
Chemical 
Science T he Activity Report 2021 editorial committee has 

carefully selected four outstanding research results 
from the Chemical Science Archives for all users of the 
NSRRC. Using X-ray-absorption fine-structure (XAFS) 
spectroscopy at TPS 44A, Yujie Xiong's team found that 
the introduced Pd sites are atomically dispersed in the 
surface lattice of Au nanorods supported on ZnO; this result 
shows that an atomic-scale dehydrogenation design can 
realize the direct conversion of methane to high value-
added ethene under mild conditions. Yi-Chun Lu's group 
reported a study of Li-CO2 cells using ambient-pressure 
X-ray photoelectron spectroscopy, which is currently set 
up for user operation at TLS 24A1. Dun-Yen Kang's group 
used equipment at TPS 09A to perform time-resolved 
powder X-ray diffraction measurements under various 
gases to study the possible structural changes of CAU-10-H, 
and proposed that a rigid pore structure of metal-organic 
frameworks under varied gas atmospheres can achieve a 
high gas-separation performance. Tan Yongwen's group 
used TLS 01C1 and TLS 16A1 to obtain Mo K-, Ru K-, P 
K- and S K-edge XAFS spectra of electrocatalysts for the 
hydrogen-evolution reaction, inferring the coordination 
environment of the active site; the applied strain was then 
determined using operational X-ray absorption near-
edge structure (XANES) spectroscopy to enhance the 
accumulation of OH− and HO in sulfur vacancies. (by Chih-
Wen Pao)
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Methane (CH4), the predominant component of natural 
gas, shale gas and combustible ice, is not only a 

widely used energy resource but also an important building 
block to produce value-added chemical substances. 
Substantial energy input (i.e., high operating temperature 
and pressure) is currently required for the conversion of 
CH4 because of its strong C–H bonds, small polarizability 
and negligible electron affinity. Photocatalysis, which 
requires only solar energy as energy input, is regarded 
as an appealing approach to achieve conversion of 
CH4 under mild conditions (ambient temperature and 
pressure). Despite the potential, this approach has faced 
a great challenge in terms of product selectivity. The 
preferable products of CH4 conversion are multicarbon (C2+) 
compounds, with light olefins, mainly ethylene (C2H4), as 
key chemical feedstocks, having greater added value than 
alkane (C2H6). With methyl radicals as the sole reaction 
intermediate, the current C2+ products are, however, 
dominated by C2H6, with a negligible selectivity towards 
C2H4. A rationally designed photocatalyst to regulate 
the reaction intermediates potentially involved in CH4 
conversion is hence urgently needed to realize a direct 
conversion of CH4 to C2H4.

Yujie Xiong (University of Science and Technology of China, 
China) and his co-workers recently reported a Pd-modified 
ZnO-Au hybrid that implements a path mediated by alkoxy 
intermediates for the photocatalytic conversion of CH4 to 
C2H4. Employing X-ray-absorption fine-structure (XAFS) 
spectra at TPS 44A,1 the team found that the introduced 
Pd sites are atomically dispersed in the surface lattice 
of the Au nanorods supported on ZnO (Fig. 1). Various 
characterizations in situ revealed that the Pd-induced 
dehydrogenation capability of the catalyst enabled the 
formation and transformation of methoxy and ethoxy 
intermediates. During the reaction, CH4 molecules are 
first dissociated into methoxy on the ZnO surface with the 
assistance of Pd. These methoxy intermediates are then 
further dehydrogenated and coupled with a methyl radical 
into ethoxy, which can be subsequently converted into 
C2H4 through dehydrogenation (Fig. 2). As a result, the 
optimized ZnO-AuPd hybrid with atomically dispersed Pd 
sites in the Au lattice achieved a methane conversion 536.0 
μmol g−1 with C2+ compound selectivity 96.0% (39.7% C2H4 
and 54.9% C2H6 in total produced C2+ compounds) after 
irradiation with light for 8 hours.

Methane Valorization by Design of an Atomically 
Precise Photocatalyst
A design for dehydrogenation at an atomic level achieves direct conversion of methane to ethylene of high added value 
under mild conditions.

