
T he following research highlights published by the 
NSRRC user communities during year 2020 are selected 

for Energy Science. These highlights outline synchrotron 
X-ray techniques that are suitable for addressing research 
questions in this domain, as well as future directions for 
the field. For example, the science highlights from NSRRC 
beamlines TLS 16A1 and TLS 20A1 show how the X-ray ab-
sorption technique can reveal the reaction mechanisms for 
Li+ transport for applications of a lithium-ion battery. The 
selection from TPS 44A demonstrates how operando X-ray 
absorption spectra can illuminate the defect mechanism 
and investigate the dynamic behavior of defect sites during 
an electrocatalytic reaction. The highlight from TLS 01C1 
shows that simultaneously introducing single-atomic Ru 
into Mo2CTX MXene nanosheets plays a significant role as 
active sites for catalytic intermediate adsorption and elec-
tron back-donation centers, which can effectively promote 
N2 activation and decrease the thermodynamic energy 
barrier of the first hydrogenation step, thereby facilitating 
further hydrogenation of absorbed N2. The last highlight 
from TLS 01C1, TLS 01C2 and TLS 24A1 reveals that a 
sub-nanometer heterogeneous interface induces a lattice 
strain and an electronegativity gradient in neighboring 
local domains, thus enabling a high selectivity and activity 
for CO2 reduction in nanocatalysts. (by Yan-Gu Lin)
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Black Phosphorus Composites with Engineered  
Interfaces for High-Rate High-Capacity Lithium Storage 
Li ion battery is one of the most promising high energy density storage technologies for power-
ing the green society. The prospect is bright, however, issues are still pending to be solved.

Fig. 1: Steps for the ion relocation between cathode and anode in a Li-ion battery.

E nergy density and storage rates are the deciding fac-
tors affecting widespread applications of a lithium-ion 

battery (LIB), for which the energy barriers and diffusion 
coefficient of Li+ ions between the inter- and intra-component 
interfaces are critical issues. Among these interfaces, there 
are more than ten steps for Li+ ion relocation (Fig. 1) for 
performance optimization, including (1) Li+ ion exchange 
between lattice sites and vacated sites in the active materi-
al, (2) Li+ ion relocation kinetics (barrier) between the active 
material and the solid electrolyte interface (SEI), (3) rate of 
Li+ ion exchange (diffusion coefficient) in the solid electro-
lyte interface, (4) Li+ ion chelation by additives, (5) diffusion 
of chelated Li+ ions (Li+-C) in the electrolyte, (6) Li+-C incor-
poration in the separator, (7) ion relocation from Li+-C to 
carbon, (8) channel formation through formation of a Li+ 
ion pillow between carbon layers, (9) Li+ ion relocation in 
the channel, and (10) Li metal plating (if the rate of Li+ ion 
relocation in the channel is less than that of step 7).      

The interfacial resistance of the SEI and a new class of 
configuration design are effective strategies to suppress the 
energy barrier (overpotential drop) and even to decrease 
the number of ion relocation interfaces, consequently 
making a significant breakthrough of the LIB performance. 
With these aforementioned understandings,  Hengxing Ji 
(University of Science and Technology of China, China) and 
his international collaborators proposed a new interfacial 

engineering technology to enable high-rate and high- 
capacity lithium storage by coating covalently bonded black 
phosphorus (BP)-graphite particles with electrolyte-swollen 
polyaniline as nanoscaled composites. Such a design yields 
a stable solid–electrolyte interphase and inhibits the contin-
uous growth of poorly conducting Li fluorides and carbon-
ates to ensure efficient Li+ transport (Fig. 2) By collabo-
rating with Cheng-Hao Chuang (Tamkang University) and 
Ting-Shan Chan (NSRRC), the corresponding mechanisms 
for Li+ transport were deduced through use of X-ray absorp-
tion spectral analysis at the P K-edge in situ at TLS 16A1 of 
the NSRRC. Accordingly, BP can deliver a gravimetric capac-
ity 2596 mA·h g−1 (7, 8) at a 1C rate and is among the best 
three records for existing materials (note that the capacities 
for the first two materials are 4200 mA·h g−1 for Si and 
3860 mA·h g−1 for Li metal) through a three-electron alloy-
ing reaction with Li+ ions. Most importantly, such a novel 
characteristic implements a rapid charge-discharge path for 
Li+ storage with high columbic efficiency of the BP-graphite 
composite at the 2C and 4C rates without degradation, 
therefore shining light on widespread applications of elec-
tronically powered public transport in the future. 

