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Kinetic analysis of silicon—lithium alloying reaction
in silicon single crystal using soft X-ray absorption
spectroscopyf
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Silicon has been considered to be one of the most promising anode active materials for next-generation
lithium-ion batteries due to its large theoretical capacity (4200 mA h g~ Li,,Sis). However, silicon
anodes suffer from degradation due to large volume expansion and contraction. To control the ideal
particle morphology, an experimental method is required to analyze anisotropic diffusion and surface
reaction phenomena. This study investigates the anisotropy of the silicon-lithium alloying reaction using
electrochemical measurements and Si K-edge X-ray absorption spectroscopy on silicon single crystals.
During the electrochemical reduction process in lithium-ion battery systems, the continuous formation
of solid electrolyte interphase (SEI) films prevents the achievement of steady-state conditions. Instead,
the physical contact between silicon single crystals and lithium metals can prevent the effect of SEI
formation. The apparent diffusion coefficient and the surface reaction coefficient are determined from
the progress of the alloying reaction analyzed by X-ray absorption spectroscopy. While the apparent
diffusion coefficients show no clear anisotropy, the apparent surface reaction coefficient of Si (100) is
more significant than that of Si (111). This finding indicates that the surface reaction of silicon governs the
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1. Introduction

Lithium-ion batteries have become ubiquitous in our daily lives,
powering everything from smartphones to electric vehicles.
However, they suffer from low energy density, cost, and safety
issues, which hinder their widespread adoption in some
applications.” The quest to face this challenge has led many
researchers to explore the potential of silicon as an anode
material for lithium-ion batteries. Its extraordinarily high
theoretical specific capacity of up to 4200 mA h g~ * for alloyed
silicon Li,,Sis is approximately eleven times higher than
~372 mA h g~ ' of graphite, which is currently used as anodes.>*
In addition, the abundant resources of silicon and its high
safety indicate the potential of silicon to revolutionize the
energy storage industry.*® However, many have known that
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anisotropy of practical lithium alloying reaction for silicon anodes.

typical silicon anodes suffer from huge volume expansion
during the lithiation process (up to 400%), leading to capacity
fade due to mechanical and electrical integrity failures.®®
Furthermore, the slow kinetics caused by the lower diffusion
coefficient value of Li in silicon provides an extra challenge for
achieving high-performance lithium-ion batteries.*** Therefore,
the fundamental understanding of silicon-lithium (Si-Li)
alloying reaction mechanism is essential to develop a silicon
anode with less capacity degradation during the electro-
chemical reaction.

One of the origins of capacity degradation is the cracking of
silicon particles, which accelerates the further electrolyte
decomposition, causing the irreversible charge reaction.>*> The
cracks are caused by anisotropic lithium diffusion, where
inhomogeneous volume expansion and silicon compression
cause enormous strain in the particles.”*™® The scanning elec-
tron microscopic studies of electrochemical lithiation into
silicon nanowires indicated that the Si-Li alloying reaction
exhibits anisotropy properties based on the crystal plane.**'">>
Nevertheless, the effect of the anisotropy of the lithiation with
silicon of different orientations remains unclear.

Many findings have reported energetically favourable Li-Si
alloying reactions in the [110] direction of the Si crystal plane
since it experiences less structural degradation and minimizes
the amount of capacity lost during electrochemical

© 2023 The Author(s). Published by the Royal Society of Chemistry
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cycling.'*'82023-25 Meanwhile, even though stresses are concen-
trated in the Si (100) crystal plane due to the tensile and
compressive forces,**?**” recent findings also indicate that Si
(100) has better cycle reversibility and faster Li diffusion
compared to Si (111) and (110) due to its better interfacial
reaction with lithium.*****° The simulation study by the finite
element method has also successfully demonstrated the crack
formation in the (100) direction,* which leads to more exposure
of the silicon surface to lithium.*® To suppress degradation
caused by anisotropy, morphology control such as nanowires
and leaf shapes have been proposed.'**'** Moreover, Lau et al.
reported that the effect of highly doped n-type silicon single
crystal seems to reduce surface fragmentation during initial
lithiation.** Uncovering the anisotropy of the Si-Li alloy reac-
tion will be valuable insight for improving the cycle properties
of Si. In this work, we present an approach to observe the
lithium alloying mechanism using a straightforward model by
employing Sb-doped Si (100) and Si (111) single crystals as the
electrode material in the electrochemical system.

