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SPECIAL TOPIC — Advanced calculation & characterization of energy storage materials & devices at multiple scale
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A new photon-in/photon-out endstation at beamline 02B02 of the Shanghai Synchrotron Radiation Facility for study-
ing the electronic structure of energy materials has been constructed and fully opened to users. The endstation has the
capability to perform soft x-ray absorption spectroscopy in total electron yield and total fluorescence yield modes simulta-
neously. The photon energy ranges from 40 eV to 2000 eV covering the K-edge of most low Z-elements and the L-edge
of 3d transition-metals. The new self-designed channeltron detector allows us to achieve good fluorescence signals at the
low photon flux. In addition, we synchronously collect the signals of a standard reference sample and a gold mesh on the
upstream to calibrate the photon energy and monitor the beam fluctuation, respectively. In order to cross the pressure gap,
in situ gas and liquid cells for soft x-ray absorption spectroscopy are developed to study the samples under realistic working

conditions.
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1. Introduction

Sustainable development of energy and environment has
become one of the most critical global challenges in the 21st
century. The prosperity of electric vehicles and portable de-
vices significantly stimulates the research and development
of novel energy storage materials with high capacity and
safety.[l:?] Meanwhile, the discovery of new cost-effective
and high-active catalysts for energy conversion and storage
is essential to renewable energy production.>* Physical and
chemical processes happening at the material surfaces and in-
terfaces play an important role in both energy storage materi-
als and catalysts, such as adsorption, desorption, ion/electron
exchange, surface re-construction, and heterogeneous cataly-
sis. Therefore, there is an urgent demand to develop multiscale
characterization to investigate the surface and interfacial reac-
tions of energy materials. Under this demand, many large re-
search programs and facilities have been established. Among
them, the third-generation synchrotron radiation facilities are
the representative, such as the Shanghai Synchrotron Radia-
tion Facility (SSRF) that has become a key platform for energy
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material research.[>-®!

The high-brightness and broad-spectrum x-ray generated
by synchrotron facilities expands the multiscale characteriza-
tion toolbox. Among various techniques, synchrotron-based
x-ray absorption spectroscopy (XAS) is a powerful tool to
study compositions and chemical states of elements in ma-
terials. During XAS experiments, the absorption of photons
results in the excitation of a core electron to an unoccupied
state above the Fermi level on the basis of selection rules.
Thus, XAS provides the detailed information of the unoc-
cupied electronic structure, such as spin states, ligand struc-
ture, and hybridization, which are the key factors to regu-
late the fundamental properties and practical performances
of materials. For studying catalytic and energy materials,
soft x-ray absorption spectroscopy (sXAS) has its own unique
advantages. Firstly, sXAS is direct and sensitive in study-
ing the electronic structure of 3d transition-metals (TMs),
which are important for energy materials, such as LiCoO,,[°!
Li(NiCoMn), /302,“0] LiNig sMn; 504,1'" and catalytic ma-
terials SrCoO3; and CoNC.!'?l Secondly, soft x-ray also ac-
cesses the excitation energy range of most low-Z elements,
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such as Li, C, N, O, F, Na, Si, which are the main composi-
tions of energy storage materials. Finally, sXAS data can be
collected by the total electron yield (TEY) signals with prob-
ing depth less than 10 nm as well as by the total fluorescence
yield (TFY) signals that are bulk sensitive with the penetra-
tion depth of typically several hundreds of nanometers. The
different probe depths play a significant role in studying the
surface catalysis, the coating materials, and the solid elec-
trolyte interface (SEI) layer.”:!3!4 In addition, unlike other
traditional laboratory experimental methods, the sXAS mainly
focuses on the characterization of electronic structure at the
surface ranging from 5-100 nm, which fills the blank of con-
ventional means in multiscale characterization. By combin-
ing other characterization methods with sXAS, we can estab-
lish the structure—activity relationship between the electronic
structure and actual properties, which provides guidance for
research of high performance electrochemical energy storage
materials. For instance, by combining morphology character-
ization with in situ sXAS, Liu et al. revealed the charge dy-
namics in battery electrodes that are regulated by charge trans-
port, mesoscale morphology, and phase transformation.['3] By
combining DFT simulations with sXAS, Rao et al. identi-
fied in amorphous Tig 4Sb, Tes that the titanium atoms prefer-
ably maintain the octahedral configuration.!'®! By combining
operando XAFS with ex situ sXAS, Zhang et al. unraveled that
the appearance of Co** and oxidized oxygen ions in Li;C0,04
is tightly accompanied by the surface reconstruction.!!”!

