nature materials

Article https://doi.org/10.1038/541563-024-01842-y

Effect of pre-intercalation onLi-iondiffusion
mapped by topochemical single-crystal
transformation and operando investigation

Received: 26 February 2022 Yuting Luo®"25, Joseph V. Handy"??, Tisita Das®%, John D. Ponis ® 25,
Ryan Albers'?, Yu-Hsiang Chiang ® ', Matt Pharr®*, Brian J. Schultz®,
Leonardo Gobbato®, Dean C. Brown®, Sudip Chakraborty®3’ < &
Published online: 21 March 2024 Sarbajit Banerjee ® 2

Accepted: 19 February 2024

W Check for updates

Limitations in electrochemical performance as well as supply chain
challenges have rendered positive electrode materials a critical bottleneck
for Li-ion batteries. State-of-the-art Li-ion batteries fall short of accessing
theoretical capacities. As such, there is intense interest in the design of
strategies that enable the more effective utilization of active intercalation
materials. Pre-intercalation with alkali-metalions has attracted interest

as ameans of accessing higher reversible capacity and improved rate
performance. However, the structural basis forimprovementsin
electrochemical performance remains mostly unexplored. Here we

use topochemical single-crystal-to-single-crystal transformations in
atunnel-structured ¢-V,0; positive electrode toillustrate the effect of
pre-intercalation in modifying the host lattice and altering diffusion
pathways. Furthermore, operando synchrotron X-ray diffractionis used

to map Li-ion site preferences and occupancies as a function of the depth
of discharge in pre-intercalated materials. Na- and K-ion intercalation
‘props open’ the one-dimensional tunnel, reduces electrostatic repulsions
betweeninserted Liions and entirely modifies diffusion pathways, enabling
orders of magnitude higher Li-ion diffusivities and accessing higher
capacities. Deciphering the atomistic origins of improved performance in
pre-intercalated materials on the basis of single-crystal-to-single-crystal
topochemical transformation and operando diffraction studies paves the
way to site-selective modification approaches for positive electrode design.

Lithium-ion batteries are crucial to the energy transition, fromenabling  Unlocking the remaining capacity requires the design of materials
electromobility to addressing the myriad challenges of an entirely  thatadapt to thereversible insertion of Liions across multiple length
reimagined electric grid'>. However, state-of-the-art devices often  scales with minimal distortions®”. Limitationsin electrochemical per-
do not realize the theoretical capacities of insertion electrodes>'.  formance as well as supply chain challenges have rendered positive
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Fig.1|Structural and morphological characterization. a,b, Refined single-
crystal structures of -Na, 3,V,0s (@) and B-K, ,,V,05 (b) viewed down the b axis.
Colour key: yellow, Na; purple, K; blue polyhedra, VO,/VOs. All thermal ellipsoids
shown at 90% probability; unit-cell boundaries indicated by a dashed line.

¢, Single-crystal structure of empty -V,0; viewed down the b axis, with vacant §
(unit-cell multiplicity 4), B’ (multiplicity 4) and C (multiplicity 2) sites indicated
by light-grey, dark-grey and blue dashed circles, respectively. Orange polyhedra,
VO4/VOg; unit-cell boundaries indicated by a dashed line. d-f, Perspective views
of seven-coordinate {3 site occupied by Na* (d) and K* (e) and five-coordinate

] Li-ion intercalation

B-Na,V,05/ B-K,V,05

site occupied by Li* (f) within the V,05 tunnel, with dashed lines indicating the
Shannon crystal radii of Na (1.26 A), K (1.60 A) and Li (0.90 A). Thermal ellipsoids
shown at 60% probability. g, Perspective view of the {-V,0s tunnel with seven-
coordinate 3, five-coordinate 3 and two-coordinate C sites indicated by light-
grey, dark-grey and blue spheres, respectively. h,i, Scanning electron microscopy
(SEM) images of B-Na, ,sV,05 (h) and B-K, ,,V,0; (i). j, Schematic illustration of
tunnel expansion induced by Na*/K* chemical pre-intercalation. Refinements

of powder XRD patterns of B-Na, ,;V,0sand B-K,,,V,0s are presented in
Supplementary Fig. 2.

electrode materials a critical bottleneck®’. An important lever for
realizing the full potential of positive electrode materials is the idea
of pre-intercalation, wherein (typically) alkali or alkaline-earth cati-
ons occupy specific interstitial sites, thereby expanding the galler-
ies between layered materials or propping open three-dimensional
(3D) structures'®2, In this work, we directly examine the role of
alkali-metal-ion pre-intercalation by comparinglithiation/delithiation
mechanismsin ¢-V,0;,a one-dimensional (1D) tunnel-structured poly-
morphof V,05 upon pre-intercalation with Naand Kions. By illustrating
the dynamical evolution oflithiation-induced structural perturbations
using synchrotron-based operando powder X-ray diffraction (XRD)
measurements along with high-resolution ex situ single-crystal XRD
oftopochemicallithiation of macroscopic crystals, and by correlating
the observed structure evolution with electrochemical performance,
we have deciphered the effect of pre-intercalation on crystal lattice
dynamics and diffusion pathways traversed by Liions.