Electrochemical of Si-Li alloying reaction consists of the
following four processes: (1) desolvation of Li ions, (2) aniso-
tropic lithium ion intercalation to the Si surface, (3) anisotropic
diffusion of lithium ions into the Si crystal, (4) phase trans-
formation to the Si-Li alloy phase.®***¢ Furthermore, solid
electrolyte interphase (SEI) exists in electrochemical reactions
using organic electrolytes and forms a complex electrode/
electrolyte interface.****

Theoretical studies have been carried out to analyze the
anisotropy of alloying reactions, especially at the atomic level.**
Similarly, the anisotropy of diffusion phenomena with surface
reactions has also been analyzed.*® Nonetheless, to the best of
the authors' knowledge, experimental attempts to quantify the
anisotropy of diffusion phenomena have not been successful.
Many attempts have been made to calculate the apparent
diffusion coefficient by electrochemical measurements, such as
galvanostatic intermittent titration technique (GITT) and
impedance spectroscopy.’”** It appears that anisotropy
phenomena can be analyzed by the electrochemistry of single
crystals. However, some results were reported for GITT using
thin films, where the apparent diffusion coefficient highly
depends on the electrolyte.** In addition, excessive expansion
and compression of silicon cause irreversible changes in the
SEI, which in this case, is excluded from the application of
electrochemical determination of chemical diffusion
coefficient.

In this study, we propose the method of attaching Li to Si
single crystals for the Si-Li alloy reaction without SEI formation.
That is, the Si-Li alloying reaction can be analyzed by the
adhesion of Si and Li with the simple interface of Si|Si-Li|Li.
The contact time dependence of the progress of the Si-Li
alloying reaction is analyzed for single crystals with Si (100) and
(111) planes by Si K-edge X-ray absorption spectroscopy (XAS)
measurements. Using the diffusion solution obtained by
solving the diffusion equation, the apparent diffusion coeffi-
cient inside the silicon single crystal and the surface reaction
coefficient on the silicon single crystal can be separated, and
their parameters are discussed.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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2. Experimental
2.1 Materials

Sb-doped Si single crystals (length: 10 mm, width: 10 mm,
thickness: 0.525 mm) were purchased from Crystal Base Co.,
Ltd. The resistances of Si single crystals (100) and (111) were
0.0018-0.02 and 0.01-0.02 Q cm, respectively. Si single crystals
were immersed in piranha solution (a mixture of H,SO, : H,0,
= 2:1 in volume ratio) for 30 min and then washed with
ultrapure water. In order to remove the surface oxide film, Si
single crystals were immersed in 5 wt% of HF for 5 min. Each
pretreatment process was always followed by a thorough rinsing
using ultrapure water. These samples were enclosed in a lami-
nated bag in a glove box filled with Ar atmosphere to be char-
acterized with X-ray photoelectron spectroscopy (XPS) (PHI5000
Versa Probe 2, ULVAC-PHI, Inc.).

2.2 Electrochemistry

Three-electrodes electrochemical cells (Fig. S1t) were fabricated
in an Ar-filled glove box. Pretreated Si single crystals were used as
working electrodes, and lithium metal foils (99.9%, thickness:
200 um, Honjo Metal Co., Ltd.) were used as the counter and
reference electrodes. 1 mol dm > LiPFg in ethylene carbonate
and ethyl methyl carbonate (3:7 in volume ratio, Kishida
Chemical Co., Ltd) was used as an electrolyte. After keeping the
initial voltage for 1 hour, cyclic voltammogram (CV) measure-
ments were carried out using potentiostat (HZ-7000, Hokuto
Denko) at the scan rate of 1 mV s between 0.01 V-2.40 V (vs. Li/
Li"). Electrochemical impedance spectroscopy (EIS) measure-
ments (voltage amplitude: 10 mV, frequency: 0.1 Hz-1 MHz,
VersaSTAT4, AMETEK) were carried out at 25 °C in the thermo-
stat (SU-221, ESPEC) after the voltage was set to 0.01 V (vs. Li/Li").
Time dependence was investigated every 1 hour in the same
frequency and voltage amplitude mentioned above.

