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Abstract: Single-crystalline Ni-rich cathode (SC-NCM) has attracted
increasing interest owing to its greater capacity retention in advanced
solid-state lithium batteries (SSLBs), while suffers from severe
structural instability during cycling. Here, via atomic layer deposition,
LisPO, is introduced to coat SC-NCM (L-NCM), to suppress side
reaction and enhance interfacial stability. The dynamic degradation
and surface regulation of SC-NCM are investigated inside a working
SSLB by in situ atomic force microscopy (AFM). We directly observe
the uneven cathode electrolyte interphase (CEl) and surface defects
on surface of pristine SC-NCM particle. Remarkably, the formed
amorphous LiF-rich CEI on L-NCM maintains the initial structure of
SC-NCM, and thus endows the battery with improved cycling stability
and excellent rate capability. Such on-site tracking provides deep
insights into surface mechanism and structure-reactivity correlation
of SC-NCM, and thus benefits the optimizations of SSLBs.

Introduction

Future generations of electrical vehicles have promoted the
rapidly increasing demands for high-energy-density battery
systems.[!! Solid-state lithium batteries (SSLBs) demonstrate
great potential for electric vehicles and portable electronics, due
to higher energy density and superior safety performance.? In
SSLBs, the collocation of the Ni-rich layer oxide
(LiNixCoyMn1-x-yO2, NCM, x 20.5) cathode and the Li anode is the
most promising approach to achieve an energy density higher
than 300 Wh kg?. However, the inferior chemical compatibility
and poor interface stability between cathode and solid electrolyte
are prone to cause battery performances degradation, hindering
its further extensive application.®! Moreover, traditional layered
oxide cathode always suffers from a significant degradation

process due to intragranular cracking, particle crack formation,
and structural transformations.”! To solve these problems,
creative strategies are necessary to restrict structural failure and
improve structural stability of cathode particles.

Studies have been focused on the single-crystalline Ni-rich
layer oxide cathode of SSLBs due to their superior capacity
retention during long cycle times compared with the conventional
polycrystalline battery particles.®  Single-crystalline NCM
cathode with only one grain for one particle can address the
challenges present in its polycrystalline counterpart by reducing
phase boundaries and materials surfaces.®! On the one hand, in
theory, single-crystaline NCM cathode tends to provide
increased oxygen loss resistance and sound structural stability in
interactions with electrolyte without grain boundaries in
particles.[1 On the other hand, intergranular cracks are induced
by the nonuniform volume change of primary particles during
cycling, and exacerbated by the anisotropic lattice
expansion/contraction among individual particles and grains in
the polycrystalline cathode.® The single-crystalline cathode can
suppress these cracking problem duo to its exhibited intrinsic
integrity. Although single-crystalline NCM cathode that shows
good performance has been demonstrated, degradations from
single-crystalline Ni-rich cathodes still occur and intrinsically
hinder the further improvement of practical applications.®
Intensive investigation of the degradation mechanism of
single-crystalline Ni-rich cathode, exploring effective modification
technologies, are critical in designing advanced electrode
materials with better performance and stability.%!

For the sake of performance enhancements of the
single-crystalline Ni-rich cathode based SSLBs, the surface
modification of cathode has been proved as an effective method
to alleviate the side-reactions, enhance Li* transfer efficiency and
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stabilize the cathode/electrolyte interface.*!! In response, various
materials, such as metal oxides, phosphates and fluorides have
been explored.B* 12 Atomic layer deposition (ALD) is a surface
controlled method that enables the deposition of material precise
angstrom-level thickness with excellent uniformity, and
demonstrates unique advantages in the application of surface
coatings on cathode and anode materials of batteries.*
Although single-crystalline Ni-rich cathode with a coating layer by
ALD enables the suppression of grain boundary cracking due to
internal stress and thus improve the structural stability and
electrochemical performance,3 13 few studies elucidate the
deterioration process and surface regulation mechanism of
single-crystalline Ni-rich cathode. In situ electrochemical atomic
force microscopy (EC-AFM) could monitor the dynamic evolution
of the electrode morphology and its mechanical property by in
situ scanning of the Derjaguin—Muller-Toporov (DMT) modulus
at nanoscale.* 4l Hence, it is expected that in situ EC-AFM
could be used to understand the coupled electro-chemo-
mechanical behaviors of single-crystalline Ni-rich cathode, and
more importantly, to explore the structure-performance
correlations of single-crystalline Ni-rich cathode based SSLBs.