As a result of its multiple accessible redox couples and limited
proclivity for oxygen evolution, V,0s represents an attractive insertion
host™*. Moreover, vanadium boasts globally diverse supply chains”.
Despite appealing economic prospects for vanadium production,
lithiation of the thermodynamically stable orthorhombic V,0; triggers

distortive andirreversible phase transformations'®. However, to over-
come challengestied tointercalation-induced structural transforma-
tions, V,0; provides aremarkable platform for decoupling composition
fromstructure by exploration of a plethora of metastable polymorphs
acrossits ‘rugged’ energy landscape” " (Supplementary Fig. 1).
Here, to address the challenges of phase heterogeneity, diffu-
sion limitations and stress gradients®'**, we have identified the 1D
tunnel-structured ¢-V,05 polymorph as ideal for accommodating Li
ions through adistinctive lithiation mechanisminvolving cationreor-
deringinstead of phase transformations'®'*?>?*, The -V,0; polymorph
alleviates phase heterogeneity, enabling excellent cycling stability and
improved rate capability?’. Chemical pre-intercalation hasbeenused a
means of ‘pillaring’, expanding interlayer spacingin layered structures,
toincrease accessible capacity and diffusivity”**"”. However, mechanis-
ticunderstanding of how pre-intercalation affects structure dynamics
and diffusion pathways remains unexplored. Here, we grow single crys-
tals of B-A,V,05 (A = Na, K) and topochemically lithiate single crystals,
thus providing anatomic-resolution view of pre-intercalation-induced
modifications to diffusion pathways. The pre-intercalated materials
have further been examined by operando synchrotron powder XRD
to examine cation reordering. The pre-intercalation-derived altered
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structural dynamics and diffusion pathways are shown to correlate
with improved discharge/charge capacities and enhanced Li-ion dif-
fusivities. The results provide mechanistic understanding of the role
of pre-intercalationin decreasing the magnitude of lattice modulation
and affording alternative diffusion pathways.

Single-crystal structure solutions are shown in Fig. 1a,b for
B-Nay;,V,05 and B-K,,,V,0s (see structural refinement details in Sup-
plementary Tables 1-6), respectively, and are contrasted with the
‘empty’ metastable 1D polymorph {-V,0; (Fig. 1c)*. Fig. 1c,g illustrates
B, B’ and C interstitial sites available in the tunnels of {-V,05%%%%.
The pre-intercalated Na and K ions occupy a fraction of interstitial
3 sites along the tunnels with about 50% occupancy evenly distrib-
uted across the B sites®*'. Figure 1d,e illustrates the sevenfold dis-
torted pentagonal-bipyramidal local coordination environments
of the alkali-metal ions, compared with the fivefold distorted
trigonal-bipyramidal coordination environment of Li in the p’
site (Fig. 1f). The other interstitial sites along the tunnel, shown in
Fig. 1c,g, remain available and accessible for Li-ion insertion. While
pre-intercalation does not alter the C2/m space group, in comparison
with{-V,0; the a unit-cell parameter is expanded and the angleis com-
pressed, resultinginan overall volume expansion of 0.76% and 2.5%** for
Na- and K-ion pre-intercalation, respectively>*>. The observed larger
volume expansion for the latter is readily rationalized on the basis of
the larger crystal radius (1.60 A) for seven-coordinate K* compared
withseven-coordinateNa®(1.26 A), asindicated in Fig. 1d,e. Figure 1h,i
shows -Na,,sV,0s and B-K, ,,V,0s particles with a microbeam, and
their structural characterizations are shown in Supplementary Fig. 2
and Supplementary Tables 7 and 8.

The electrochemical performances of -Na,,;V,0s and B-K, ,,V,05
have been contrasted by means of cyclic voltammetry and galvanostatic
discharge/charge measurements (Fig. 2 and Supplementary Fig. 3).
Reductionpeaksat2.78and 2.37 VinFig.2a,and 2.82and 2.44 VinFig. 2d,
areshifted toslightly higher potentials fromthefirst tothe second cycle,
as aresult of formation of an interface film**, In Fig. 2a,d, reduction
peaks are consistent with potential slopes/plateaus in the discharge
curvesinFig.2b,e for both -Na,,sV,0s and B-K,,,V,0s. Inanalogy with
lithiation of ¢-V,0;, the potential slopes/plateaus are ascribed to Li-ion
reordering along the tunnels at different occupancies (see below)”.

Figure 2b shows that the charge capacity of -Na, ,;V,O; s initially
241.5 mAh g™ but is decreased to 194 mAh g™ after three cycles at a
C-rate of C/20.In contrast, the charge capacity of B-K, ,,V,Osis initially
242 mAh g™ and is essentially retained after three cycles (Fig. 2¢). For
comparison, the charge capacity of -V,0;is 228.7 mAh g after three
cycles, whichis decreased from250.9 mAh ginthefirstcycle ata C-rate
of C/20 (ref. 23). Upon cycling at a higher C-rate of C/2, 3-Nag »5V,05
presents an initial capacity of 214.7 mAh g™, which is decreased to
196.7 mAh ginthesecond cycle, and thento187.5 mAh g'in the third
cycle (Fig. 2¢). In contrast, B-K, »,V,0; exhibits an initial capacity of
209.7 mAh g™ata C-rate of C/2; a capacity of 200.2 mAh g'is observed
to beretained after three cycles (Fig. 2f).

Greater capacity fading at higher C-ratesis attributable to limita-
tions in solid-state Li-ion diffusivity, which presents a kinetic impedi-
menttorealizing the accessible insertion capacity, and further points
tothe need to optimize crystallite geometry, reduce particle agglom-
eration and identify compatible electrolytes®*~%. On the basis of meas-
urements of three separate cells (Supplementary Fig. 3), -Na, ,5V,05
exhibits an initial capacity 0of 212.9 +18.9 mAh g™, which is decreased
t0136.3 + 6.9 mAh g™ after 50 cycles and substantially diminished to
122.5 +3.8 mAh g™ after 100 cycles, an overall decrease of about 58%.
In contrast, B-K,,,V,0; has a capacity of 202.7 + 14.4 mAh g in the
first cycle, which decreases to 158.3 + 7.4 mAh g™ after 50 cycles and
subsequently decreases t0139.4 + 5.0 mAh g™ after 100 cycles, amore
modest decrease in capacity of about 30%.