2.3 Contact between Si single crystal and Li

Si single crystals were contacted with Li metal foil at various
times using homemade jigs. The jigs were disassembled, and Li
metal was removed from Si single crystals. The Si single crystals
were put into the transfer vessel for the XAS measurements.
These procedures were carried out in an Ar-filled glove box. Si K-
edge XAS measurements were performed at the soft X-ray double
crystal beamline, BL-10, in the SR Center Ritsumeikan Univer-
sity. Si single crystals were put into a vacuum chamber without
air exposure. X-ray was monochromized by InSb (111) double-
crystal and XAS was measured in a fluorescence yield mode.

3. Results and discussion

Silicon surface condition is crucial for understanding the
initiation of alloying reactions. Si crystals were pretreated with
piranha solution and hydrofluoric acid to remove the organic
contamination and oxide layer at the surface before assembling
into the electrochemical cell. We then examined the chemical
state changes of the Si (100) and (111) crystal surface before and
after the pretreatment process by XPS (Fig. S21). O 1s XPS
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spectra (Fig. S2(a) and (c)f) describe the peak intensity at
binding energy 532 eV, which reduces to less than 10% after the
pretreatment. This reduction corresponds to the removal of
oxide film by HF solution, resulting in a decrease of oxygen
atoms ratio in the total spectrum. In addition, Si 2p XPS spectra
(Fig. S2(b) and (d)}) show two peaks at 103 eV and 99 eV for
pristine silicon single crystal before pretreatment. The peak at
the binding energy of 103 eV, which corresponds to SiO, peak, is
no longer traced after the pretreatment. Considering these
results, the pretreatment process of silicon crystals before
assembling them to the cell is considered essential since the
surface reaction in the silicon will determine the Si-Li alloying
reaction.

The analysis of lithium alloying reaction by electrochemical
measurement was examined. CV measurements were per-
formed to study the electrochemical behaviour of silicon single
crystal in different crystal planes. Fig. 1 shows the cyclic vol-
tammograms of Si (100) and Si (111). A sharp reduction peak is
confirmed at 0.1 V, suggesting that a large reduction current is
induced by Si-Li alloying reaction.*®*' Oxidation peaks are
observed around 0.31 and 0.51 V, corresponding to lithium
dealloying from the silicon crystal structure.**** The pattern of
the CV profile is consistent with previously reported CVs of
silicon single crystal (100) or (111) crystal planes; the cathodic
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Fig. 1 Cyclic voltammograms of (a) Si (100) and (b) Si (111) single
crystal, respectively. The scan rate was set at 1.0 mV s, and the scan
range was 0.01-2.40 V (vs. Li/Li*) for 5 cycles.
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peak below 0.1 V originates from the formation of the Li;5Si,
alloying phase with amorphization, and the two peaks in the
anodic process originate from the dealloying from the Li;5Si,
alloying phase to crystalline Si with Li,,Si.***** To our
knowledge, there have been no reports comparing (100) and
(111) CVs of silicon single crystals. The coulomb charge during
the first cathodic scan is 4.58 x 10~® mA h cm ™ for Si (100) and
2.25 x 107°® mA h em ™~ for Si (111). The current density of the
reduction and oxidation current of Si (100) is about two times
larger than the Si (111) during the first cycle. This phenomenon
can be attributed to the lithium insertion behaviour, which
exhibits a higher tendency to diffuse along Si (100) than in Si
(111).>¢ After the second cycle, cathodic currents begin to be
observed at higher potentials. This result is consistent with
reports of higher lithium alloying potentials after the second
cycle as an effect of amorphization.?®*>* The cycle-by-cycle
current value change indicates that the kinetics varies contin-
uously due to morphological changes on the silicon surface.
Therefore, it is difficult to calculate the chemical diffusion
coefficient of silicon through CV analysis.