The Li-O2 counterpart is a brand new design with fewer 
interfacial conjunctions in a LIB. It could be a promising 
solid-state prototype to resolve the pending controversy 
between high safety and high-rate considerations. However, 
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with limited fundamental under-
standing, the performance of such a 
configuration for Li+ storage with high 
capacity is yet to be improved. For this 
issue, Yi-Chun Lu and his colleagues 
utilized XANES TEY spectra at the O 
K-edge at TLS 20A1 for Li2O2-prefilled 
VC and Ru/VC electrodes in DG and 
DMSO electrolyte to reveal the Li+ 
translocation paths in the Li-O2  
battery (Fig. 3). Through cross- 
referencing the O K-edge spectra from 
samples in varied post-potential states 
in the electrode, their results provide 
systematic information to retrieve the 
chemical evolution of Li+, and success-
fully reveal the potential window that 
highlights the strategies for simulta-
neous decrease of charge potential 
and bypass of LiO2 (e.g., redox media-
tor) formation to enable efficient and 
reversible Li−O2 batteries. (Reported 
by Tsan-Yao Chen, National Tsing Hua 
University)

Fig. 2: Structure of (BP-G)/PANI. (a) Schematic of (BP-G)/PANI. (b,c) SEM image (b) and Raman 
spectrum (c) of (BP-G)/PANI. (d) TEM image showing the crystalline domains of BP and a 
graphite flake covered with PANI. (e) High-resolution TEM image showing the merging of 
basal planes of BP and graphite. Every two BP layers match with three graphene layers. (f) 
Dark-field TEM image and P, C, and N elemental maps of (BP-G)/PANI. [Reproduced from Ref. 
1]

Fig. 3: O K-edge XANES TEY spectra for Li2O2-prefilled VC and Ru/VC electrodes in DG 
and DMSO electrolyte. Spectra for Li2O2-prefilled VC electrode in (a,b) DG and 
(c,d) DMSO electrolyte. Spectra for Li2O2-prefilled Ru/VC electrode in (e,f) DG 
and (g,h) DMSO electrolyte. (i) Schematic illustration of superoxide reactions 
upon Li2O2 oxidation in Li−O2 batteries. [Reproduced from Ref. 2]

( i )
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This report features the work of Hengxing Ji and his collab-
orators published in Science 370, 192 (2020), and the work 
of Yi-Chun Lu and his collaborators published in ACS Energ. 
Lett. 5, 1355 (2020). 

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
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T he synthesis of ammonia (NH3) from naturally abundant nitrogen (N2) is meaningful for agricultural and industrial pro-
duction, but NH3 is predominantly synthesized with the traditional Haber-Bosch process in industry. This process involves 

high temperatures and pressures, and causes severe CO2 emission because of the hydrogen feedstock from the steam refor-
mation of natural gas. The electrochemical nitrogen reduction is regarded as an energy-saving and environmentally compati-
ble process, which can synthesize NH3 under ambient conditions utilizing renewable solar or wind energy. Unfortunately, the 
electrochemical nitrogen reduction reaction (NRR) generally suffers from small ammonia yields and poor Faradaic efficiency 
because of extremely weak N2 adsorption and the sluggish cleavage of the strong N≡N bond. The rational design of active 
catalytic centers of efficient NRR electrocatalysts that can efficiently decrease the large activation barrier of N≡N and acceler-
ate its dissociation is thus still a highly challenging but vitally important issue.