Nowadays, hard x-ray (> 5 keV) absorption spectroscopy
instruments have been maturely constructed in China, such as
beamline 14W1 in SSRF and beamline 1W1B in Beijing Syn-
chrotron Radiation Facility (BSRF), which have been widely
used in probing both physical and chemical properties of en-
ergy and catalytic materials.!>'8-221 However, sXAS has not
been fully developed and utilized for energy materials, partic-
ularly for those materials under in situ and/or operando condi-
tions. This is mainly due to the strict vacuum conditions, lack-
ing powerful detector and applicable in situ cells. Thus, itis a
sufficient need to construct a high-performance soft x-ray ab-
sorption spectroscopy endstation at domestic synchrotron ra-
diation facility for the ex/in situ studies of energy and catalytic
materials.

Here, we will introduce a new photon-in/photon-out
(PIPO) endstation for soft x-ray absorption spectroscopy con-
structed at beamline 02B02 of SSRF. The sXAS data can be
collected by TEY and TFY modes simultaneously in an ul-
trahigh vacuum chamber. A series of designs, including the
beam delivery system, sample holders, the sample preparation
system, and in situ cells, are focusing on the characterization
of energy and catalytic materials. This endstation provides the
opportunities to push the sXAS capability to study the mate-

rials under in situ and/or operando conditions. A detailed de-
scription of the platform and its performance are given below.

2. System overview

The PIPO endstation is connected to the beamline
02B02 of SSRF. The new bending magnet beamline deliv-
ers soft x-ray photons with photon flux around 1 x 10'! pho-
tons/s @E/AE = 3700 and a tightly focused beam spot size
(~ 150 pumx50 pum) at the sample. To obtain high energy res-
olution and greater grating diffraction efficiency, three gratings
are optimized for varying energy ranges. Gratings with line
densities of 400 lines/mm , 800 lines/mm, and 1100 lines//mm
cover the energy ranges of 40-600 eV, 200-1600 eV, and 200—
2000 eV, respectively. The maximum energy resolution can
reach up to 13000 at 250 eV.[>3?4] The energy range contains
the K-edges of C, N, O, F, Na, Mg, Al, Si and the L-edges of
P, S, Cl, K, Ca, 3d transition-metals, which are important for
most energy and catalytic materials.

The PIPO endstation is tailored to provide a powerful
sXAS method to study energy and catalytic materials. By
fully considering the beamline specifics and the requirements
of users, the endstation is self-designed into three main parts:
the beam delivery system, the analysis chamber, and the prepa-
ration chamber. In addition, in situ cells are designed for sep-
arate connection onto the main chamber. The layout of the
whole endstation is shown in Fig. 1(a). The detailed descrip-
tions of these parts are given below.