The electrochemical process of Si-Li alloying reaction
involves the formation of SEI. The time dependence of SEI
formation at low potentials is analyzed by EIS. The potential was
set to 0.01 V through chronoamperometry measurements. EIS
measurements were performed at each hour for a total of 5
hours. The results are plotted in the Nyquist plot shown in
Fig. 2, showing an increase in the size of semicircle. In the case
of single crystal measurements, the alloying reaction is
concentrated on the surface of single crystal at a depth of a few
micrometers.** The semicircle of the EIS in this measurement
corresponds to the reaction at the electrode/electrolyte at the
interface. Once the steady state of lithium alloying reaction is
reached, increasing the time of the alloying reaction by holding
the potential at 0.01 V should not significantly change the size
of the semicircle. Therefore, the enlargement of the semicircle
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Fig. 2 Nyquist plots of electrochemical impedance in the frequency
range of 0.1 Hz to 1 MHz at the potential 0.01 V vs. Li/Li* for Si (100)
after electrochemical Si—Li alloying reaction. Inset figure shows the
semicircle at high-frequency region.
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over time is likely attributed to the electrolyte decomposition at
low potential, leading to the formation of SEI. Consequently,
this alteration in the SEI layer influences the impedance
behavior. Further analysis was conducted by XAS measurement
to investigate the apparent diffusion of lithium in silicon, which
could not be evaluated using electrochemical measurement.
The silicon single crystals were examined by scanning the
potential down to 0.01 V using LSV method and maintained for
5 hours (Fig. S3(a)t). X-ray absorption near-edge structure
(XANES) region of Si K-edge XAS spectra shows an energy shift
in the initial and alloyed silicon single crystals (100)
(Fig. S3(b)t), but the shift is relatively small. The impedance
results indicate that holding the potential to the silicon at 0.01 V
leads to an increase in Si expansion associated with lithium
alloying, further promoting SEI formation and slowing the
electrochemical lithium alloying reaction. These results suggest
that the continuous formation of SEI occurs at the electrode—
electrolyte interface, especially at low potentials. Therefore, the
determination of chemical diffusion coefficients by EIS or GITT
methods is not applicable.

The formation of SEI on the surface of silicon single crystals
during electrochemical reactions involves complex phenomena
that pose challenges to conducting quantitative analysis using
XANES. As a strategy to eliminate the SEI formation, the silicon
single crystal samples were contacted directly to the lithium
metal into a jig, as shown in Fig. 3(a). The overall alloying
mechanism of Si-Li alloying reaction may differ between the
direct contact and alloying process with the presence of elec-
trolyte. Nevertheless, the underlying principles and reaction
phenomena related remain consistent in terms of its chemical
potential. The alloying of Li to Si in our direct contact system is
derived by the reducibility of lithium which occur at 0 V vs. Li/
Li". Meanwhile, the electrochemical potential for Li-alloying
reaction for Si anode is approximately 0.1 V vs. Li/Li*.*® By
taking this into account, our direct contact method enables
a straightforward analysis of the fundamental aspects of the
alloying reaction between Si and Li independently from the
complex reaction involving the SEI formation. Si K-edge XANES
results of Si (100) and Si (111) for various contacted times are
shown in Fig. 3(b) and (c), respectively. Compared to Si (111),
the peak intensity of Si (100) significantly reduces after 20
seconds of contact with lithium, and the low energy side of the
absorption edge is significantly broadened. This result quali-
tatively indicates that the alloying reaction of Si (100) with
lithium takes a shorter time. The peak intensity around 1840 eV
reduces, and with the longer contacting time, the entire spec-
trum shifts to a lower energy level. The significant change of
electron density caused by the lithium insertion into silicon is
assumed to be responsible for this shift."”>** Furthermore, an
isosbestic point is observed around 1838 eV for both types of
silicon crystal due to the fact that the observed Si-Li alloying
reaction is an apparent two-phase reaction system.'**>*” From
this trend, by decomposing the XANES spectra into the initial Si
and lithiated phase components, quantitative information can
be obtained on the progress of the alloying reaction.