Yongwen Tan (Hunan University, China) and his coworkers recently reported single-atomic Ru-modified Mo2CTX MXene 
nanosheets (denoted as SA Ru-Mo2CTX) for efficient electrocatalytic NRR under ambient conditions. The SA Ru-Mo2CTX cat-
alyst as prepared with an ultralow single-atom Ru loading exhibits high NRR activity with a great rate of NH3 yield, Faradaic 
efficiency and excellent stability, out-performing most reported NRR catalysts. Employing operando X-ray absorption spectra 
(XAS) at TLS 01C1,1 simultaneously introducing single-atomic Ru into Mo2CTX MXene nanosheets plays a significant role as 
active sites for catalytic intermediate adsorption and electron back-donation centers, which can effectively promote N2 acti-
vation and decrease the thermodynamic energy barrier of the first hydrogenation step, thereby facilitating the further hydro-
genation of absorbed N2. For example, the Ru K-edge operando XAS measurements of the SA Ru-Mo2CTX nanosheets were 
performed under NRR working conditions, as shown in Fig. 1. It was proposed that a N2 molecule preferentially adsorbs on 

Fig. 1: Operando X-ray absorption spectra. (a) Normalized operando Ru K-edge XANES spectra for SA Ru-Mo2CTX under various conditions (applied 
voltage vs. RHE) in K2SO4 solution (0.5 M); insert is a magnified image. (b) Corresponding FT-EXAFS spectra derived from (a). (c) Oxidation state of 
Ru and radial distance of the main signal under various conditions. [Reproduced from Ref. 1] 

Decreasing Emissions from Ammonia Production with 
Electrolysis 
Single‐atom ruthenium-modified Mo2CTX MXene serves as an efficient electrocatalyst to fix nitro-
gen under ambient conditions. 
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Ru, accompanied by electron delocalization and electron transfer from Ru 3d orbitals to Nads 2p orbitals, thus implementing 
activation. This activated N2 can be reduced continuously via hydrogenation at applied potentials.

In summary, the authors developed a chemically activated MXene with rich Mo-deficit defect sites with spontaneous Ru 
atomic doping for high-performance NRR catalysis under ambient conditions. The specific mechanism of this excellent ac-
tivity was unveiled through operando XAS measurements. This work opens an avenue to rational design of MXene-based 
electrocatalysts and highlights the atomic-doping engineering strategy to manipulate effectively the catalytic performance of 
electrocatalysts. (Reported by Yan-Gu Lin) 

This report features the work of Yongwen Tan and his collaborators published in Adv. Energy Mater. 10, 2001364 (2020). 

TLS 01C1  SWLS – EXAFS
•  XANES, EXAFS
•  Materials Science, Chemistry, Condensed-matter Physics, Environmental and Earth Science
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Heterogeneous Metal-Metal and Metal-Oxide Interfaces 
of Nanocatalysts Enable CO2 Reduction with High  
Performance
Sub-nanometer heterogeneous interface induces lattice strain and electronegativity gradient in 
neighboring local domains and thus enabling the high selectivity and activity of CO2 reduction in 
nanocatalysts. 

M itigation of the global energy crisis and adverse 
climatic impacts (increasing emission of carbon 

dioxide, CO2) relies on the implementation of a sustainable 
energy economy. In this context, catalytic transformations 
of CO2 to fuel/chemical feedstocks is the greatest accom-
plishment to diminish the carbon emission by industry. The 
most effective techniques for CO2 reduction (CO2R) include 
thermal and electrochemical reactions that can respectively 
be adopted to recycle industrial exhaust gas and to the con-
version of green energies. Regardless of the aformentioned 
techniques, metal-metal and metal-oxide interfaces in a sin-
gle nanoparticle have been proved to be the most efficient 
geometric design among heterogeneous catalysts for CO2R. 