Comparing long-term cycling performance of 3-Na, ,;V,0; and
B-K,,,V,05 with that of -V,0;, in Fig. 2g-i (Supplementary Fig. 4

shows additional datasets), {-V,0sshows a capacity of 105 mAh g™ ata
C-rate of C/20 after three cycles and 78 mAh g™ at C/5 after 100 cycles.
B-Na, ,sV,0sshows 115 mAh g after three cycles and 69 mAh g™ after
100 cycles. B-K, »,V,05 exhibits 220 mAh g™ after three cycles and
137 mAh g after 100 cycles, whichisindeed higher than that of ¢-V,0s.
The pre-intercalated Naions and K ions effectively enlarge the tunnel
spacing, yielding greater initial capacity. However, B-Na, ,;V,0s shows
lower capacity than ¢-V,0;after 100 cycles, whichis ascribed to the reor-
dering of Naions, which show a greater propensity for de-insertion. In
contrast, larger Kions extensively expand the tunnel spacing and have
higher migration barriers, which hold the pillaring in place, thereby
boosting capacity.

The rate capacity and the kinetics of Li-ion insertion in the
pre-intercalated compounds is also investigated, and inferred Li-ion
diffusivities in the pre-intercalated compounds are shown (Supple-
mentary Figs. 5-8 and Supplementary Tables 9-11). With increasing
concentration of Liionsinthe tunnels, Li-ion diffusivities are gradually
decreased”*. The Li-ion diffusivity values for p-Na, ,;V,0sacross inter-
calationregimesI-Ill (Supplementary Tables 9-11) generally reflect an
order of magnitude enhancement compared with ¢-V,0;. Anadditional
enhancement of Li-ion diffusivity is observed in the expanded tunnels
of B-K,,,V,0s. The enhancement in diffusivity as a result of tunnel
expansion through pre-intercalationis further examined using density
functional theory (DFT) simulations in subsequent sections.

To decipher the mechanistic basis for how pre-intercalation
impacts electrochemical performance, we have topochemically lithi-
ated an entire single crystal of 3-Na, ,sV,0s. Ex situ single-crystal XRD
enables Li occupancies to be examined with Angstrom-level resolu-
tion—this has rarely been achieved in battery science, given the dif-
ficulties in growing and topochemically lithiating single crystals of
insertion hosts with preservation of macroscopic single-crystalline
domains. Compared with direct preparation of lithiated compounds
wherein Liions are ensconced in thermodynamically favoured sites,
topochemicalintercalation of single crystals captures electron density
maps derived from Li ions traversing across the crystal lattice, and
thereby allows for tracing of diffusion pathways and identification
of site preferences®>***!, Given the low electron density of lithium,
the structure refinements have been validated through comparison
of statistics from different models (Supplementary Fig. 9 and Sup-
plementary Tables 12 and 13). Furthermore, we have used operando
synchrotron powder XRD to track the dynamical evolution of structure
during lithiation/delithiation. In combination, the two methods pro-
vide a comprehensive view: ex situ single-crystal diffraction affords
an atomistic view of site occupancy and diffusion, whereas operando
powder diffraction tracks bulk transformation under operational
conditions using structure solutions from single-crystal diffraction
as useful benchmarks.

Figure 3a shows the extended structure of topochemically lithi-
ated f’-Liy3B-Nag5,V,0s. Crystallographic refinement information is
listed in Supplementary Tables 14-16. Supplementary Fig. 9 shows
refinement renderings. Therefined cation stoichiometries for this crys-
talare concordant withinductively coupled plasmamass spectrometry
analysis (Supplementary Table 17). Upon chemical lithiation, in addi-
tion toan approximately 1% increase in unit-cell volume, apronounced
ordering of the Naions is discerned along every seven-coordinated
[ site on one side of the tunnel, whereas Li ions segregate to every
five-coordinated 3’ site on the opposite side of the tunnel. This lopsided
filling pattern, which alternates in adjacent tunnels, has the effect of
creating a screw axis in the structure and changing the space group
from C2/mto P21/m.Notably, the centring of the screw axis also changes
the setting of the unit cell relative to the pristine -Na, ;,V,0sstructure;
consequently, the unit-cell orientation, while retaining the monoclinic
lattice parameters of the pristine structure, is rotated (indicated by
dashed boundaries in Fig. 3a; compare with the retained C2/m symme-
try of the lithiated B-K, ,,V,Os structure in Fig. 3b). These compounds

Nature Materials


http://www.nature.com/naturematerials

Article

https://doi.org/10.1038/s41563-024-01842-y

a S c -
b xinLi Na025V Oy x in Li,Nag ,5V,05
] O 0 0.5 10 1.5 20
06 40 40 : : : :
. — 1st cycle |
i ~ c/20 ~ c/2
] — i =
_ 0.4 2nd cycle I 354 3
<é: 02 | \\ 3rd cycle | \ =
.Z 1 | 172 ’d
= J > — 1st cycl >
[ a4 \_)\/\/ = 30 stovele = — Tsteyole
g — f / ﬂ//fv = S — 2nd cycle = — 2nd cycle
=1 \ = E=
J | c 3rd cycle c
O -02 | 8 95 _( |5 N 3rd cycle
9] s}
P )
T T T T T 20 20 T T T T T
20 2.5 3.0 3.5 4.0 [0} 150 200 250 300 o 50 100 150 200 250 300
Potential (V vs Li/Li") Specmc capacity (mAh g™) Specific capacity (mAh g™)
d e X in Li,Ko V505 f xinLi |<0 V505
0 0.5 1.0 15 20 o 0
40 1 1 1 1 40
0.4
— TIsteycle | — 1steycle
— 2nd cycle i | _ =
~ o2 3 Y/ 3 354 2nd cycle 3 351
< - 3rd cycle 4 3rd cycle —
: ‘/\J S \ 2
~ y " > >
= W, AL > ]
S 04 - —— 2 30 < 30 — 1stcycle
o < = = = 4
= \/ 2 = — \\ — 2nd cycle
3 ] Vi c - S 3rdc cle
-0.2 | \ g 251/ £ 251 Y
| ‘ a C/20 o C/2
-04 T T T T 2.0 . 2.0 T
2.0 25 3.0 3.5 4.0 0 50 100 150 200 250 300 ] 50 100 150 200 250 300
Potential (V vs Li/Li%) Specific capacity (mAh g™ Specific capacity (mAh g™
g h i
~ 300 _. 300 300
T . T Charge capacity T = Charge capacity
o Ch t o ; ) =
< 250 - X Disirf?aergcsrt)::(;aycity < 250 - - Discharge capacity < 250 4 + Discharge capacity
E 2004 E 200 | §>, 200 1 k\r‘*'-’-_.'., :
S 150 g 1509 & 150 1 R e |
Q . aQ Q
8 8 2 S 400
o 100 A sz o 100 ‘MM “1_3
= = R =
§ 50 § 501 @ 50 1
Q Q o2
) ) 2
o T T T T T 0 T T T T T 0 T T T T T
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100