The calculated progression of the lithium alloying reaction
versus reaction time from the two-component XANES analysis of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Schematic of jig to settled lithium metal and silicon single
crystal. They were assembled at 10 cN m using torque driver. Si K-edge
XANES spectra of (b) Si (100) and (c) Si (111) single crystals at each
contacting time with lithium. It is noted that the spectra in (b) and (c)
was normalized by one at 1890 eV.

Si(100) and (111) are shown in Fig. 4(a) and (b), respectively. For
Si (100), the alloying reaction is sufficiently well completed
within approximately 100 s after the contact starts, whereas for
Si (111) takes approximately 500 s. The apparent lithium alloy-
ing reaction can be divided into a lithium insertion process at
the silicon surface and lithium diffusion into the silicon
subsurface, followed by phase transformation. In this study, the
former reaction is regarded as the surface reaction process and
the latter as the apparent diffusion process. The surface reac-
tion coefficient and the diffusion coefficient are calculated by
fitting the data shown in Fig. 4(a) and (b).

The thickness of the silicon is 0.525 mm, which is thicker
than that of a general electrode active material. Therefore, we

RSC Adv, 2023, 13, 1711417120 | 1717
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Fig. 4 Relationship between the contacting time and the state of
alloying reaction in (a) Si (100) and (b) Si (111) single crystals. These plots
were fitted to diffusion solution equation proposed by Crank.*®

assumed that the diffusion length was sufficient for the semi-
infinite diffusion approximation.*® The one-dimensional diffu-
sion equation is given by eqn (1) according to Fick's second law:*®

de(x, t) dc(x, 1)
=D 1
at dx? @
where x is the diffusion depth (cm), ¢(x,¢) is the concentration of
lithium in silicon substrate (mol cm™") at the contact time ¢ (s),
and D is the apparent diffusion coefficient (cm” s~'). Moreover,
the boundary condition is given by the following eqn (2):

ac(0,1)
dx

= —k[ceq — ¢(0,1)] 2
where ¢, = ¢(x, 0) = 0 (mol cm ') is the initial concentration, ceq
is the equilibrium concentration of lithium (mol cm™ ') when
equilibrium was reached at 7 (s), and k is the apparent surface
reaction coefficient (cm s~ ). The following equation is obtained
using a variable conversion method under these conditions:

c(x, 1) =c¢ {erfc (L)
o 2v/ Dt
—exp(hx + D) erfc<

2\;E+ h\/ﬁ)} 3)
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where erfc(u) is complementary error function. The erfc(x) can
be shown as follows:

erfe(u) =1 —erf(u) =1 — % J: exp(—*)de

= \/iﬁ Jexp(—tz)dt (5)

The graph plotting eqn (3) is shown in Fig. S4.7

Furthermore, to calculate the reaction ratio at the reaction
time ¢ (0 = ¢ = T, T is the equilibrium time of Si-Li alloying
reaction) using the eqn (3), we defined M, is the amount of
molar of Si-Li alloy (mol) at the reaction time 7 (s) and Mcq
which is the amount of molar of Si-Li alloy (mol) at 7, and M./
M4 as reaction ratio. In this work, we assumed that L, which is
the depth of Si-Li alloy (cm) at the time of T is equal to the
detection depth of fluorescence XAS A¢ (cm) in the eqn (6)
because the diffusion length of lithium in Si single crystals can
be only detected up to A¢ as follows:*®

sin ¢

A= —— P
pt + pr tan ¢

(6)
where ¢ = 85° is the incident angle (degree), wfis X-ray absorption
coefficient of material (cm '), and w} is fluorescence X-ray
absorption coefficient of material (cm™"). The detection depth
Af was calculated as 1.19 x 10~* cm using eqn (6).

