-
cies could retain their stability during the electrochemical tests (even 
under potential -0.98 V). According to the XANES spectra (Fig. 2), the 
Cu4–Ox structure is inferred to be the essential active site for conver-
sion of CO2 into CO during reduction of CO2.

In summary, these two works here offer an ideal model of interface de-
sign at an atomic level for the reduction of CO2. The concept of atom-
ically dispersed catalyst is believed to provide an effective and compe-
tent supplement to single-atom catalysis, and will provide numerous 
new opportunities for atomic-level dispersed catalysts to be applied in 
more complicated catalytic reactions. (Reported by Yan-Gu Lin) 

This report features the work of (1) Xile Hu and his collaborators 
published in Science 364, 1091 (2019); (2) Chen Chen and his collab-
orators published in Nat. Chem. 11, 222 (2019). 

TLS 20A1  BM – (H-SGM) XAS 
SP 12B1  BM – Material X-ray Study
•  XANES, EXAFS
•  Materials Science, Chemistry, Condensed-matter Physics, Environ-

mental and Earth Science

References
1. J. Gu, C.-S. Hsu, L. Bai, H. M. Chen, X. Hu, Science 364, 1091 (2019).
2. J. Jiao, R. Lin, S. Liu, W.-C. Cheong, C. Zhang, Z. Chen, Y. Pan, J. 

Tang, K. Wu, S.-F. Hung, H. M. Chen, L. Zheng, Q. Lu, X. Yang, B. Xu, 
H. Xiao, J. Li, D. Wang, Q. Peng, C. Chen, Y. Li, Nat. Chem. 11, 222 

Fig. 2: XAS spectra of catalyst with Cu (0.20 
wt%). (a) Cu K-edge XANES spectra in 
situ with various voltages. (b) Oxidation 
states of Cu with varied voltages from 
Cu K-edge XANES. [Reproduced from 
Ref. 2] 

Metal Chalcogenide Molecular Accelerates  
Hydrogen Evolution
An active immobilized single molecular molybdenum disulfide on carbon support was developed. 

T he production of hydrogen through water split-
ting using earth-abundant metal catalysts is a 

promising pathway for converting solar energy into 
chemical fuels. However, existing approaches for fine 
stoichiometric control, structural and catalytic mod-
ification of materials by appropriate choice of earth 
abundant elements are either limited or challenging. 
For example, platinum-based catalytic systems are 
the most efficient hydrogen evolution reaction (HER) 
electrocatalysts. However, the low abundance and 
high cost of precious metals ultimately restricts their 
large-scale commercial applications. Therefore, the 
development and pursuit of cheap, noble-metal free 
electrocatalysts is highly desirable.

(2019).

Bing-Joe Hwang (National Taiwan University of Sci-
ence and Technology) and his co-workers recently 
developed a synthetic approach to fabricate immobi-
lized single molecular molybdenum disulfide (MoS2) 
on the surface of carbonized polyacrylonitrile (cPAN), 
and the electrocatalytic HER of the MoS2-cPAN com-
posite was performed and benchmarked. Employing 
X-ray absorption spectroscopy (XAS), X-ray diffraction 
(XRD), and X-ray photoemission spectra at TPS 09A, 
TLS 07A1, and TLS 24A1,1 the team found that the 
as-prepared material has no metal−metal scattering 
and it resembles MoS2 with a molecular state. The 
local atomic structure of the MoS2-cPAN catalyst was 
characterized by XAS of the Mo K-edge, as shown 
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Fig. 2: XPS high-resolution spectra of Mo 3d, S 2p, and C 1s in the energy regions of (a) Mo 3d of MoS2-cPAN, (b) S 2p of MoS2-cPAN, (c) 
Mo 3d of single molecular and bulk MoS2, and (d) XPS spectra of C 1s for MoS2-cPAN, SPAN, and cPAN. [Reproduced from Ref. 1]

Fig. 1: (a) Mo K-edge XANES spectra of bulk MoS2, Mo foil, and 
MoS2-cPAN; (I) and (II) are enlarged XANES spectra of (a). 
(b) FTEXAFS spectra at the Mo K-edge of bulk MoS2, Mo 
foil, and MoS2-cPAN. [Reproduced from Ref. 1] 

in Fig. 1. XPS analyses were also conducted and are 
depicted in Fig. 2. The results imply that the MoS2 on 
the surface of carbonized PAN exists in the molecu-
lar state and it is suggested that a low coordination 
number and maximum utilization of the single mo-
lecular MoS2 surface enable MoS2-cPAN to demon-
strate a significantly better electrochemical perfor-
mance significantly better than that of bulk MoS2 by 
two orders of exchange current density and turnover 
frequency to the hydrogen evolution.

In summary, the single molecular MoS2 boosts the ac-
tivity of hydrogen evolution, and this excellent activity 
is attributed to the low coordination and high vacan-
cy of the 4d orbital of Mo atoms. This work helps to 
develop highly active single molecular catalysts and 
explore the fundamental reaction mechanism on the 
surface of immobilized single molecular catalysts. 
(Reported by Yan-Gu Lin) 

This report features the work of Bing-Joe Hwang and 
his collaborators published in ACS Nano 13, 6720 
(2019). 

TPS 09A    Temporally Coherent X-ray Diffraction
TLS 07A1  IASW – X-ray Scatteing, EXAFS, XAS 
TLS 24A1  BM – (WR-SGM) XPS, UPS

•  XANES, EXAFS, XRD, XPS, UPS
•  Materials Science, Chemistry, 

Surface, Interface and Thin-film 
Chemistry, Condensed-matter 
Physics

Reference
1. T. S. Zeleke, M.-C. Tsai, M. A. 