Fig. 1: (a,b) Images from a transmission electron microscope (TEM) of ZnO-AuPd hybrids. (c) Scanning TEM image of ZnO-AuPd and corresponding EDS 
elemental mapping of Zn (blue), Au (yellow) and Pd (cyan). (d) Normalized Pd K-edge X-ray-absorption near-edge structure (XANES) spectra of 
ZnO-AuPd. (e,f) Fourier-transformed (FT) magnitudes of k2-weighted Pd K-edge extended X-ray absorption fine structure spectra of ZnO-AuPd 
and corresponding fitting analysis. [Reproduced from Ref. 1]
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In summary, the design of the atomically precise 
photocatalyst represents a prospective strategy to regulate 
the capability of catalyst dehydrogenation and to control 
the path of CH4 conversion. The ability to resolve fine 

structures of atomically dispersed metal sites makes 
synchrotron-based XAFS spectroscopy an important 
technique to unravel the relations between catalyst 
structure and performance. (Reported by Chih-Wen Pao)

This report features the work of Yujie Xiong and his 
collaborators published in J. Am. Chem. Soc. 143, 269 
(2021).
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Unraveling the Cathode Chemistry of the 
Li-Battery Using Ambient-Pressure X-ray 
Photoelectron Spectra
Ambient-pressure X-ray photoelectron spectra showed that H2O in a reaction mixture activated Li-CO2 in the battery 
discharge, producing unrecyclable carbonate. Conversely, O2 jumpstarted battery discharging while building recyclable 
amorphous carbon along with Li2O2 and Li2O.

R echargeable Li-CO2 batteries have attracted intense research attention for their potential as energy storage and CO2 
fixation. Since the first demonstration of the prototypical design in 2013, cycle performance has been improved 

substantially, but further progress became sluggish due to a shortage of fundamental understanding. Several studies 
showed that Li-CO2 obtains a moderate capacity during discharging in pure CO2. Based thereon, it was suggested that the 
cathode undergoes a CO2-to-C transformation, denoted as a CO2 reduction reaction (CRR). Other studies showed, however, 
that the discharge capacity is negligible in pure CO2 and requires O2 at a particular proportion to accelerate the reaction. This 
discrepancy in the CRR kinetic and reaction mechanism remains elusive.

Yi-Chun Lu (Chinese University of Hong Kong, China) collaborated with Chia-Hsin Wang and Yaw-Wen Yang (NSRRC), to 
study Li-CO2 batteries using ambient-pressure X-ray photoelectron spectra (APXPS), a technique that has become a standard 
means for studies in situ over the past two decades. The APXPS system in the NSRRC is currently setup at the beamline TLS 
24A1 for user operation. Thanks to the turbo pumping to the experimental vacuum vessel, this technique operates at a 
baseline pressure less than 10-7 mbar. This condition allows a well controlled operating environment to be created for the 
battery system. Taking advantage thereof, the authors studied the composition of the cathode surface during charging 
and discharging of an ionic-liquid-based Li-CO2 battery; its structure is illustrated in Fig. 1. Under 5 mbar of pure CO2, the 
authors found that the discharge current consisted solely of a non-faradaic double-layer charging, a conclusion based on the 
evolution of the ionic liquid electrolyte XPS. In parallel, no sign of carbonate or other new species was observed in the C 1s 
spectra of all discharging potential, indicating that Li-CRR is electrochemically inactive in pure CO2.

Fig. 2: Schematic illustration of photocatalytic conversion of CH4 to C2H4 
through surface alkoxy intermediates over a ZnO-AuPd hybrid. 
[Reproduced from Ref. 1]
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Fig. 1: Illustrated Li-CO2 battery for the APXPS study in situ at TLS 24A1. The ionic liquid is composed of [Pyr14]+ and [TFSI]-. 
[Reproduced from Ref. 1]

Water vapor accounts for the third most abundant substance in the atmosphere; its concentration fluctuates temporally and 
geographically. The authors hypothesized that varied water content might be the primary cause of the capacity discrepancy 
reported in the literature. To examine, they studied the XPS behavior of a Li-CO2 battery under 5 mbar of 2:1 CO2 and H2O. 
They found that, when discharging at 1.7−1.2 VLi, a substantial accumulation of amorphous carbon species was accompanied 
by the growth of LiOH. This result indicated that H2O helps to reduce CO2 to amorphous carbon in the presence of Li+. Further 
discharge to 1.0 VLi generated carbonate species from CO2 and LiOH. This observation agrees with the authors' hypothesis 
that water vapor plays a critical role in promoting CRR in non-aqueous electrolytes. On the charging side of the cycle, the 
authors found a significantly decreased amorphous carbon and a mild loss of carbonate, of which the withdrawal exposed 
the subsurface LiOH. When charged to 4.9 VLi, a substantial amount of Li2CO3 and LiOH remained on the electrode. This 
condition, unfortunately, indicated a poor rechargeability of the battery.