In this work, via in situ EC-AFM, a single-crystalline
LiNio5C002Mng 30, (NCM523) was used as a model material to
reveal the dynamic degradation process and surface regulation
mechanism of single-crystalline Ni-rich cathode in SSLBs, further
understanding the structure-reactivity correlation. The generation
of inhomogeneous cathode electrolyte interphase (CEI) and
surface defects on surface of pristine single-crystalline NCM523
(P-NCM) particles are directly tracked, along with the
decomposition of poly(vinylidene)fluoride (PVDF) & carbon and
the formation of some unstable by-products with high DMT
modulus. Conversely, an ionic conductor LisPO, (LPO) was
introduced to coat single-crystalline NCM523 particle (L-NCM),
leading to the uniform formation of CEI, which inhibits side
reactions, maintains the initial structure of NCM523 and thus
reinforces interfacial stability effectively. As a result, a modified
cathode with improved cycling stability and rate performance in
SSLBs at room temperature was achieved. These results reveal
the surface degradation and regulation mechanism of
single-crystalline  NCM523 particles in SSLBs, and further
provide a direct but vital proof for modification layer in reinforcing
interfacial stability and dynamics, opening new avenues to the
further optimization of battery materials and the establishment of
interfacial engineering.

Results and Discussion

To enable safe and stable operation of SSLBs, surface
regulation of single-crystalline NCM523 cathode for inhibition of
side reaction and improvement of stability are required. The LPO
modification layer is coated on the surface of single-crystalline
NCM523 cathode undergoing ALD method, as schematically
illustrated in Figure 1l1a. Aberration-corrected transmission
electron microscopy (ACTEM) images and X-ray photoelectron
spectroscopy (XPS) experiments were carried out to clarify the
LPO had been successfully introduced on NCM523 particles
(Figure 1b-c and e), and that of LPO coating layer with a
thickness of ~ 6 nm is shown in Figure 1b. The coating process
can not affect the layered structure (Figures 1c and Sla) and the
microstructure (Figure 1f and S1b) of NCM523. X-ray diffraction
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(XRD) patterns of the P-NCM and L-NCM show good retention of
the NCM523 crystallinity without noticeable impurity phase
caused by the ALD (Figure 1d).
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Figure 1. Schematic structure and characterizations of L-NCM. (a) Schematic
illustration of the detailed structure of L-NCM. (b-c) The ACTEM images of the
LPO coating layer on the surface of L-NCM. (d) XRD patterns of the L-NCM
and the P-NCM. (e) P 2p XPS spectra of the L-NCM and the P-NCM. (f)
Scanning electron microscopy (SEM) image of L-NCM.

In order to clarify the superiority of the coating process, cyclic
voltammogram (CV) experiments at various sweep rates
between 2.8 and 4.2 V were carried out to study the Li* diffusion
kinetics in SSLBs. As shown in Figure S2, LPO layer is in favor of
improving Li* diffusion obviously. Galvanostatic intermittent
titration technique (GITT) experiments were further performed to
reveal the variation of interfacial dynamics operated by LPO
layer (Figure S3). The total polarization exhibits a significant
reduction within LPO during charging, and voltage polarization of
L-NCM is obviously lower at the later stage of charging. At the
later stage of charging, high voltage charging process leads to
obstruction of delithiation, and LPO layer facilitates a faster Li*
diffusion in solid batteries, resulting in a relieved polarization and
enhanced interfacial dynamics.