Cycle number

Fig.2|Electrochemical characterization of -Na, ,;V,0sand B-K, ,,V,0;.

a,d, Cyclic voltammograms acquired atascan rate of 0.1 mV s for aninitial three
cyclesbetween 2 and 4 V for 3-Na, ,sV,0;s (a) and B-K,,,V,0;s (d). b,e, Galvanostatic
discharge/charge profiles acquired at a C-rate of C/20 for initial three cycles
between2and 4V of B-Na,,5V,0s (b) and B-K, ,;V,0s (). c,f, Galvanostatic
discharge/charge profiles cycling at a C-rate of C/2 for three cycles between 2 and
4 Vfor B-Na,,sV,0s(c) and B-K, »,V,0; (f). g-i, Cycling performance for {-V,05 (g),
B-Nag,5V,0; (h) and B-K, ,,V,0s (i). Cells were cycled at a C-rate of C/20 between

Cycle number

Cycle number

2.2and 3.7 Vfor the first three cycles to enable electrode-electrolyte interface
stabilization, followed by cycling at a rate of C/5 for 100 cycles. Additional
cycling datasets acquired for -V,0s, B-Na, ,sV,0s and B-K, ,,V,0s are presented
inSupplementary Fig. 4. The greater capacity loss uponinitial cycling at C/20 is
explicable considering that stoichiometric gradients are most pronounced upon
deep discharge. Consistent with this explanation, an additional voltage plateau
at2.05 Vis observed after the first cycle (discharged from 4.0 to 2.0 V), which
attests to greater structural distortion at the lower rate.

have been seen to exhibit supercells at low temperature*>*, but not
straight chains of 3 and [}’ sites as reported here. Figure 3c,d shows
a perspective view of the tunnels in the structure in both the pristine
B-Nay;,V,0scrystal (Fig. 3c), where Na*ions are randomly distributed
withabout 50% occupancy across all available B sites, and inacrystal of
the same sample that hasbeen lithiated (Fig. 3d), where Li-ion insertion
forces arearrangement of cations. A3D view of the extended structure
isshowninSupplementary Video 1. Whereasin empty {-V,0;all sites are
equally availableto Liions and mirrored across the centre of the tunnel,
pre-intercalation with Naions bifurcates and limits Li-ion diffusion to
one half of the tunnel (Fig. 3e).

Figure 3bshowsastructure of -Liy,3/B-K,,,V,0s that wasaccessed
similarly by topochemical treatment of pristine -K,,,V,0s crystals.
In contrast to the distinctive cation ordering induced by Li" inser-
tionin 3-Nay5,V,0;s, the lithiated B’-Liy,5/B-Ko,V,0s structure shows
arandom distribution of K and Li at the 3 and B’ sites, respectively

(Supplementary Fig.10 and Supplementary Tables 18-20), albeit with
high site selectivity for the two cations (Kionsin B sitesand Liionsin 3’
sites). Thelithiated crystal preserves the C2/m symmetry of the parent
phaseinagreementwith the powder XRD datain Table 1. The difference
inorderingbehaviour between Naand Kions ontheintroduction of Li
ions arises from the lower mobility of K" and greater ionic repulsions,
which prevents facile rearrangement of allions on one side of the tun-
nel. The contrast between the two pre-intercalated ions highlights the
potential for site-selective modification through pre-intercalation
to redirect Li-ion diffusion pathways. Furthermore, topochemical
transformation of a pre-intercalated single crystal highlights the
versatility of this method, which has previously only been applied
to crystals of empty polymorphs?**°*, We posit that topochemical
crystal-to-crystal transformation holds promise for generalizability to
insertion hosts that undergo distortion continuously without distor-
tive transformations.
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Fig.3|Single-crystal XRD mapping of lithium-ion diffusionin pre-
intercalated -Na,V,0;and B-K,V,0,. a,b, View of the extended P21/m structure
of topochemically lithiated 3-Li, 5/B-Na,1,V,0s (a) and C2/m structure of
topochemically lithiated B’-Li, ,3/B-K,.,V,05 (b) as refined from single-crystal
XRD, viewed down the b axis. Colour key: yellow, Na; purple, K; green, Li; blue
polyhedra, VO/VO:. All thermal ellipsoids shown at 90% probability; unit-cell
boundaries indicated by adashed line. c,d, Perspective view of site-filling

inthe tunnel structure of -Na, 5,V,0; before (c¢) and after (d) topochemical
lithiation with 0.02 M n-BulLi, showing the reordering of Na" ions (yellow) from
random distribution in all § sites to only half of § sites on one side of the tunnel,

toaccommodate Li* ions (green) in half of B’ sites on the opposite side. Partial
atomic occupancy as obtained from single-crystal refinement is indicated by
the partial filling of spheres and by site labels. e, View of Li-ion diffusion through
an empty {-V,0; tunnel, as viewed in cutaway down the a axis, showing the
unrestricted access to 3, f’ and C sites mirrored across the centre of the tunnel
in contrast to the lopsided filling motif obtained by lithiation of pre-intercalated
B-Na,V,0;. Available sites are indicated by colourless spheres, sites filled by Li*
along a hypothetical diffusion pathway are coloured green and the pathway is
indicated by adashed arrow.