The story became quite different with the presence of O2. In a 5-mbar 2:1 CO2-O2 mixture, strongly solvated Li+ in an ionic 
liquid bonded more weakly with O2

–, the activated oxygen intermediate species that consequently initiated CRR. As a result, 
the dominating discharging carbon product became amorphous carbon instead of carbonate. To bridge the pressure gap 
between this APXPS model study and a battery working condition at 1 bar, the authors scaled up the CO2-O2 mixture to 1 bar 
for an X-ray diffraction (XRD) experiment in situ. Although XRD is blind to amorphous carbon, it revealed that Li2O2 and Li2O, 
also seen in the APXPS experiment, appeared in a potential range of no carbonate. The battery for the APXPS experiment 
resumed 90% of its capacity after a charge. This reversibility is attributed to the simultaneous decomposition of Li2O2, Li2O 
and amorphous carbon, in addition to the absence of side reactions. (reported by Bo-Hong Liu)

This report features the work of Yi-Chun Lu and her co-workers published in Nano Energy  83, 105830 (2021). 
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Metal-Organic Framework Membranes for Gas 
Separation
An aluminium-carboxylate-based metal-organic framework (MOF), CAU-10-H, was utilized to fabricate a dense MOF 
membrane for CO2 capture. The pore aperture size of this MOF is identified as 3.2 Å, which is ideal to separate CO2 
from N2 and CH4.

M etal-organic frameworks (MOF) possess adjustable 
pore topologies and interior functionality, and 

MOF membranes are known to have a great potential in 
gas separations. A molecular-sieving effect is the principal 
mechanism for gas separations with membranes. MOF 
with a controllable pore-limiting diameter (PLD) can 
be engineered to achieve high performance for such 
membrane gas separation. This work led by Dun-Yen 
Kang (National Taiwan University) aimed to fabricate MOF 
membranes with excellent gas-permeative selectivity. 
They focused on an aluminium hydroxide isophthalate 
MOF, CAU-10-H, with a rigid pore structure (PLD = 3.2 Å) 
for the adsorption of various gas molecules. This MOF was 
comprised of aluminium as metal cluster and isophthalic 
acid as organic linker (Fig. 1). The chemical formula of this 
compound is Al(OH)(C8H4O4).

Kang’s group conducted time-resolved powder X-ray 
diffraction (XRD) measurements for various gases to 
investigate a possible structural change of CAU-10-H using 
the facilities at TPS 09A. These XRD patterns were obtained 
in situ with an X-ray source of synchrotron radiation, which 
allows for a direct comparison of the signal intensities 
and positions between the patterns. The results from the 
measurements under CO2, N2 and CH4 are summarized 
in Fig. 2. They noticed a significantly decreased signal 
intensity in time-resolved patterns of CAU-10-H with partial 
pressure of CO2 increasing from 0.005 to 3 bar (Fig. 2(a), 
see next page); this substantial drop in intensity indicated 
the adsorption of CO2 in CAU-10-H. The adsorption of gas 
molecules in the cage of MOF decreased the contrast of 

electron density inside the microporous materials, resulting 
in a diminished intensity of the powder XRD patterns. They 
further identified the structure of CAU-10-H after exposure 
to CO2 for 30 minutes using Rietveld refinement. The result 
showed that the crystal structure of CAU-10-H remained 
nearly unchanged after exposure to CO2 even though 
the signal intensity decreased (Fig. 2(b)). The rigid pore 
structure of CAU-10-H makes it an ideal material for CO2 

separation because of a molecular-sieving effect. In contrast 
to CO2 measurements, there was no considerable difference 
in signal intensity for XRD patterns under N2 and CH4 (Figs. 
2(c) and 2(d)). This condition indicates that the uptakes of 
N2 and CH4 in CAU-10-H were smaller than the uptake of 
CO2.

The permeation measurements on a CAU-10-H membrane 
of single gases for H2, CO2, N2 and CH4 and mixed gas for 
CO2 and CH4 are summarized in Fig. 3 (see next page). 
These gas-permeance results indicated that there was a 
permeation cutoff between CO2 and N2 (Fig. 3(a)). The 
ideal selectivity, defined as the permeance ratio between 
two gases, of CAU-10-H for every gas pair (H2/CH4, CO2/
N2, CO2/CH4 and N2/CH4) considerably deviated from 
the Knudsen selectivity (Fig. 3(b)), indicating that the 
formation of pinholes in a CAU-10-H membrane was 
successfully suppressed; the transport of gases inside CAU-
10-H was properly controlled by the intrinsic property of 
the rigid pore structure of CAU-10-H.