To study the surface degradation mechanism of
single-crystalline Ni-rich cathode materials in a SSLB, in situ
EC-AFM experiments were performed on P-NCM particles in a
P-NCM/ipn-PEA/LI cell, as schematically illustrated in Figure 2
and Figure S4. Figure 2a indicates the observation region on a
P-NCM cathode particle for AFM imaging. Figure 2b presents the
typical CV of P-NCM/ipn-PEA/Li cell cycled in the voltage range
of 2.8 - 4.2 V at a scan rate of 0.1 mV s™. The anodic peak at 3.9
V is related to the oxidation process of Ni ions (Ni2*—Ni®*/Ni**)
and Co ions (Co%*—Co*"), as well as the deintercalation process
of Li*. The cathodic peak at 3.7 V is ascribed to the reverse
reactions with the Li* intercalation into the cathode materials.™%!
Figure 2c and S5 display the AFM images of P-NCM electrode at
open circuit potential (OCP), and the flat region in the image is
the single-crystalline NCM523 cathode particle surface with
samples of block structure marked by white circle. Based on
AFM imaging of composite electrode only contain carbon black
and PVDF (Figure S6) and EDS mapping (Figure S7) of P-NCM
electrode, these samples marked by white circle on P-NCM
electrode surface mainly include PVDF and carbon black. The
corresponding DMT modulus mapping of the P-NCM electrode
shows that the average value is approximately 800 MPa, as
exhibited in Figure 2c’. At the early stage of charging, no obvious
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Figure 2. Degradation process of P-NCM particles in a SSLB. (a) Schematic illustration of the in situ electrochemical AFM cell. (b) Representative CV of the first
cycle in a NCM523/ipn-PEA/Li cell at a sweep rate of 0.1 mV s™. In situ AFM images showing the topography (c-i) and mapping of the DMT modulus (c’-h’) on the
P-NCM electrode surface at OCP (c, c’), upon charging at 4.08 V (d, d’), during 4.08-4.2 V (e, €’) and upon discharging during 3.49-3.4 V (f, ), at 3.4 V (g-h, g’-h’),
during 3.09-2.8 V (i). The scale bars are 200 nm in Figure c-h, ¢’-h’, and the scale bar is 300 nm in Figure i. (j) Quantitatively measured average DMT modulus of
the electrode surface at a certain position (black, yellow, green frame in Figure 2c’) during cycling.

variation is observed (Figure 2d, 2d’). With further charging, it is
worth noting that an amorphous film with lower DMT modulus
grows locally on the side of the particle, as indicated by the
yellow arrows in Figure 2e, e’. Meanwhile, these samples
decompose and shrink gradually, marked by same red frame in
Figure 2d, e and S8, accompanied by the generation of such
products with higher DMT modulus, marked by green arrows in
Figure 2e, e’. Upon discharging, this amorphous film grows,
propagates and ultimately evolves into  nonuniform
partially-covered amorphous film, marked by yellow arrows in
Figure 2f-i, and the DMT modulus of the on-site formed film
decreases to ca. 100 MPa finally (Figure 2h’, Figure S9). In our
previous work, the decrease of DMT modulus may be owing to
accumulation of the organic species, and the formation of
inorganic species might lead to the increase of DMT modulus.“*
6l Figure 2j shows the evolution of the DMT modulus upon
charging/discharging, of these in situ formed film at the three
positions as indicated by the yellow, black and green frames in
Figure 2c'. It is worth noting that the average DMT modulus of
each region is obviously different, which further proves the
difference in surface mechanical properties of the P-NCM
electrode. Combined with previous research and above analyses,
the observed on-site formed amorphous film is hereafter
regarded as the CEl film on cathode particles.[*]

The dynamics evolution of surface defects on P-NCM cathode
particle is real-time recorded in Figure S10. These are some
nano-structured samples mainly including PVDF and carbon
black on P-NCM cathode surface at OCP as shown in Figure

3

S10a. When the cell is charged to 4.08 V, a “hole” appears on the
electrode surface, as indicated by the green arrow in Figure
S10b. With the charging proceeding, this “hole” gradually gets
bigger (Figure S10c-d). Upon discharging, the generation
process of another “hole” is captured on the observation region
of electrode surface, marked by yellow arrows in Figure S9e-g.
Finally, there are two surface defects in viewing area of P-NCM
electrode after first cycle (Figure S10h).