Table 1| Lattice parameters corresponding to each of the insertion regimes for B-Na, ,5V,0; and B-K, ,,V,05 during
electrochemical lithiation as deduced from operando synchrotron powder XRD measurements (related in Fig. 4)

xinLi,M,V,04 Regime Potential (V) a(A) b(A) c(A) B(°) V(A3 Space group
0] A 3.66 15.409 3.609 10.078 109.541 528.168 C2/m
0<x<04 B 3.66-3.06 15.358 3.627 10.158 109.639 532.956 C2/m
15.358 3.627 10.158 109.639 532.956 C2/m
B-Nag,5V,05 0.4<x<0.8 C 3.06-2.53
15.330 3.674 10.312 112.218 537734 C2/m
15.330 3.674 10.312 112.218 537734 C2/m
0.8 <xx17 D 2.53-2.0
15.189 3.881 10.017 10514 570.097 P2/m
(0] A 3.63 15.608 3.612 10.093 109.302 537.085 C2/m
0<x<0.3 B' 3.63-3.15 15.660 3.617 10.118 110.740 535.913 C2/m
15.660 3.617 10.118 110.740 535.913 C2/m
B-KopV,05  0.3<x<0.8 c 315-2.60
14.945 3.942 9.921 106.379 560.744 P2/m
14.945 3.942 9.921 106.379 560.744 P2/m
0.8 <x<1.7 D’ 2.60-2.0
15.627 3.703 9851 103.05 555.402 P21

The specific interstitial sites occupied by Li ions within the tunnels of 3-Na, ,5V,05 and B-K,,,V,05 have been inferred from single-crystal XRD studies of chemically prepared single crystals of
B/B*-Li,V,0s” (Fig. 1c) and lithiated B-Nag ,V,0s/B-Kq,,V,05 as shown in Fig. 3 and Supplementary Fig. 10.

We next turnour attentionto operando synchrotron powder XRD
studies. The discharge/charge profiles of -Na,,sV,0sand -K, ,,V,0sin
Fig.4aand fexhibit potential slopes/plateaus that are entirely consist-
entwiththoseinFig.2band e, respectively. Inaddition, the correspond-
ing contour plotsinFig. 4b and gindicate that the lithiation/delithiation
processesarereversible forboth 3-Na, ,;V,0sand B-K,,,V,0s. Thelattice
parameters are obtained as the function of the extent of lithiation,
as shown in Table 1. The local vanadium coordination in $-M,V,0s is
remarkably stable with respect to changesin the identity and concen-
tration of intercalated ions; the V,0; host lattice can be considered to

be constituted fromrigid VO, polyhedra connected by flexible V-0-V
joints. Itis the flexibility of these bond angles that allows the unit cell to
expand or contract while preserving overall V-0 connectivity. Cation
insertion and pre-intercalation have a marked impact on the sym-
metry of the structures, which adopt different space groups during
continuous transformation that can be observed in the appearance/
disappearance of new reflections in the powder XRD patterns shownin
Fig. 4. However, these changesin symmetry do not result from flexions
around polyhedrallattices, but are entirely attributable to rearrange-
ment of Li, Naand K cations in the {-V,0; tunnels.
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Fig. 4 |Structural evolution characterized by operando synchrotron powder
XRD. a,f, Galvanostatic discharge/charge profiles acquired during operando
powder XRD measurements at a C-rate of C/20 for the first cycle between 2 and

4 Vfor B-Na,,sV,0s(a) and B-K,,,V,0;s (). b,g, Operando powder XRD contour
plots of B-Nag »5V,0s (b) and B-K,,,V,0s (g), which correspond to discharge/
charge processesinaandf. ¢,h, Corresponding magnified view of operando
powder XRD waterfall plots in the range of 26 = 1.3-2.1° during discharge/charge

Regime

of B-Nay ,5V,05 (c) and B-K, »,V,05 (h). d,i, Lattice parameters a (blue triangles),
b (red triangles), c (green triangles) and S (black circles) of -Na, ,;V,0; (d) and
B-Ko27V,0s (i). €., Unit-cell volume comparison in corresponding regimes of
B-Nay,5V,0s (e) and B-K,,,V,05 (§). A, B, Cand D correspond to intercalation
regimes for B-Na,,;V,0sand A’, B/, C’and D’to intercalation regimes for
B-Ko,,V,0s, which arelisted in Table 1.
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Fig. 5| Migration barriers in pre-intercalated compounds. Relative energy
barrier representations calculated for Li-ion migration within pre-intercalated
B-Na,V,0sand B-K,V,0s. Blue and red curves depict Li migration pathways and

barriers in pre-intercalated 3-Na,V,0sand B-K,V,0;, respectively. Li, Na, K, O and
Vatoms are represented by green, yellow, purple, red and dark-blue spheres,
respectively.

Forboth 3-Na, ,sV,0sand 3-K, ,,V,0;s, during the discharging pro-
cess, initial Li-ion intercalation slightly expands the tunnel structure
ascribed to Li ions occupying B’sites (Fig. 3d, Fig. 4, Supplementary
Fig. 10 and Supplementary Video 1). With further lithiation, the sym-
metry ofthe structure (0.4 <x < 0.8,xinLi,Na, ,;V,0;) ismaintained but
with expansion of the tunnel, evidenced by anincrease of the unit-cell
volumeto 537.73 A>andincreased distortion of the monoclinic fangle
to 112.218°, which corresponds to a highly lithiated ¢-V,Os structure
where  and B’ sites are both occupied and C sites begin filling*. For
the structure 3-K,,V,05 (0.3 <x < 0.8, x in Li,K, ,,V,0s), a splitting
of the 001 reflection is observed in Fig. 4h, indicating a reduction in
symmetry toaP2/mspacegroup asinserted Liions begin to fill B sites
between pre-intercalated Kions. Further lithiationto2.0 V(0.8 <x<1.7,
xin Li,Na,,sV,0;) results in the unit-cell volume being expanded to
570.097 A’and Bbeing changed t0105.14° with the lower symmetry of
the P2/m space group. This regime corresponds to Li ions occupying
the remaining complement of B sites”*.