2.1. The beam delivery system

The beam delivery system located between the last focus-
ing mirror and the analysis chamber, which consists of four
main parts including a standard sample chamber, a double
knife slit chamber, a gold mesh chamber, and a pinhole gate
valve. As the photon energy and flux change with the operat-
ing state of the storage ring in real-time, the standard samples
and a gold mesh are used to demarcate the real photon energy
and flux. The design of the standard sample chamber is shown
in Fig. 1(b). Simultaneous measurement of the real sample
and standard sample can be achieved by rotating the standard
sample, which blocks ~ 20% intensity of the whole light on
it, while the other 80% still on the real sample. The K-edges
of O and C are calibrated by standard sample SrTiO3 and SiC
single crystals. The L-edges of Ti, Mn, Co, Fe, Ni are cali-
brated by SrTiO3, MnO, CoO, FeO, and NiO single crystals.
The fluctuation of the incident x-ray photon flux in real-time
is monitored by the drain current of a gold mesh (Precision-
eforming M49 gold mesh, wire line width 13 pm, opening
width 203 pum, 83% transmittance) (shown in Fig. 1(c)). An
evaporator crucible installed below the gold mesh can evapo-
rate Au to maintain the surface cleanliness of the gold mesh.
The double knife slit chamber is used to remove stray light
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for improving the energy resolution, which is between the
standard sample chamber and the gold mesh chamber. Fluo-
rescent powders are painted on both knives to determine the
beam position. The pinhole gate valve locates at the end of
the beam delivery system shown in Fig. 1(d). A silicon nitride
(Si3Ny4) window (1 mm x 1 mm, thickness 100 nm) is mounted
on the hole, which allows 70% transmittance at photon energy
500 eV. The valve is designed to protect the beamline for doing

analysis
(2) chamber
reference

chamber preparation

gold mesh
f+ chamber

chamber

beam

100 nm Si4N3
window

Fig. 1. (a) The layout of the whole endstation. The design of (b) the standard
sample chamber, (c) the gold mesh chamber, and (d) the pinhole gate valve.

in situ/operando experiments with gas and liquid cells. When
we do normal XAS experiments, the valve is outside the beam

path.

2.2. The analysis chamber

The analysis chamber is equipped with a four-axis ma-
nipulator system (shown in Fig. 2(a)) which consists of a
home-built sample stage, an XYZ stage (Vacgen, Omiax),
and a differentially-pumped rotary platform (Thermionics,
RNN-400).
tains two parts, including a low-temperature system (70—
300 K) and a high-temperature system (300-600 K). For the
low-temperature system, the Janis ST-400 ultra-high vacuum

The sample stage (shown in Fig. 2(c)) con-

(UHV) cryostat and the sample stage are connected through
a 10 mm thickness sapphire plate, which is used as the insu-
lation layer. Both sides of the sapphire plate are pasted with
indium to improve the interfacial contact and thermal conduc-
tance ability. The K-type thermocouple may create current
signals in working conditions, causing a strong impact on the
TEY measurement. Thus, a diode thermometer (70-700 K) is
installed on the backboard of the sample stage for the temper-
ature measurement in TEY experiment. The high-temperature
stage is hung under the low-temperature stage through ther-
mal insulation materials. The thermal insulation materials can
protect the diode thermometer in Janis cryostat as it only bears
473 K. The heating module is directly integrated on the back-

board of the sample stage.

th 1
(a) errocoupie electrode
TEY I
“a

liquid nitrogen
input and output

low temperature
sample holder

~

Omiax
XYZ stage >

sample transfer head

high temperature
sample holder

Fig. 2. (a) The layout of the home-built manipulator. (b) The design of the sample holder. (c) The design of the sample stage and
transfer arm.
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Unlike ambient pressure photoelectron spectroscopy
(APPES) and angle resolved photoemission spectroscopy
(ARPES) mainly focusing on a single sample, the users of
sXAS usually need to measure a serious of samples, including
various standard samples. In order to save injection time in
the load-lock chamber and do in situ battery experiments, the
sample holder is designed big enough for coin cell or nearly
20 samples with a 2 mmx2 mm size (shown in Fig. 2(b)).
Five thimble spring laminations are reserved in both high-
temperature and low-temperature sample holders. Two of
them are used as electrodes applying a voltage on the sam-
ple. Another two are the K-type thermal couple, which is used
for the temperature correction of the diode thermometer on
the background of the sample stage. The last one is designed
for TEY measurement when the sample needs to be insulated
from the sample stage.