The effect of surface defects on P-NCM cathode patrticles is
further investigated by in situ AFM, as shown in Figure 3. Figure
3a shows the morphology of P-NCM cathode particle at OCP,
where such samples mainly involving PVDF and carbon black
are distributed on the surface marked by red circle, and the
average DMT modulus is ca. 400 MPa (Figure S11a). When the
cell is charged to 4.08 V, the degradation of these samples in red
circle and the generation of surface defect like a “hole” marked
by green arrow were observed in Figure 3b. When the cell is held
at 4.08 V for 2 h, some inconspicuous flocculent products occur
on the surface of particles, as marked by yellow arrow in Figure
3c, and these samples in red circle completely disappeared
(Video S1). Motivated by some recent studies about influence of
additive conductive carbon (carbon black) on the behaviour of
cathode interphases,*” disappearance of these samples may
also be a result of acidic species attack on carbon & PVDF,
resulting in side reaction between electrolyte and carbon & PVDF,
and actively migrate to the cathode particles surface. As
charging/discharging proceeds, the on-site film is slightly thicker
and distributed locally on the surface of P-NCM when the
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Figure 3. The formation of surface defects on P-NCM cathode particle surface
in a SSLB. The in situ AFM images morphology of P-NCM electrode surface at
OCP (a), upon charging (at 4.08 V 1% (b), 4.08V for 2h 1%, (c) 3.66-3.84 V 2"
(d)), and upon discharging (at 4.0-3.84 VV 2" (e), 3.0-2.85 V 2" (f)). The scale
bars are 160 nm.

potential was swept from 3.66 to 3.84 V at second cycle (Figure
3d), which can be identified as CEl film. As the experiment goes
on, the “hole” on the electrode surface gets bigger greatly
marked by green arrow in Figure 3e, and some products appear
around the defect, as marked by yellow arrows in Figure 3e.
Interestingly, along with the formation of these products, the
corresponding  DMT modulus mapping of these products
suddenly increases to 250 MPa as indicated in Figure Slle.
When the cell was discharged from 3.0 to 2.85 V at second cycle,
these irregular products surrounded the surface defect on
observation region of electrode, and the flower-like products left
on the surface of electrode as marked by blue circle in Figure 3f.
Such in situ observations of AFM reveal that the nonuniform CEI
film generated on the P-NCM cathode particle surface, and the
surface defect tend to appear on the surface of P-NCM patrticles
simultaneously, accompanied by some irregular by-products
forming around the surface defects.

The surface mechanism and dynamic evolution process of
NCM523 single-crystalline cathode materials after LPO coating
(L-NCM) in a SSLB are further investigated by in situ AFM, as
shown in Figure 4. Figure 4a shows the CV of L-NCM/ipn-PEAI/LI
cell at a scan rate of 0.1 mV s 1. Compared to P-NCM cathode,

the CV curves of L-NCM cathode show sharp strong peaks (at ca.

anodic 3.85 and cathodic 3.7 V), which are both related to the
redox reaction processes of L-NCM. Combined with the in situ
visualizations, the reaction mechanisms are further discussed
below. An AFM image of the L-NCM cathode particle at OCP is
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exhibited in Figure 4b, and the average value of DMT modulus of
the electrode surface is ca. 120 MPa (Figure 4b’). Upon
sweeping the potential from OCP to 4.08 V, no evident changes
can be observed on the surfaces of the electrode particle. When
the cell is held at 4.08 V for 1.0 h, some fibrous amorphous
products with low DMT modulus form on the L-NCM electrode
surface, as marked by yellow arrows in Figure 4c and c’. With the
charging proceeding, this fibrous amorphous products increase
gradually and ultimately evolve into planar amorphous film
(Figure 4e). At this point, the average value of the DMT modulus
of the electrode decreases to ca. 20 MPa (Figure 4e’) as these
products deposit. When the potential shifts from 4.08 to 4.2 V,
this amorphous film is more evenly distributed on the surface of
particles (Figure 4f), and the DMT modulus of electrode surface
decreases to ca. 10 MPa (Figure S12). As the experiment
progresses, the on-site formed film becomes smoother and
denser, and eventually covers entire particle surface (Figure 4g),
which could be drawn from the AFM images at different regions
in Figure S13. Figure S14 shows the same results through
another experiment, which confirm the this result is repeatable.

The quantitatively measured DMT modulus of L-NCM cathode
particle at three certain positions, as indicated by the yellow,
black and green frames in Figure 4b’, during cycling is shown in
Figure 4h. During the charging process, the average DMT
modulus of these area decreases from 120 MPa (OCP) to 20
MPa (4.08 V), and then gradually decreases to 10 MPa (4.2 V).
Subsequently, a slight increase in DMT modulus (50 MPa, 3.4 V)
is recorded in real time upon discharging. As can be seen from
the DMT modulus curves corresponding to the evolution
processes of the on-site formed film (Figure 4h), the DMT
modulus of three regions are essentially uniform except that
there are slightly different during the formation process of the
on-site formed film at charging to 4.08 V. In the combination of in
situ AFM observations and above analyses, the growth of on-site
formed film regarded as CEl fiims on the L-NCM cathode is
real-time recorded. Comparatively speaking, the reaction
process of the L-NCM electrode is more stable than that of the
P-NCM electrode, which may be attributed to the regulation
effect of modification layer for interfacial side reaction.