Withsstill further Li-ionintercalation downto 2.0 V, the volume of
the lithiated B-K, ,,V,O; structure shrinks to 555.402 A> and the sym-
metry of the unit cell is reduced still further to the P21 space group.
Consistent with Fig. 3d and Supplementary Fig. 10, the stoichiometry
correspondstofilling 3/, Cand B sites, and probably additionalsites that
becomeavailable as aresult of tunnel expansion. During the charging
process, both lithiated structuresreadily revert from P2/mto C2/m, and
thenfinally to the pristine 3-Na, ,sV,0;, illustrating complete preserva-
tion of the 1D tunnel framework.

A discontinuous change in unit-cell volume is observed when Li
ionsbeginto occupy B sites?? between the pre-intercalated NaandKions
andisclearly discernible indischarge curves. Forboth 3-Na, ,;V,0sand
B-K,,7V,0s, lithiation/delithiationis entirely reversible’***. In the latter
compound, aseries of lower-symmetry structures becomes accessible
uponincreasinglithiation, probably as aresult of new sites thatbecome
accessible in the expanded tunnel, enabling higher accessible capac-
ity. While pre-intercalated Na and Kions occupy afraction of sites that
would otherwise have been accessible for Liions, the expanded tunnels
enable ahigheraccessible capacity and improved Li-ion diffusivity com-
pared with ¢-V,0.. It is worth noting that pre-intercalation is not a uni-
versal design strategy. In more rigid insertion hosts, pre-intercalation
can occlude otherwise favourable diffusion pathways or increase the
likelihood of framework anion migration and structural collapse.

On the basis of DFT simulations, Fig. 5 sketches the Li-ion
migration pathway in pre-intercalated Na,V,0,and K,V,0; along the

crystallographic b direction, which corresponds to activation energy
barriersof 0.46 and 0.32 eV, respectively. These results are concordant
with greater Li-ion diffusivities measured in 3-K,V,0; compared with
B-Na,V,0,(Supplementary Figs. 5-8 and Supplementary Tables 9-11).
A lower activation energy barrier for Li-ion diffusion in $-K,V,0;s is
attributable to the greater size of Kions compared with Naions, which
leads to greater tunnel expansion. Supplementary Fig. 11 shows a
comparisonwithempty {-V,0sand B-Li,V,0s respectively. The barrier
to Li-ion migrationin empty {-V,0sis only about 0.14 eV, whereas for
arelatively filled tunnel the migration barrier rises to about 0.54 eV.
Supplementary Figs. 12 and 13 plot total and projected density of
states. Pre-intercalation leads to vanadium reduction, which gives
polaronic states at the top of the valence band; such states further
enhance electrical conductivity compared with the empty (-V,0,
polymorph.

In conclusion, a combination of (1) topochemical lithiation
tracked by ex situ single-crystal diffraction and (2) operando syn-
chrotron powder XRD evaluation of electrochemical lithiation of
pre-intercalated -Na,,;V,05 and -K,,,V,0; provides mechanistic
understanding of the structural role of pre-intercalationin providing
accesstoahigherreversible capacity and improved Li-ion diffusivity.
The pre-intercalated alkali-metalions occupy p sites within expanded
tunnels; this tunnel expansion alleviates repulsive Coulombicinterac-
tions amongst inserted Liions and yields more expansive transition
states for site-to-site Li-ion diffusion. Pre-intercalation with Na ions
results in remarkable segregation of Na and Li ions across opposite
sides of the tunnel. Individual ‘lanes’ are not observed upon K-ion
pre-intercalation, wherein Li-ion migration nevertheless proceeds
with high selectivity towards ’and C sites. Whilst pre-intercalation
‘sacrifices’ a fraction of interstitial sites that would have otherwise
been occupied by Li ions, the results demonstrate that the tunnel
expansion propping-open effect more than compensates for this
by providing access to a higher accessible capacity, enabling higher
Li-ion diffusivity, and exhibiting greater capacity retention. The
results demonstrate the structural basis for unlocking greater revers-
ible capacity and enhanced Li-ion diffusivity through site-selective
modification of apromisingintercalation host. Future work will focus
on optimization of particle geometries and design of 3D mesoscale
architectures that alleviate kinetic impediments and permit more
effective utilization of the active material®**"*, Surface coatings,
systematic alloying and electrolyte optimization are also necessary
toincrease capacity retention.
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Methods

Growth of single crystals of -Na,V,0; and 3-K,V,0,

Asreported previously*®, powders of the intercalated 3-M,V,0s species
were synthesized from stoichiometric amounts of Na,C,0, (=99.5%,
Sigma-Aldrich) or K,C,0, (299.5%, Sigma-Aldrich) and a-V,0; powder
(299.6%, Alfa Aesar) that were ball-milled (SPEX mill, acrylic beads)
for 2 h and then annealed in alumina boats under argon atmosphere
at 550 °C for 24 h. Single crystals were obtained by ball-milling these
powders a second time, and then sealing the powders in evacuated
quartz ampoules, melting at 800 °C and slow-cooling through the
melting point at a rate of 2 °C h™.. This method yielded large, lustrous
black crystals with a plate-like habit.

Topochemical lithiation of B-Na, ;,V,0sand B-K, ,,V,0; single
crystals

After high-quality crystalsinthe desired stoichiometric range had been
identified, about 5 mg of pristine crystals were topochemically lithi-
ated withretention of the original crystal lattice by immersion for 24 h
in 10 ml of n-butyllithium solution (Sigma-Aldrich, 2.5 M in hexanes)
diluted with heptanes, to concentrations of 0.02 M and 0.033 M for
B-Na,;,V,05and B-K,,,V,0s, respectively. The potential of n-BuLiis esti-
mated to be about 1.0 V versus Li*/Li*. After topochemical treatment
atthese concentrations, crystals retained their black, plate-like habit
with minimal damage and cracking, probably due to pre-intercalated
cations acting as a structural buttress for the tunnel.