In summary, Kang’s group proposed that utilizing the rigid 
pore structure of MOF under a varied gas atmosphere 

Fig. 1: Aluminium hydroxide isophthalate MOF for membrane separation. [Reproduced from Ref. 1] 
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can achieve a high gas separation 
performance. These observations were 
also identified with the molecular 
simulation results in this work. The 
strategy of using rigid MOF with an 
ideal size of pore aperture could open 
possibilities to advance new MOF 
materials for membrane separations. 
(Reported by Da-Shiuan Chiou, 
National Taiwan University)

This report features the work of Dun-Yen 
Kang and his collaborators published in 
Adv. Funct. Mater. 31, 2006924 (2021).
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Fig. 2: (a) Time-resolved powder XRD patterns of CAU-10-H exposed to CO2 under 3 bar. (b) 
Experimental and simulated XRD patterns of CAU-10-H before and after exposure to 
CO2 under 3 bar for 30 minutes. (c,d) Time-resolved powder XRD patterns of CAU-10-H 
exposed to N2 and CH4 under 3 bar. [Reproduced from Ref. 1]

Fig. 3: Single-gas and mixed-gas permeation test on CAU-10-H. (a) Gas permeance of H2, CO2, N2 
and CH4 and (b) selectivity of gas pairs. [Reproduced from Ref. 1]
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Fig. 1: (a) FT-EXAFS spectra of np-MoS2 compared with Lnp-MoS2 and P-MoS2. Corresponding FT-EXAFS fitted curves also shown in (a). (b,c) Schematic of 
the atomic structure of Ru/Lnp-MoS2 and Ru/np-MoS2 derived from (a). [Reproduced from Ref. 1]

Rational Strain Engineering of Single-Atom 
Ruthenium on Nanoporous MoS2 for Highly 
Efficient Hydrogen Evolution
Rational strain can enhance the accumulation of OH- and H2O in the sulfur vacancies resulting in an increased  
efficient of hydrogen evolution reaction.

S ingle-atom catalysts (SAC) were considered as ideal 
hydrogen evolution reaction (HER) electrocatalysts to 

achieve high catalytic activity and decreasing the metal 
loading because of their maximized efficiency of atom 
use, well defined single-atom dispersion and unique 
coordination environments. Nevertheless, the catalytic 
activity of SAC at the state of the art still has much scope for 
improvement with an aim to maximize the catalytic activity, 
especially for multistep reactions. This limitation arises from 
the simplicity of the single-atom sites that are generally 
capable of efficiently catalyzing one step of a reaction 
rather than the entire reaction sequence.

The sulfur vacancie (SV) around a Ru single atom in MoS2-
supported Ru catalysts are generally considered to be the 
active site for HER, but a deep exploration of a synergetic 
effect between SV and Ru atoms has not been achieved, 
especially under realistic reaction conditions. Yongwen 
Tan (Hunan University, China) and his team thus hope 
to utilize strain engineering to amplify the synergistic 
interaction between SV and Ru atoms and to understand 
mechanistically the synergistic effect, thus maximizing the 
catalytic activity of SAC. Collaborating with Ting-Shan Chan 
(NSRRC), Tan’s team recorded Ru and Mo K-edge X-ray 
absorption near edge structure (XANES) spectra and Fourier 
transforms of extended X-ray absorption fine structure (FT-
EXAFS) spectra at TLS 01C1, which is helpful to deduce the 
coordination environment of active sites. Collectively, S K- 
and Mo L3-edge XANES spectra were recorded at TLS 16A1.

To validate the role of bending strain in boosting the 
intrinsic activity, control samples of plane MoS2 (P-MoS2), 
nanoporous MoS2 (np-MoS2) and nanoporous MoS2 with 
a larger ligament (Lnp-MoS2) were prepared. Ideally, the 
strain in P-MoS2 is negligible, whereas Lnp-MoS2 possesses 
less strain than np-MoS2. As shown in Fig. 1(a), np-MoS2 
exhibits the largest high-R shift of Mo-Mo signals among 
these catalysts. The strain in these catalysts originated 
from the nanotube-shaped ligament, thus formatting 
the atomically curved MoS2 (Figs. 1(b) and 1(c)). On 
an atomic scale the resultant bending strain can be 
approximately replaced by a tensile strain. A ligament with 
a smaller diameter (D2 < D1) hence possesses the most 
strained surface-atom arrangement. This change can be 
detected with the Mo-Mo radial distance as an indicator, as 
confirmed by the aforementioned FT-EXAFS results.