Besides, the ex situ XPS was conducted to delicately detect
the chemical configuration and the degree of side reactions at
the surface of P-NCM and L-NCM electrodes. Figure S15
displays the F 1s, O 1s and C 1s XPS spectra of the P-NCM and
L-NCM electrodes at charging to 4.08 V. The assignments of the
XPS peaks on F 1s, O 1s, and C 1s spectra are summarized in
Table S1. In F 1s spectra, the L-NCM electrode shows a stronger
peak at 685.5 eV compared to P-NCM electrode, as shown in
Figure S15a, d, implying that the CEI film of L-NCM electrode is
rich in LiF. As for O 1s and C 1s, the intensity of C=0/Li,CO3 and
-COj3 of P-NCM electrode surface is higher than L-NCM electrode,
indicating the enrichment of Li,CO3 at P-NCM electrode surface.
Meanwhile, the two peaks corresponding to C-O and O-H have
higher intensity at L-NCM electrode surface. In the combination
of in situ AFM observation and the chemical evolution by XPS, it
is concluded that LiF-rich uniform and stable CEI film generates
at the L-NCM cathode surface, while such unstable and
inhomogeneous CEI with more Li»COs have produced on the
P-NCM electrode surface, accompanied by generation of surface
defects and interfacial side reaction. The barrier energy for
diffusion of Li* on the surface of LiF (0.17 eV) is much lower than
that on the surface of Li,CO;3; (0.23 eV), indicating the faster
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Figure 4. Surface Evolution of CEI film on the L-NCM cathode electrode in a SSLB. (a) Representative CV of the first cycle in a L-NCM/ipn-PEA/LI cell at a sweep
rate of 0.1 mV s In situ AFM images showing the topography (b-g) and mapping of the DMT modulus (b’-e’) on the L-NCM electrode surface at OCP (b, b"), upon
charging at 4.08 V (c-e, c’-€’), during 4.08-4.2 V (f), during 3.6-3.75 V (). The scale bars are 160 nm in Figure b-f, b’-e’, and the scale bar is 300 nm in Figure g. (h)
Quantitatively measured average DMT modulus of the electrode surface at a certain position (red, yellow, green frame in Figure 4b’) during charging/discharging.

transport of Li* on LiF surface. It is thus considered that Li,CO3
plays the key role to impede Li* ion diffusion in cathode
interphase layers rather than LiF.[*8!

The surface degradation and interfacial regulation mechanism
of the P-NCM and L-NCM electrodes with the ipn-PEA as the
electrolyte upon charging/discharging were addressed on the
basis of the aforementioned in situ AFM experiments and ex situ
characterizations (Figure 5a). The inhomogeneous CEl and
surface defects prefer to form on surface of P-NCM cathode
particles, along with the decomposition of PVDF & carbon and
the formation of some unstable by-products with high DMT
modulus. This electrochemical behavior of the irregular
generation of by-production and surface degradation may be
related to the instability and poor contact of the
cathode/electrolyte interface, which may further incur the
irreversible dissolution of active material. And the different value
of DMT modulus corresponding different components on P-NCM
electrode surface might lead to uneven diffusion of the Li* ions
and thus block ions transport. Conversely, an ionic conductor
LPO was introduced to coat L-NCM particle by ALD, leading to
the uniform formation of CEI, which inhibits side reactions,
maintains the initial structure of NCM523 and thus reinforces
interfacial stability effectively. Figure 5b and S16 show the
electrochemical impedance spectroscopy (EIS) measurements
of L-NCM and P-NCM electrode to probe the interfacial

resistance of the electrode at the first cycle and the 100™ cycle.
For detailed analyses, equivalent circuits were simulated to fit the
experimental data (Table S2). The L-NCM cathode exhibits a
slower charge-transfer resistance increasing than that of the
P-NCM electrode during cycling, implying the LPO layer leads to
polarization shrinkage and improved cycling stability, which is
related to the uniformity of interfacial evolution process.lta 19
The LPO layer effectively matches the interface and induces the
generation of LiF-rich stable CEIl film, thus inhibiting the
interfacial side reactions and enhancing interface dynamics
which is consistent with the previous CV and AFM results.