Synthesis of (-V,0,powder

Asreported previously?, V,0,(298%, Sigma-Aldrich) and silver acetate
were dispersed in deionized water (resistivity, p=18.2MQcm™) and
thenreacted hydrothermally at 210 °Cfor 5 d. After being washed with
alarge amount of water and isopropanol, the obtained -Ag, 1;V,05
powder was reacted with hydrochloric acid solutiontoleachAg’. ¢-V,0,
was obtained after washing witha 10 wt% aqueous solution of sodium
thiosulfate and deionized water.

Synthesis of B-Na, ,;V,0s and B-K, »,V,0;s powders

Inatypical synthesis, 1.82 g orthorhombic V,0, (>98%, Sigma-Aldrich)
and 2.7 g oxalic acid (=98%, Sigma-Aldrich) were dispersed in 100 ml
deionized water (p =18.2 MQ cm™) in a beaker, which was placed on a
heating plate held at 80 °C. The dispersion was vigorously stirred using
amagnetic stirrer. After the solution turned deep blue in colour, the
alkali-metal nitrate salt (0.2125 g NaNO, or 0.2730 g KNO,) was added
to the blue solution and vigorously stirred in the open air until free
water was evaporated and sponge-textured dark-brown powder was
obtained. The recovered solid was then ground using a mortar and
pestle and annealed under ambient conditions in a muffle furnace at
450 °Cfor 6 h.

Ex situ single-crystal diffraction

Single-crystal diffraction data were collected on a Bruker Quest X-ray
diffractometer utilizing the APEX3 software suite, with X-ray radiation
generated from a Mo-Ips X-ray tube (K, = 0.71073 A). All crystals were
placed in a cold N, stream maintained at 110 K. Four different single
crystals of -Na, ;,V,0; were solved and do not show any evidence
of segregation/supercell ordering before Li-ion insertion. A second,
separately lithiated -Na,V,0; crystal exhibited the same Li-and Na-ion
ordering pattern upon structure solution and refinement.

Following unit-cell determination, extended data collection was
performed using omega and phi scans. Data reduction, integration
of frames, merging and scaling were performed with the program
APEX3, and absorption correction was performed utilizing the pro-
gram SADABS. Structures were solved using intrinsic phasing, and
least-squares refinement for all structures was carried out using the
square of the structure factors. Structural refinement and the calcula-
tion of derived results were performed using the SHELXTL package of

computer programs and ShelXle***". Detailed refinement and crystal
informationis provided in Supplementary Tables1-6,14-16 and 18-20.
CrystallographicInformationFiles correspondingto 3-Na, 5,V,0sand
B-K,2,V,0sused in this study, as well as to the new structures -Na, 5,/
B’-Liy35V,0s and B’-Liy,3/B-Ko.,V,0s, have been deposited in the Cam-
bridge Structural Database and are available for access with deposition
numbers 2150932, 2150933, 2150934 and 2203830, respectively.

We have systematically ruled out the possibility of a misassign-
ment of Li atoms arising from Fourier series truncation or incorrect
phase estimation during refinement. Notably, these errors tend to
accumulate near heavy atoms or at high-symmetry positions. However,
theelectron density peaks (Q-peaks) correspondingto Liatomsare at
the farthest remaining position fromother atoms (in the tunnelinter-
stices), and areindeed not in proximity to any of the special positions
(that is, the intersections of twofold rotations in C2/m structures or
2, screw axes in P2,/m structures with the mirror planes on which all
atomsinthestructurereside). Finally, assigning the ' sites as a partial
occupancy Liatom improves the refinement residual, as validated by
performing structure refinements of the chemically lithiated crystals
both with and without assignment of the 3’-site Q-peak. Tabulated
refinement statistics and images of the unit cells are shown in Supple-
mentary Table 13 and Supplementary Fig. 9. Both R1and wR2 residual
scores are greatly improved by Li-ion assignment. Without lithium
assigned, the B’-site Q-peak is the largest in the structure, and upon
assignment the next-highest Q-peakislocated near aVsite andis prob-
ably a Fourier series truncation error. Finally, we note that chemical
lithiation of single crystals of 3-Na, 5,V,0s and 3-K, ,,V,0s modifies not
just electron density but also both the lattice parameters and lattice
volume, asillustrated in Supplementary Table 12.

Morphological characterization
SEMwas conducted onaJEOLJSM-7500F FE-SEM operated at anaccel-
erating voltage of 5 kV.

Electrochemical characterization
CR2032 coincellswere prepared ina glovebox filled with Ar. The work-
ingelectrode was prepared by casting the mixture of the active material
(¢-V,05, B-Nag ,5V,05 01 B-K, ,,V,05, 70 wt%), conductive carbon (Super
C45,20 wt%) and binder (poly(vinylidene fluoride), 10 wt%) dispersed
in N-methyl-2-pyrrolidone onto an Al foil substrate, following by drying
at70 °Cinaforcedair oven. The counter-electrode and separator were
lithium metal and Celgard 2500, respectively. The electrolytewas1M
LiPF¢inasolvent mixture of ethylene carbonate and diethyl carbonate
with a volume ratio of 1:1. The cells were galvanostatically discharged
and charged in a voltage range of 2-4 V using a LANHE (CT2001A)
battery testing system. Cyclic voltammetry measurements were per-
formed using a Bio-Logic electrochemical potentiostat in the voltage
range of 2-4 V. To determine Li-ion diffusivities, cyclic voltammetry
was performed at different scan rates.