The sample in the analysis chamber can be measured by
TEY and TFY modes simultaneously. For the XAS measure-
ment in TEY mode, the background current is the key fac-
tor to get a good spectrum, because it not only influences
the ratio of signal to noise but also determines the minimum
amount of elements that can be detected. Thus, decreasing
the background current is extremely important. In the analysis
chamber, highly shielded coaxial cable and single pin coaxial
feedthrough are used. The shielding layer of the cable is con-
nected to the ground through the shell of a self-designed stud-
dle. Meanwhile, out of the chamber, the Femto collector is
fastened next to the single pin coaxial feedthrough. So a very
short highly shielded BNC cable is used for the transmission
of the weak current signals to the Femto collector. Finally,

(a) current

- — -
‘CE

current
TEY v o - 50 - - - I

highly shielded coaxial cable (short)

(b)

double layer
gold mesh

v 7
channeltron house

the voltage signals between —10 V and 10 V transformed
by the Femto collector are recorded by a NI acquisition card
(shown in Fig. 3(a)). With these efforts, the jitter of the back-
ground current can be decreased to lower than 0.01 pA. For
the sXAS measurement in TFY mode, the beam photon flux is
the main challenge, because beamline 02B is a bending mag-
net beamline with photon flux just around 1 x 10'! photons/s
@E /AE = 3700, and the fluorescence yield is only about 1%
in the soft x-ray region. Thus a Sjuts channel electron mul-
tiplier (CEM) is used for acquiring the fluorescence signals.
The Sjuts CEM is chosen for outstanding features including
compact size, high collection efficiency, and special design
for easy mounting. In addition, the Sjuts CEM is not sen-
sitive to visible light, which eliminates possible interference
with lamplight. The schematic diagram of the TFY detector
is shown in Fig. 3(b). The double-layer gold mesh (one with
450 V voltage and the other with —2000 V) in front of the
CEM is used for filtering out photoelectrons and positive ions.
By using a linear actuator before the electrical feedthrough, the
distance between the double-layer gold mesh and the sample
can be adjusted from 3 cm to 11 cm. The fluorescence sig-
nal increases with the distance decreasing. However, a distor-
tion of TEY wave mode compared with normal TEY spectrum
is observed when the distance decreasing to 3 cm. Thus, we
choose 4 cm as the optimize distance, which can not only pick
up the maximum fluorescence signals but also avoid high volt-
age influences on the TEY signals. After a series of special
designs, the channeltron detector allows us to achieve good
fluorescence signals even at the low photon flux.

NI acquisition card

electrical
feedthrough

support

Fig. 3. (a) The schematic depiction of data acquisition for TEY and TFY measurements. (b) The design of the TFY detector.
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2.3. The preparation chamber

A lot of energy and catalytic materials are air-sensitive,
thus a special glove box is designed on the load-lock chamber
to avoid air exposure of the samples. For the samples need-
ing preprocessing, we provide Ar ion etching and vacuum an-
nealing in the preparation chamber. Three individual evapo-
rators (FERMION Instruments Co., Ltd) are also installed on
the preparation chamber for the sample growth. The growth
rates can be monitored by a quartz crystal microbalance. For
single-crystal samples, low energy electron diffraction (OCI,
BDL600IR-3GR) is equipped to characterize the surface con-
ditions after preprocessing.

2.4. The in situ cells

In order to cross the pressure gap and achieve soft x-ray
measurements of samples under real working conditions, the
in situ cell needs to be used. Different types of in situ cells
for sXAS measurements have been designed and fabricated
at foreign synchrotron facilities, which are used for study-
ing energy materials and catalytic reactions in real working

[25-281 However, no such cells have been success-

conditions.
fully used in sXAS endstation at domestic synchrotron facil-
ities. So we design a new high-temperature gas cell, which

can collect TEY and TFY signals of samples under ambient

high temperature gas cell

connector

gas lines/differential pumping

support

pressure conditions. Figure 4(a) shows the design of the high-
temperature gas cell at beamline 02B02. The cell is horizon-
tally connected to the analysis chamber through an XYZ ma-
nipulator. The cell is manufactured by special stainless steel
Ultrathin 100 nm

Si3Ny (1 mmx 1 mm in size) membrane as a window can be

that is chosen for its chemical inertness.