The amount of substance of Si-Li alloy present up to the
depth L at the time 7 is determined by the integral value up to
the depth L. In addition, M.q was calculated as C.qL because
C(x,t) reached Ccq at the time of 7. Therefore, the reaction ratio
of M./Mq at the time of 7 as follows:

M, Jy Clx,7)dx
M, CeqL
1l+12 ¥ ,
X erfc —exp(hx +h"D
- =], cafere(3) -owle+ 00
X
x erfc + hv' D )}dx 7
(2\/D‘c ‘ )

L=l + 1, (8)

where [; is the depth of Si-Li alloy (cm), and I, is the depth of
unreacted Si (cm). The following eqn (9) is obtained because
¢(x,7) equals to zero at the x (I,<x = 1,):

Ul
]\A/[i; = % X L {erfc (#E) — exp(hx + " Dr)
X
fc| ——+ hv D d 9
xerc(z\/lTTJr r)} X 9)

In this work, we calculated the apparent diffusion coeffi-
cients and surface reaction coefficients using eqn (9) for fitting.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The calculated apparent diffusion coefficients (D) of Si (100)
and Si (111) are 6.6 x 107 '° and 3.2 x 107 '° cm® s, respec-
tively. In this experiment, lithium in single crystal can diffuse
easily to various crystal planes, indicating that the diffusion is
not one-dimensional. Hence, even if there is anisotropy of the
diffusion coefficient, the apparent diffusion coefficient ob-
tained in this experiment would not differ significantly. On the
other hand, the calculated surface reaction coefficients (k) of Si
(100) and Si (111) are 5.0 x 10> and 4.0 x 10°® cm s 7,
respectively. The surface reaction coefficient at [100] is more
than one order of magnitude higher because the surface reac-
tion occurs at a two-dimensional interface.

The calculated surface reaction coefficients for Si (100) and
(111) in this study show the opposite trend to the energy barrier
for surface layer lithiation, as obtained by density functional
theory (DFT).'*?** This is likely because the energy barrier
calculated by DFT is based on the assumption that the crystal
structure remains intact, whereas in actual lithium alloying, the
crystal structure is amorphized as lithium penetrates from the
surface to the first Si layer.*" In the actual alloying reaction,
amorphization occurs by displacing silicon atoms on the
surface. Wang et al. calculated the degree of amorphization
progression at each crystal plane by molecular dynamics and
found that the crystals are more likely to collapse in the order of
(100), (111), and (110).* Once amorphized, the cage-like silicon
structure which hindered the insertion of lithium is destroyed.
As a result, Si (100) reacts more with lithium and accelerates the
reaction, leading to a higher surface area.

In order to gain more comprehensive understanding of the
structural properties and electric states of the LiSi alloy, future
studies can explore the integration of soft X-ray emission
spectroscopy (SXES) with synchrotron radiation light source
such as XAS.”* Aoki et al. have demonstrated the applicability of
SXES with XRD and SEM in characterizing the structure,
composition, and electronic states of similar LiSi alloy
systems.** Incorporating SXES and XAS would further enhance
the structural analysis capabilities for future investigations of
LiSi alloy.

4. Conclusion

We have examined the anisotropy of the lithium alloying reac-
tion of Si (100) and (111) single crystal anodes. The electro-
chemical reaction causes the continuous formation of SEI,
which disturbs the steady state for electrochemical analysis for
EIS and GITT. The physical contact between lithium metal and
silicon crystals allows the alloying reaction without the effect of
SEL Si K-edge XAS provides the state of the alloying reaction.
The time dependence of the alloying state provides the apparent
diffusion coefficient and the surface reaction coefficient. The
apparent diffusion coefficients in Si (100) and Si (111) are not
significantly different because practical lithium diffusion in
bulk Si is three-dimensional. Nevertheless, the surface reaction
coefficient of Si (100) is one order higher than that of Si (111),
indicating that the anisotropy of the Li alloying reaction in Si is
dominated by the surface reaction.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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