To this end, in thermal CO2R, Tsan-Yao Chen from National 
Tsing Hua University, with the cooperation of Xin Tu (Uni-
versity of Liverpool, UK), Dai Sheng (East China University of 
Science and Technology, China), Kuan-Wen Wang (National 
Central University, Taiwan), Jr-Hau He (City University of 
Hong Kong, Hong Kong) and Chia-Hsin Wang (NSRRC), has 
recently developed a hierarchically structured bimetallic 
nanocatalyst (NC) comprising a metallic Pd-nanocluster 
adjacent to local tetrahedrally symmetric Ni-oxide and a 

thin layer of tetramethyl orthosilicate decoration (denoted 
as NiOTPd-T) that was synthesized by sequential control of 
the metal-ion adsorption followed by wet chemical reduc-
tion on the carbon nanotube support at room temperature 
(Fig. 1(a))1. By cross-referencing the results of the X-ray 
photoemission spectrum in situ (Figs. 1(b) and 1(c)), other 
X-ray spectroscopic and electron microscopic techniques, 
they confirmed the local synergetic collaboration induced 
at the interface between metallic Pd and Ni oxide, which 
enables the intermediate steps in the methanation of CO2. 
Compared to a pure Pd NC, the NiOTPd-T NC exhibited a 
superior yield of CH4 production, 1905.1 μmol/gcatalyst at 300 
oC. Moreover, the NiOTPd-T NC surpassed existing catalysts 
with the same loading and composition and of any geo-
metric configuration.  In this study, NSRRC beamlines TLS 
01C1 and TLS 24A1 were used.

Furthermore, in electrochemical CO2R, Dr. Hao-Ming Chen 
(National Taiwan University) and his co-workers developed 
silver(Ag)-modified copper (Cu) nanowires as effective 
electrocatalysts towards electrochemical CO2 reduction 
(CO2RR).2 Cu68Ag32 nanowires as prepared demonstrated 
the best performance towards methane with Faradaic 
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Fig. 1:  (a) Schematic representation of NiOTPd-T NC. X-ray photoelectron spectra (APXPS) in situ at 
ambient pressure of NiOTPd-T at (b) Ni 2p and (c) Pd 3d regions. [Reproduced from Ref. 1]

Fig. 2:  (a) Faradaic efficiency of methane of a Cu68Ag32 catalyst and tensile strain at planes (111) and (200) caused by a CuAg alloy as a function of po-
tential. XANES spectra of (b) Ag K-edge for silver-modified Cu nanowire samples and (c) Cu K-edge for Cu nanowires, silver-modified Cu nanowire 
samples and corresponding references. [Reproduced from Ref. 2]

efficiency ~60%, which is nearly three times that of primitive Cu nanowires (Fig. 2(a)). Most importantly, it surpasses the most 
efficient catalysts for producing methane. Using XANES techniques in situ at NSRRC beamlines TLS 01C1 and TLS 01C2, they 
unveiled the valence state of Cu at the potential range of forming a CuAg alloy and tracked the structural changes to estab-
lish a structure-performance relation.

In brief, both of these pioneer works provide a deep understanding of NC design based on metal-metal and metal-oxide 
heterojunctions for both thermal and electrocatalytic conversion of CO2. (Reported by Tsan-Yao Chen, National Tsing Hua 
University)

This report features the works of (1) Tsan-Yao Chen 
and his collaborators published in J. Mater. Chem. A  8, 
12744 (2020) and (2) Hao Ming Chen and his collab-
orators published in J. Am. Chem. Soc. 142, 12119 
(2020). 

TLS 01C1  SWLS – EXAFS
TLS 01C2  SWLS − X-ray Powder Diffraction
TLS 24A1  BM − (WR-SGM) XPS, UPS, XAS, 
APXPS

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

face, Interface and Thin-film Chemis-
try, Condensed-matter Physics
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Fig. 1: Operando XAFS spectra for the Co K-edge of (a) pure Co3O4 and (b) VO–Co3O4. The insets 
show a detailed view of the dotted boxes, respectively. (c) Structural coherence change in 
the EXAFS coordination number of Co ions under an applied potential relative to the OCP 
state. [Reproduced from Ref. 1]

Reconstructions Revive Active Centers
Surface reconstruction can be an effective strategy to improve the performance of catalysts. 