penetrated by x-ray and used for sealing the gas, which makes
it fully compatible with the ultrahigh vacuum requirements of
the beamline and spectroscopy endstation. The cross-section
of the cell is shown in Fig. 4(c). In order to reduce the attenua-
tion of gas for x-ray and fluorescent photons, the gap between
the window and the sample is set to be 200 um. The sub-
strate is coated with gold to increase electrical conductivity
for TEY measurement. Two polytetrafluoroethylene (PTFE)
pipes allow us to feed the cell volume with different types of
gases. The pressure of the cell can reach up to 1 bar. A ce-
ramic heater inside the cell can heat the sample to 600 K. A
pinhole gate valve is designed in front of the analysis chamber
to protect the beamline. Except for the gas cell, the liquid cell
is under construction and may be completed in the next year.
As the in situ experiment is very dependent on the photon flux
of the soft x-ray beamline, the gas cell is still in optimizing
signals and may open to the public in the near future.

(a)

electrical&fluid feedthroughts

c
(©) 120° cone

X-Ta;
l Y TEFY

gap between

special
designed leaf
spring with
hight thermo
resistance

windown and
sample is 200 pm

|

- sample on Au
— coated substrate

~~ gas path

’%7

TEY button heater (Max T'=1200 °C)

Fig. 4. (a) The design for the high-temperature gas cell. (b) The head of the cell and the sample holder. (c) Cross-section sketch of the gas cell.
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3. Results and discussion

The beamline 02B is a bending-magnet beamline. The
photon fluxes of the 400 lines/mm, 800 lines/mm, and
1100 lines/mm gratings?*! are shown in Fig. 5(a). The spot
size on the PIPO sample is measured to be 150 umx46 um/?3
(shown in Fig. 5(b)). The parameters mean that the maximum
flux is 8 x 10'° photons/s (0.1% bandwidth) at O K-edge and
3 x 10'% photons/s (0.1% bandwidth) at transition metal (TM)
L-edge. Under this photon flux, we detect the current signals
about 35 pA on the gold mesh and about 100 pA on the real
sample (SrTiOj3 single crystal) in the analysis chamber at pho-

1012

. (a) I 400 1/mm PIPOS

—~ : I 800 1/mm PIPOS
% 101t B 1100 I/mm PIPOS
—
8 10
S 10
S
wn
~
2 109
Gl
>
2 108
o

107

0 500 1000 1500 2000

Photon energy/eV

ton energy 530 eV. Benefitting from our effort to decreasing
the jitter of the background currents to lower than 0.01 pA, we
can turn down the slits to achieving a high resolution. A high
signal to noise ratio TEY spectrum can be measured with only
1 pA current signals on the sample. Figures 5(c)-5(e) show
some high-resolution TEY spectra measured at the PIPO end-
station. Four clear features can be observed at Co L-edge of
CoO0 and a complex O K edge spectrum of SrTiOs is detected.
Among the energy materials, sodium battery is one of the most
common systems. We detect high quality Na K-edge sXAS
spectrum using NapSO4 powder at around 1072 eV, which is
difficult to realize in other sXAS endstations at home.

20 pm

Co L-edge (e)

Intensity
Intensity

SI‘TiO3

O K-edge (e)  NaySOy Na K-edge

Intensity

775 780 785 790 795 800 805 530
Photon energy/eV

540
Photon energy/eV

1075 1100 1125
Photon energy/eV

550 560

Fig. 5. (a) Photon flux at the PIPO endstation as a function of energy for different gratings.!>3! (b) Spot size on PIPO sample, which is
150 umx46 pm. 3 The high-resolution absorption spectra of (c) Co L-edge of CoO, (d) O K-edge of SrTiOs, and (e) Na K-edge of Na,SOy.