Weret, C.-J. Huang, M. K. Birha-
nu, T.-C. Liu, C.-P. Huang, Y.-L. 
Soo, Y.-W. Yang, W.-N. Su, B.-J. 
Hwang, ACS Nano 13, 6720 
(2019).
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T he sluggish kinetics of the oxygen reduction 
reaction (ORR) at the cathode, and the high cost 

of Pt used in electrocatalysts pose obstacles to the 
commercial viability of fuel cell technology. In the 
past decades, substantial efforts have been devoted 
to developing high-performance electrocatalysts with 
minimal Pt content, through the control of particle 
size, morphology, chemical composition, and surface 

Platinum Rules for New Fuel Cells
A core-shell nanocatalyst with promising performance for oxygen reduction reaction was 
developed.  

Fig. 1: X-ray absorption spectra of Pt-decorated Co-Pd and control samples. (a) X-ray absorption near-edge spectra (XANES) of Pt 
L3-edge of standard Pt foil, Pt/carbon nanotube (CNT), Pd-Pt core-shell/CNT (Pd@Pt/CNT), and Pt-decorated Co-Pd/CNT (Co@
Pd-Pt/CNT) catalysts. The inset shows the enlarged post-edge region. (b) Fourier-transformed extended X-ray absorption fine 
structure (FT-EXAFS) of the four samples in (a). (c) XANES spectra of Pd K-edge of Pd/CNT, Pd@Pt/CNT, Co-Pd core-shell/CNT 
(Co@Pd/CNT), and Co@Pd-Pt/CNT catalysts. The inset shows the enlarged region of peaks A and B. (d) FT-EXAFS of the four 
samples in (c). [Reproduced from Ref. 1] 

configuration. Despite the improved ORR activity in 
these advanced studies, there is still room for higher 
Pt utilization efficiency at the atomic level in ORR 
catalysts. In addition, it is notable that durability is an 
even more critical issue of the application of ORR cat-
alysts since the agglomeration and surface corrosion 
of nanoparticles, always result in a rapid decrease 
in the ORR performance. Therefore, designing and 



Energy Science

A
CTIV

ITY
 REPO

RT  2019

059

Fig. 2 Ultraviolet photoelectron spectra of Pt-decorated Co-Pd 
and controls. The work function of Pt-decorated Co-Pd 
(Co@Pd-Pt/carbon nanotube (CNT)) catalyst is lower 
than that of the control samples including Pt/CNT, Pd/
CNT, Pd-Pt core-shell (Pd@Pt/CNT), and Co-Pd core-shell 
(Co@Pd/CNT) catalysts. [Reproduced from Ref. 1]

synthesizing novel ORR catalysts that possess high 
catalytic activity and durability with a low Pt content 
remains an important challenge.

Tsan-Yao Chen (National Tsing Hua University) and 
his co-workers recently developed a platinum-trimer 
decorated cobalt-palladium core-shell nanocatalyst 
with a low platinum loading of only 2.4 wt% for the 
use in alkaline fuel cell cathodes. Employing X-ray ab-
sorption spectroscopy (XAS), X-ray diffraction (XRD), 
and ultraviolet photoelectron spectroscopy (UPS) at 
TLS 17C1, TLS 01C1, TLS 24A1, and SP 12B1,1 the 
team found that a unique charge localization can be 
induced by the Pt3 decoration at the interfacial re-
gion between Co core and Pd shell. For example, Fig. 
1 shows the normalized Pt L3-edge and Pd K-edge 
X-ray absorption spectra (XAS) of Co@Pd-Pt/CNT cat-
alyst. Combining XAS analysis of both Pt L3-edge and 
Pd K-edge, it is notable that the Pt-Pt bond and Pd-Pd 
bond of Co@Pd-Pt structure were compressed and 
elongated at the greatest extent, respectively. This 
strain effect is likely to introduce charge relocation, 
and may affect the catalytic performance accordingly. 
Furthermore, UPS was carried out to determine the 
work function to elucidate the charge localization 
of the Co@Pd-Pt/CNT nanocatalyst, as shown in Fig. 
2. A strong charge localization on the Co@Pd-Pt 
surface was confirmed according to the substantially 
enhanced intensity of the peak M in the near-Fermi 
level, highlighting the quantum size effect of deco-
rated Pt3 species.

In summary, the authors designed and synthesized 
a ternary nanocatalyst with low Pt-loading that 
consists of a Co@Pd core-shell structure and surface 
decoration of Pt3 species to catalyze ORR in alkaline 
electrolytes. Advanced characterization results re-
vealed a unique charge localization induced by the 
Pt3 decoration at the interfacial region between Co 
core and Pd shell. The Co@Pd-Pt catalyst, possessing 
desirable catalytic activity and durability simulta-
neously with a low Pt content, is promising for the 

future development of low-cost, high-performance 
alkaline fuel cells. (Reported by Yan-Gu Lin) 

This report features the work of Tsan-Yao Chen and 
his collaborators published in Nat. Commun. 10, 440 
(2019). 

TLS 01C1  SWLS – EXAFS
TLS 17C1  W200 – EXAFS
TLS 24A1  BM – (WR-SGM) XPS, UPS
SP 12B1    BM – Materials X-ray Study 
•  XANES, EXAFS, XRD, XPS, UPS
•  Materials Science, Chemistry, Surface, Interface and 

Thin-film Chemistry, Condensed-matter Physics
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