To further clarify the superiority of modification layer in the
electrochemical process in SSLBs, P-NCM or L-NCM cathodes
and Li metal anodes with ipn-PEA solid electrolyte were
assembled into full batteries. The initial charge and discharge
curves for the P-NCM and L-NCM cathodes in solid batteries
were tested at a low rate of 0.1 C between 2.8 and 4.2 V (Figure
5c). The reversible discharge capacities of P-NCM and L-NCM
are 136.9 and 179.9 mA h-g?, respectively, and the L-NCM
exhibits higher capacity. Meanwhile, it's observed that the
L-NCM shows better rate performance from 0.1 C, and a
capacity of 102.1 mA h g* can still be retained at a high rate of 2
C (Figure 5d). Figure 5e displays cycling performances of L-NCM
and P-NCM over 100 cycles at a rate of 0.2 C, and the cycling
stability of L-NCM is significantly improved. As schematically
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illustrated in Figure 5c, the L-NCM cathode exhibits a capacity
retention of 82.3% over 100 cycles (153 mA h g™) at a current
rate of 0.2 C, while the P-NCM cathode remains only 67.8% of its
initial capacity (83.9 mA h g™%). Combining the results of in situ
AFM and XPS, the improved cycling stability of L-NCM may be
attributed to such stable and uniform LiF-rich CEI film on L-NCM
cathode surface, and the excellent rate performance of L-NCM
further proves that the LPO modification layer facilitates
interfacial dynamics of SSLBs, which may be related to a
consequence of this quality amorphous CEI protection and the
rapid and uniform diffusion of the Li* ions on the surface of
electrode.
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Figure 5. Electrochemical performances of P-NCM and L-NCM in SSLBs. (a)
Schematic illustration of the surface degradation and interfacial regulation
mechanism of the P-NCM and L-NCM electrodes with the ipn-PEA as the
electrolyte upon charging/discharging. (b) Fitted impedance plots with inserted
equivalent circuit derived from the first cycle and 100" cycle of P-NCM and
L-NCM cathode. (c) Initial charge and discharge profiles of the two cathodes at
a rate of 0.1 C. (d) Rate capabilities of the P-NCM and L-NCM cathode. (e)
Cycling performances over 100 cycles at a rate of 0.2 C.

Conclusion

In summary, via in situ electrochemical AFM monitoring, we
have successfully disclosed the dynamic degradation process,
and surface regulation mechanism after LPO modification by
ALD, of single-crystalline NCM523 cathode particles in working
SSLBs. Itis discovered that LPO layer play a key role in inducing
LiF-rich stable CEIl film on electrode surface and hampering
interfacial side reaction, which determine the corresponding
dynamic evolution process of surface morphology and
mechanical property in SSLBs upon charging/discharging.
Whereas, the formation of inhomogeneous and unstable CEI film
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and the generation of surface defects on pristine
single-crystalline NCM523 cathode were elucidated during
cycling, which reveals the surface degradation of
single-crystalline NCM523 cathode. The LPO coating mediates
the surafce structure changes and dynamic evolution of the CEl
film on single-crystalline NCM523 cathode, which further reduces
resistance and relieves polarization at the interface between
cathode and solid electrolyte. Such design can protect
single-crystalline NCM523 cathode structure, alleviate side
reactions, and enhance cycling stability and dynamic properties
of SSLBs. These results provide straightforward evidence of the
surface  mechanism and structure-reactivity correlation of
single-crystalline NCM523 cathode in SSLBs, and propose a
facile and effective strategy to enhance cathode/solid electrolyte
interface stability as well as dynamics for other solid batteries.
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Insights into the surface mechanism on the single-crystalline LiNigsC002Mng 30, (SC-NCM) cathode are disclosed by in situ atomic
force microscopy in quasi-solid-state batteries. Via atomic layer deposition, the LisPO; is introduced to coat SC-NCM, leading to the
uniform formation of LiF-rich cathode electrolyte interphase and suppression of side reaction, which endows batteries with enhanced

interfacial stability, durability and dynamics.
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