Figure 6(a) shows the user’s results on studying catalytic
materials Li;CoyO4 using sXAS at PIPO endstation.!!”! By
comparing with the reference sample, the ex siru Co L-edge
XAS spectrum reveals that the content of Co** ions increases
along with the CV cycles changing, which gives important in-
formation on the study of the catalytic mechanism. In addition,
decreasing the jitter of the background currents helps us de-
crease the minimum amount of elements that can be detected
in TEY mode. This feature is very important in studying sur-
face catalysis, especially in the single-atom catalysis.

Comparing with TEY measurement, the TFY signal is
much more dependent on the photon flux because the fluo-
rescence yield is only about 1% while the electron yield is
99% in the soft x-ray region. When the sample is measured
by TEY and TFY modes simultaneously, a balance between
the resolution and signal to noise ratio of the spectrum needs

to be achieved. We have optimized the distance between the
TFY detector and the sample to 4 cm and slightly extended
the scan time to 3 s/point to get a smooth TFY spectrum. The
O K-edge TEY and TFY spectra of Li;La3Zr,O, (LLZO)
measured at PIPO endstation are shown in Fig. 6(b), a high-
resolution and good signal to noise ratio have been achieved.
LLZO is a promising solid electrolyte for lithium metal battery
and LipCO3 is formed on the surface when LLZO pellets are
exposed to air.?°! By using the different detection depths of
TEY (~ 10 nm) and TFY (~ 100 nm) modes, we can clearly
verify the phenomenon. Only the signal of Li,COj3 can be ob-
served in TEY spectrum while the signal of LLZO at 532 eV
can be seen in TFY spectrum, which means the thickness of
the Li,CO3 layer is slightly less than 100 nm. SrTiOj3 is the
reference sample measured simultaneously for energy calibra-

tion.
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(a) Ls B Co Ly 3-edge
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Fig. 6. (a) Co L-edge XAS spectra of LiyCo,04 samples. LCO represents Li;Co,04 samples, LCO-10 represents the LioCoyO4 samples
underwent 10 CV cycles, and LCO-20 represents the LiCoO4 samples underwent 20 CV cycles.!!”] The references CoO (high spin, Co*),
LaCoO3 (low spin, Co’t), and SrCo03 (low spin, Co*t) spectra are shown for comparison.m] (b) The O K-edge XAS results measured in

TEY and TFY modes of a solid electrolyte LLZO.

4. Conclusion

A new PIPO endstation has been designed and con-
structed at beamline 02B02 of SSRF for the studies of en-
ergy and catalytic materials. By special designs, the signals
of the reference sample, gold mesh, TEY, and TFY can be
measured simultaneously. In the TEY mode, the jitter of the
background current can be decreased to lower than 0.01 pA,
which ensures us to achieve a smooth spectrum with only 1 pA
current on the sample. High-resolution spectra of Co L-edge
and O K-edge have been measured. In the TFY mode, a self-
designed TFY detector using Sjuts CEM and Femto collector
can achieve good signals even at a photon flux of 1 x 10! pho-
tons/s @E /AE = 3700. The sample holder is designed big
enough for a series of samples and in situ tests of the coin cell.
A special glove box is attached to the load-lock chamber for
the air-sensitive samples. The preparation chamber is used for
preprocessing the sample by Ar ion etching and vacuum an-
nealing before the XAS tests. The in situ gas and liquid cells
are developed for the PIPO endstation to study the samples
under realistic working conditions. Our endstation is also part
of a new beamline project ME? (Materials for Energy and En-
vironment beamline), which combines most of the soft x-ray
in situ characterization techniques (XPS, XAS, and ARPES)
with in situ material growth capability. This beamline project

has finished and is now fully opened to users.

Acknowledgments

We are very grateful to help from Prof. Yong Han at
Shanghai Tech University and Prof. Zhi Guo, Prof. Xiangyu
Meng in Shanghai Synchrotron Radiation Facility.