H ydrogen energy obtained from a water-splitting reaction is a green and renewable source of energy, but the sluggish 
kinetics of the water-splitting half reactions—the hydrogen and oxygen evolution reactions (HER and OER, respectively) 

that can be performed under both acidic and alkaline conditions, are a major drawback. The development of efficient and 
robust catalysts to split water is hence a critical topic for the energy-conversion field. Many recent studies revealed that the 
presence of defects, such as vacancies, boundaries and stacking faults in nanomaterials can promote significantly their pho-
tocatalytic or electrocatalytic activity, but the exact role of a defect structure in catalysts for OER or HER, which is a dynamic 
process, remains unclear. Study of the structure-activity relation of defective electrocatalysts under operando conditions is 
thus crucial for an understanding of their intrinsic reaction mechanisms and the dynamic behavior of defect sites.

Shuangyin Wang (Hunan University, China) and his coworkers recently constructed pure spinel Co3O4 and VO-rich Co3O4 as 
catalyst models to study the defect mechanism and to investigate the dynamic behavior of defect sites during the electrocat-
alytic OER with various operando characterizations. From operando X-ray-absorption fine-structure (XAFS) spectra recorded 
at TPS 44A,1 the results demonstrated that the oxygen vacancies were filled first with OH• for VO–Co3O4 and facilitated pre- 
oxidation of low-valence Co and promoted reconstruction or deprotonation of intermediate Co–OOH•. For example, Co 
K-edge data were collected under the critical potential (recorded at OCP to 1.75 V vs. RHE), as plotted in Fig. 1. The valence 
state of Co ions in VO–Co3O4 has a more rapid oxidation than the slow rise of the valence state of Co ions in pure Co3O4. When 
the anode potential continues to increase and the surface charge cannot oxidize Co(IV) to a higher valence state, electrons 
are removed from surface oxygen; this effect causes oxygen to escape, accompanied by structural reconstruction. Because of 
the stronger attraction of the Co sites for the O2p electron at a high anode potential, the deprotonation of the medium OH– 
(M–OH•) becomes facilitated. Because of the enhanced electrophilicity of the exposed cobalt sites, VO is hence likely to pro-
mote the adsorption of OH ions on active Co sites to form adsorbed M–OH• species and subsequently prompt the deprotona-
tion at a low potential (i.e., 1.45 V) to form active oxygen species (Co–OOH•) on the surface, which accounts for the enhanced 
OER activity. The surface chemistry of VO–Co3O4 is clearly more easily changed through reconstruction from the oxide into 
Co–OOH• intermediate species. 