The absorption edge of the Ru K-edge XANES spectrum 
for Ru/np-MoS2 under an open-circuit condition shows a 
positive shift, indicating an increased Ru oxidation state 
(Fig. 2(a), see next page), which likely results from binding 
of H2O and OH-, leading to the delocalization of an electron. 
When cathodic potentials were applied, a negative shift 
of the absorption edge occurred, indicating the recovery 
of Ru in a low oxidation state after water dissociation 
occurred. Corresponding FT-EXAFS spectra for Ru/np-MoS2 
at varied applied potentials appear in Fig. 2(b). The main 
feature obtained under an open-circuit condition displays 
a low-R shift, which is ascribed to the contribution of a 
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Fig. 2: (a) Operando Ru K-edge XANES spectra of Ru/np-MoS2 recorded at varied applied voltages; the 
inset shows the fitted oxidation states from (a). (b) Corresponding FT-EXAFS spectra from (a). (c) 
Operando Mo K-edge XANES spectra of np-MoS2 recorded at varied applied voltages; the inset 
shows the corresponding first derivatives of the XANES spectra. (d) Corresponding FT-EXAFS 
spectra from (c). (e) Operando Mo K-edge XANES spectra of Ru/np-MoS2 recorded at varied 
applied voltages; the inset shows the corresponding first derivatives of the XANES spectra. (f) 
Corresponding FT-EXAFS spectra from (e). [Reproduced from Ref. 1]

Ru-O bond that overlaps a Ru-S 
bond. During electrochemical 
H2O reduction, this signal shows 
a high-R shift by 0.07 Å. This 
effect indicates the distortion of 
the coordination environment 
for Ru atoms, resulting from a 
redistribution of electrons in Ru 
atoms between S ligands and 
the Ru-O bond under alkaline 
HER.

The operando X-ray absorption 
spectra (XAS) measurements 
of np-MoS2 and Ru/npMoS2 
at Mo K-edge were conducted 
to reveal the nature of MoS2 
basal planes before and after 
the introduction of Ru atoms. 
Figure 2(c) shows operando 
XANES spectra of np-MoS2 
at the Mo K-edge. There is a 
negative-shift of a rising edge 
under an open-circuit condition 
compared with that under a 
condition ex situ, indicating a 
decreased Mo oxidation state. 
The location of Mo sites (central 
sublayer) notably hinders the 
H2O adsorption and dissociation 
because of a steric effect. An 
altered Mo oxidation state 
might thus result from an 
interaction between S atoms 
(outermost sublayer) and the 
electrolyte. When cathodic 
potentials were applied, the 
rising edge of np-MoS2 was 
still located at the small-energy 
side relative to the condition ex 
situ. Correspondingly, FT-EXAFS 
spectra of np-MoS2 remain 
substantially unchanged (Fig. 
2(d)), indicating that Mo atoms 
in basal planes of np-MoS2 are inert. 

Operando XANES spectra of Ru/np-MoS2 at the Mo K-edge 
are presented in Fig. 2(e). The rising edge of Ru/np-MoS2 
displays a positive shift under an open-circuit condition 
relative to that under a condition ex situ, meaning an 
increased Mo oxidation state. This effect is more obviously 
indicated by the first derivatives of the XANES spectra (inset 
of Fig. 2(e)). Different from np-MoS2, the Mo sites in Ru/
np-MoS2 are exposed because of the formation of SV. This 
change thus results likely from the binding of H2O and OH-. 
When cathodic potentials were applied, the rising edge of 

Ru/np-MoS2 further shifted to higher energy, which implies 
a further increase of the Mo oxidation state in Ru/np-MoS2 

 during the HER. Combining the prediction of density 
function theory, H2O and OH- are abundantly adsorbed on 
Mo sites without subsequent dissociation, which balances 
the reduction trend of the cathodic voltage resulting in a 
further increase of the oxidation state. The corresponding 
FT-EXAFS spectra of Ru/np-MoS2 are presented in Fig. 2(f). 
Under an open-circuit condition, the rise of a signal for H2O 
and OH- adsorption was detected, further supporting the 
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above conclusions. When a cathodic voltage was applied 
and subsequently increased, the maximum intensity for 
H2O and OH- adsorption further increased, meaning an 
enhancing adsorption of H2O and OH-. 

In summary, Tan used XAS measurements to identify 
the synergistic effect between Ru sites and SV, which 
manifested as the mass transfer of water from SV to Ru sites 
and subsequent water dissociation on Ru sites. The bending 
strain accelerates the mass transfer of water and its 
dissociation at the same time, thus achieving an amplified 
synergistic effect. On the basis of these design principles, 
this strategy can be explored on altering the assisting sites 
or the modulating method, thus achieving the maximum 
activity of SAC. (Reported by Ting-Shan Chan)

This report features the work of Yongwen Tan and his 
collaborators published in Nat. Commun. 12, 1687 (2021).
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