References

[1] Etacheri V, Marom R, Elazari R, Salitra G and Aurbach D 2011 Energ.
Environ Sci. 4 3243

Cheng X B, Zhang R, Zhao C Z and Zhang Q 2017 Chem. Rev. 117
10403

Mefford J T, Rong X, Abakumov A M, Hardin W G, Dai S, Kolpak A
M, Johnston K P and Stevenson K J 2016 Nat. Commun. 7 11053

Sun M H, Huang S Z, Chen LH, Li Y, Yang X Y, Yuan Z Y and Su B
L 2016 Chem. Soc. Rev. 45 3479

YuHS, Wei XJ,LiJ,GuS Q, Zhang S, Wang L H,MaJ Y, LiL N,
Gao Q, Si R, Sun FF, Wang Y, Song F, Xu HJ, Yu X H, Zou Y, Wang
J Q, Jiang Z and Huang Y Y 2015 Nucl. Sci. Tech. 26 050102

Cai J, Dong Q, Han Y, Mao B H, Zhang H, Karlsson P G, Ahlund J,
Tai RZ, Yu Y and Liu Z 2019 Nucl. Sci. Tech. 30 81

Zheng L and Wu X S 2013 Chin. Phys. B 22 107806

Long X H, Wu Y R, Zhang N, Yu P F, Feng X F, Zheng S, FuJ M, Liu
X S, LiuN, Wang M, Xu L M, Chen J M and Lee J M 2018 Chin. Phys.
B 27 107802

Zhang N, Long X H, Wang Z, Yu P F, Han F D, Fu J M, Ren G X, Wu
Y R, Zheng S, Huang W C, Wang C S, Li H and Liu X S 2018 ACS
Appl. Energy Mater. 1 5968

Moses A W, Flores H G G, Kim J G and Langell M A 2007 Appl. Surf.
Sci. 253 4782

Qiao R M, Wray L A, Kim J H, Pieczonka N P W, Harris S J and Yang
W L 2015 J. Phys. Chem. C 119 27228

Wan G, Yu P F, Chen HR, Wen J G, Sun CJ, Zhou H, Zhang N, Li Q
R, Zhao W P, Xie B, Li T and Shi J L 2018 Small 14 1704319

Ful M, Yu P F, Zhang N, Ren G X, Zheng S, Huang W C, Long X H,
Li H and Liu X S 2019 Energ. Environ Sci. 12 1404

Qiao R M, Lucas I T, Karim A, Syzdek J, Liu X S, Chen W, Persson K,
Kostecki R and Yang W L 2014 Adv. Mater. Interfaces 1 1300115

Liu X S, Wang D D, Liu G, Srinivasan V, Liu Z, Hussain Z and Yang
W L 2013 Nat. Commun. 4 2568

[2]
[3]
[4]

[5]

[6]
[7]
[8]

[9]

[10]
[11]
[12]
[13]
[14]

[15]

016101-7


https://doi.org/10.1039/c1ee01598b
https://doi.org/10.1039/c1ee01598b
https://doi.org/10.1021/acs.chemrev.7b00115
https://doi.org/10.1021/acs.chemrev.7b00115
https://doi.org/10.1038/ncomms11053
https://doi.org/10.1039/C6CS00135A
http://dx.doi.org/10.13538/j.1001-8042/nst.26.050102
https://doi.org/10.1007/s41365-019-0608-0
https://doi.org/10.1088/1674-1056/22/10/107806
https://doi.org/10.1088/1674-1056/27/10/107802
https://doi.org/10.1088/1674-1056/27/10/107802
https://doi.org/10.1021/acsaem.8b01035
https://doi.org/10.1021/acsaem.8b01035
https://doi.org/10.1016/j.apsusc.2006.10.044
https://doi.org/10.1016/j.apsusc.2006.10.044
https://doi.org/10.1021/acs.jpcc.5b07479
https://doi.org/10.1002/smll.201704319
https://doi.org/10.1039/C8EE03390K
https://doi.org/10.1002/admi.201300115
https://doi.org/10.1038/ncomms3568

Chin. Phys. B Vol. 29, No. 1 (2020) 016101

[16]
[17]

[18]

[19]

[20]
[21]
[22]

[23]

Rao F, Song Z T, Cheng Y, Liu X S, Xia M J, Li W, Ding K'Y, Feng X
F, Zhu M and Feng S L 2015 Nat. Commun. 6 10040