Li-ion diffusivities (D;;") can be extrapolated by using the Randles-

Sevcik equation®>;

ip = (269 x10°) 325D € 12 )

where i, represents the peak current at reduction/oxidation states, n
is the number of electrons transferred in the redox reaction, S refers
to the area of the electrode (cm?), G, is the concentration of Li ions
(mol cm™) and vis the scan rate used in the experiment.
Galvanostatic intermittent titration technique experiments were
confirmed to examine the Li-ion diffusivities as functions of state of
discharge/charge. This technique is based on the assumption of 1D
diffusion in a solid-solution electrode and also assumes a uniform
current distribution throughout the electrode. Thereaction between
the electrode surface and electrolyte is not explicitly considered**. In
galvanostaticintermittent titration technique measurements, a small
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constant current at a C-rate of C/20 was applied for 20 min, followed
by arest time of 2 h to allow the cell voltage to reach its steady-state
value, then the change of potential was measured to extract the Li-ion
diffusion coefficient as per ref. 55:

2 2

it = nir(”/:;;,/qm> (i—ﬁ) (t< [2/D+) )

where myis the mass of active materialin an electrode, V,,is the molar
volume of the active material, My is the molecular weight of the active
material, Aisthe area of anelectrode, AE,and AE, are the potential dif-
ference, ris the duration of the current pulse and L is the thickness of
electrode as shownin Supplementary Fig. 6.

Furthermore, electrochemicalimpedance spectroscopy hasbeen
used to examine the Li-ion diffusion coefficient because it provides
kinetic information that can be related to a specific state of charge or
discharge. This measurement is made by applying a low-amplitude
signal around an equilibrium state at three oxidation/reduction reac-
tion potentialsin the frequency range of 0.01-10,000 Hz. Each Nyquist
plotincludes a high-frequency semicircle and Warburg tail region.
The high-frequency semicircle corresponds to charge-transfer resist-
ance relevant to interfacial Li-ion transfer. The Warburg tail region is
related to Li-ion diffusion in the active material®. The real component
of the resistance has been plotted versus the inverse square root of
the angular speed in the low-frequency range; the Warburg factor
(0) is determined from the slope. The lithium diffusion coefficient is
inferred from*’

R2T?

bir = SmFce

3)

where R is the gas constant, T is the absolute temperature, F is Fara-
day’s constant and Cis the molar concentration of Liions in an active
material.

For long-term cycling measurements, the electrodes were pre-
pared by mixing the active material ((-V,0s, B-Na, ,sV,050r B-K, ,,V,0s,
80 wt%) with conductive carbon (Super P C45, MSE Supplies, 10 wt%)
and binder (poly(vinylidene fluoride), 10 wt%). The composite was
added to N-methyl-2-pyrrilodone (NMP) solvent and mixed using a
high-shear mixer to create a homogeneous slurry. Subsequently, the
slurry mixture was laminated onto a carbon-coated aluminium foil
current collector (MTI Corporation) and dried to remove NMP. Dried
electrodes with an area of 1.32 cm? contained 9-15 mg of active mate-
rial and were assembled in CR2032 coin cells in an Ar-filled glovebox.
Lithium metal chips were used as the counter-electrode and Celgard
2320 as the separator. The electrolyte was a solution of 1M LiPF, in a
solvent mixture of ethylene carbonate and ethyl methyl carbonate with
avolume ratio of 1:1. The cells were charged under constant current
constantvoltage and discharged under constant current. All coin cells
were cycled at a C-rate of C/20 between 2.2 and 3.7 V for the first three
cycles for electrode-electrolyte interface stabilization, followed by
cycling at a C-rate of C/5for 100 cycles.

Operando synchrotron powder XRD

Electrodes for operando powder XRD studies were constructed by
mixing carbonblack (Vulcan XC-72, Cabot Corporation), graphite (300
mesh, 99%, Alfa Aesar), polytetrafluoroethylene binder (Sigma-Aldrich)
and as-prepared [3-Na,,5sV,0; or B-K,»,V,0s in a ratio of 7.5:7.5:15:70
(w/w/w/w) using a mortar and pestle. The mixture was pressed into
a10-mm-diameter pellet as the working electrode. Lithium metal
(Sigma-Aldrich) and glass fibre were used as the reference electrode
and separator, respectively. The electrolyte was 1 M LiPFin a solvent
mixture of ethylene carbonate and diethyl carbonate with a volume
ratio of 1:1. The AMPIX cell, which replicates a coin cell configuration
but is equipped with Kapton tape protecting the glassy carbon X-ray

transmissive windows, was assembled in a glovebox under an argon
atmosphere to enable operando studies®®. Operando synchrotron
powder XRD was performed at beamline 17-BM-B at the Advanced
Photon Source using a wavelength of 0.24117 A with an amorphous
silicon flat panel detector.

Synchrotron X-ray datasets were analysed using GSAS Il, an
open-source crystallography package®. Two-dimensional images
were masked and integrated using a LaB, standard for calibration.
Background scans were performed on cells with the negative electrode,
electrolyte and separator but without a positive electrode. Rietveld
refinements and Pawley refinements were performed to evaluate the
lattice parameters on the basis of structural models derived from the
Inorganic Crystal Structural Database as well as single-crystal structure
solutions reported here.

Computational methodology

Transition pathway predictions were performed on the basis of the
climbing image nudged elastic band method®®, within the framework
of the DFT formalism®®?, asimplemented in the Vienna Ab Initio Simu-
lation Package®. The projector-augmented-wave®* formalism has
been used for electronic structure calculations; the generalized gra-
dient approximation® along with a Hubbard U parameter has been
used totreat delocalization of 3d electrons of vanadium. A converged
plane-wave basis set with a 500 eV kinetic energy cut-offwith3 x3 x 3
and 5 x 5 x 5 Monkhorst-Pack K-points has been used for geometry
optimization and density of states calculations, respectively®. After
obtaining fully relaxed structures, the ion-migration mechanism has
been examined by climbingimage nudged elastic band methods fora
sequence of seven images. All the structures are completely relaxed
with the minimum-energy criteria until the Hellman-Feynman force
decreases below 0.01eV A,

Data availability

All data supporting this study are available within this article and its
Supplementary Information. Any additional relevant data are available
uponrequest. Source data are provided with this paper.
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