Xiaoqing Huang (Soochow University, 
China) and his coworkers have recent-
ly made a landmark discovery, success-
fully developing a highly efficient and 
pH-universal Ir-based electrocatalyst 
for water splitting. It was determined 
that the reconstruction of IrTe2 hollow 
nanoshuttles (HNS) can be regulated 
on adjusting the potential during 
electrochemical dealloying, in which 
mild and high potentials lead to the 
formation of IrTe2 HNS with a metal Ir 
shell (D‐IrTe2 HNS) and an IrOx surface 
(DO‐IrTe2 HNS), respectively. Record-
ing operando X-ray absorption spectra 
(XAS) at TPS 44A,2 the authors investi-
gated the evolution of their electronic 
structure during the electrocatalysis 
reaction. The operando XAS measure-
ments allowed them to investigate 
the evolution of electronic structure 
on the surface of the catalysts through 
the unique hollow structure of HNS, 
as shown in Fig. 2. The results  
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Fig. 2: Local structural analysis of D-IrTe2 and DO-IrTe2 HNS. (a) Normalized Ir L3-edge XANES profiles of DO-IrTe2 and D-IrTe2 HNS. The profiles of pristine 
IrTe2 HNS, commercial Ir/C and IrO2 are included as references. Normalized XANES profiles of (b) D-IrTe2 HNS, (c) Ir/C, (d) DO-IrTe2 HNS, and (e) 
IrO2 at varied potential. The dotted lines in (b)–(e) represent the profiles obtained when the applied potential was decreased to the initial value. 
(f,g) k3-Weighted Fourier transforms of EXAFS profiles of DO-IrTe2 HNS and D-IrTe2 HNS. The profiles of bulk IrTe2, Ir/C, and rutile-type IrO2 are 
included as references. k3-Weighted Fourier transforms of EXAFS profiles of (h) IrO2 and (i) DO-IrTe2 HNS at varied potentials. The vertical dashed 
lines indicate the Ir–O (grey) and Ir–Ir (blue) radial distances of IrO2 and Ir/C, respectively. (j) The Ir–O distance in DO-IrTe2 HNS and IrO2 was deter-
mined with EXAFS analysis data as a function of the applied potential. [Reproduced from Ref. 2] 
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demonstrated that the generation of defects in D‐IrTe2 and DO‐IrTe2 HNS during electrochemical reconstruction could reg-
ulate the local coordination environment and electronic structure of Ir, and thus boost the electrochemical water-splitting 
reaction.

Shaohua Shen (Xi’an Jiaotong University, China) and his coworkers recently developed also a ternary nanostructured α-Fe2O3/
Au/TiO2 film for photoelectrocatalytic water splitting. Under simulated solar illumination, the photoanode as prepared exhib-
ited a four-fold increase in photocurrent density relative to bare α-Fe2O3. Recording soft XAS at TLS 20A1,3 Shen’s team eluci-
dated the origin of the enhancement and the underlying mechanisms determining the photoelectrocatalytic water-splitting 
performances, as shown in Fig. 3. Based on systematic investigations, it is proposed that Au NP extract photoholes from the 
bulk of an α-Fe2O3 core and then shuttle them to the outer TiO2 overlayer; this TiO2 overlayer concurrently efficiently captures 
and stores the photoholes and facilitates the hole injection into the electrolyte. The remarkably improved photoelectrocat-
alytic water-splitting performance of an α-Fe2O3/Au/TiO2 photoanode is thus attributed to the significant suppression of 
recombination of bulk and surface charge by means of the relayed pumping of the photogenerated charge carriers through 
the photoanode and electrolyte interfaces reconstructed by Au NP and the TiO2 overlayer.

Fig. 3: XAS of (a) Fe L-edge, (b) Ti L-edge, and (c), (d) O K-edge; right part of (a) and left part of (d) are the corresponding enlarged regions marked 
with dashed boxes. (e) Ti L-edge and (f) Fe L-edge in darkness. Peaks in (e) are deconvoluted into three components (peaks A, B and C); the solid 
lines in the inset represent the tested data and the circles indicate the fitted spectra. (g) O K-edge of α-Fe2O3/Au/TiO (red solid line) and a fitted 
spectrum (open solid circles) calculated from a linear combination of spectra of α-Fe2O3/Au and α-Fe2O3/TiO2. [Reproduced from Ref. 3]
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In summary, these three works here offer an ideal model of interface reconstruction at the atomic and electronic structures 
for the water-splitting reaction. These could promote the fundamental research for the design of efficient catalysts via inter-
face engineering. (Reported by Yan-Gu Lin) 

This report features the work of Shuangyin Wang and his collaborators published in J. Am. Chem. Soc. 142, 12087 (2020); the 
work of Xiaoqing Huang and his collaborators published in Adv. Funct. Mater. 30, 2004375 (2020); and the work of Shaohua 
Shen and his collaborators published in Appl. Catal. B-Environ. 260, 118206 (2020).

TPS 44A Quick-scanning X-ray Absorption Spectroscopy
TLS 20A1 BM – (H-SGM) XAS 
• XANES, EXAFS
• Materials Science, Chemistry, Condensed-matter Physics, Environmental and Earth Science
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