Zhang S, Gu S Q, Wang Y, Liang C, Yu Y, Han L, Zheng S, Zhang N,
Liu X S, Zhou J and Li J 2019 ACS Catal 9 7389

Yang J, Qiu Z Y, Zhao CM, Wei W C, Chen W X, Li ZJ, Qu Y T,
DongJ C,LuoJ,LiZY and Wu Y E 2018 Angew. Chem. Int. Ed. Engl.
57 14095

WanJ W, Chen W X, Jia CY, Zheng L R, Dong J C, Zheng X S, Wang
Y, Yan W S, Chen C, Peng Q, Wang D S and Li Y D 2018 Adv. Mater.
30 1705369

Yu M J, Wang Y and Xu W 2016 Chin. Phys. B 25 048701

Yang J, Zhu F, Zhang Q, Wu Y, Wu X, Qin S, Dong J C and Chen D L
2013 Chin. Phys. Lett. 30 046101

Yu P F, Cui Z H, Meng J W and Guo X X 2013 Chin. Phys. Lett. 30
036102

Meng X Y, Guo Z, Wang Y, Zhang H, Han Y, Zhao G F, Liu Z and Tai
R Z 2019 J. Synchrotron Radiat 26 543

[24]

[25]

[26]
(27]

(28]

[29]

016101-8

Guo Z, Meng X Y, Wang Y, Liu H G, Zhang X Z, Li Z L, Xue L and
Tai R Z 2017 J. Synchrotron Radiat 24 877

Guo J H, Luo Y, Augustsson A, Rubensson J E, Sathe C, Agren H,
Siegbahn H and Nordgren J 2002 Phys. Rev. Lett. 89 137402

Guo J H 2013 J. Electron. Spectrosc. Relat. Phenom. 188 71

Arthur T S, Glans P A, Matsui M, Zhang R G, Ma B W and Guo ] H
2012 Electrochem. Commun. 24 43

LiuX S, LiuJ,QiaoRM, Yu Y,LiH, SuoLM, Hu Y S, Chuang Y D,
Shu G J, Chou F C, Weng T C, Nordlund D, Sokaras D, Wang Y J, Lin
H, Barbiellini B, Bansil A, Song X Y, Liu Z, Yan S S, Liu G, Qiao S,
Richardson T J, Prendergast D, Hussain Z, de Groot F M F and Yang
W L 2012 J. Am. Chem. Soc. 134 13708

Cheng L, Crumlin E J, Chen W, Qiao R M, Hou H M, Franz Lux S,
Zorba V, Russo R, Kostecki R, Liu Z, Persson K, Yang W L, Cabana J,
Richardson T, Chen G Y and Doeff M 2014 Phys. Chem. Chem. Phys.
16 18294


https://doi.org/10.1038/ncomms10040
https://doi.org/10.1021/acscatal.9b00928
https://doi.org/10.1002/anie.201808049
https://doi.org/10.1002/anie.201808049
https://doi.org/10.1002/adma.201705369
https://doi.org/10.1002/adma.201705369
https://doi.org/10.1088/1674-1056/25/4/048701
https://doi.org/10.1088/0256-307X/30/4/046101
https://doi.org/10.1088/0256-307X/30/3/036102
https://doi.org/10.1088/0256-307X/30/3/036102
https://doi.org/10.1107/S1600577518018179
https://doi.org/10.1107/S1600577517006087
https://doi.org/10.1103/PhysRevLett.89.137402
https://doi.org/10.1016/j.elspec.2012.12.007
https://doi.org/10.1016/j.elecom.2012.08.018
https://doi.org/10.1021/ja303225e
https://doi.org/10.1039/C4CP02921F
https://doi.org/10.1039/C4CP02921F

	1. Introduction
	2. System overview
	2.1. The beam delivery system
	2.2. The analysis chamber
	2.3. The preparation chamber
	2.4. The in situ cells

	3. Results and discussion
	4. Conclusion
	References

