Elemental Segregation at LLZO Grain Boundaries: Eliminating Its Detrimental Role in Conductivity and Lithium Nucleation
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Supplementary Fig. 1 | Conventional sintering of LLZO. a, Relative densities and Li concentrations of LLZO as a function of sintering time. b, SEM-EDS images of the cross-section of S-LLZO. The scale bars are 5 μm. The elemental distributions of Ta, Al and La exhibit local inhomogeneities in the images.
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Supplementary Fig. 2 | MLFF-MD for Ta, Al and La migration. a, All GBs for simulations. All GB models were constructed based on the [001], [011], and [111] orientations. For charge balance, each Ta substitution for Zr compensated by removing one Li, and each Al substitution for Li compensated by removing two Li atoms. The GB models were equilibrated at 1100 K using NPT for 10 ns, followed by relaxation using the MLFF. b, Formation energy calculations of Ta and La at Li 24d and 96h sites. For Ta and La substitution, closest Li are removed to account for charge compensation. Note that a Li ion occupies Ta/La vacancy to lower the total energy of the system (i.e., Li-Ta and Li-La site exchange for the Frenkel defect formation). c, MSD of Al, Ta and La. MLFF-MD simulations were conducted on bulk LLZO and three GBs, with doping ratios set at approximately 0.5 for Al and Ta per formula unit. For each result, the MSD was averaged across 10 randomly generated doping configurations. d, Positional probability density of Al diffusion in Li5.5Al0.5La3Zr2O12, Ta diffusion in Li6.5La3Zr1.5Ta0.5O12 and La diffusion in Li6.25La3.25Zr2O12 at 1800 K. The purple and yellow polyhedra correspond to the coordination structures of Zr and La, respectively. e, MSD and Arrhenius plot of La from AIMD simulations. 
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Supplementary Fig. 3 | FAST/SPS. a, Equipment schematic diagram. This technique operates within an integrated system. It allows for precise control of sintering parameters and real-time monitoring of the sample status and evolution during processing. The pressed powder is heated directly in a graphite die. Since the sample is confined in a cylindrical die, the deformation of the sample occurs only in the z-axis direction, resulting in the displacement of the sample. The chamber is continuously evacuated, and the pressure change within the chamber reflects the gas exhausting from the sample during sintering. Both the sample displacement and chamber pressure can be recorded to analyze the sintering behavior of ceramics. After the mother powder is loaded, the pressure in the chamber is evacuated to below 100 Pa and an external pressure (up to 58 Mpa) is then applied to the sample, leading to an initial increase in displacement. The sample is subsequently heated to 400 oC within seconds as the starting temperature, during which a peak is recorded on the pressure curve as the gas within the sample is expelled due to thermal expansion. Afterwards, the sample was heated linearly with 20-80 oC min-1 until sintering finish. b, Photo of the die during high temperature sintering. c, Sintering examples of Na3.4Zr2Si2.4P0.6O12 and Li1.3Al0.3Ti1.7(PO4)3 demonstrating how pressure and displacement curves can be used to understand sintering behavior and determine sintering completion through inflection points. Once the experiment is completed, cooling begins immediately, allowing the sample to cool down to below 100 ℃ within 20 min.
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Supplementary Fig. 4 | Characterizations of SF-LLZO. a, SXRD refinement of SF-LLZO. The synchrotron diffraction wavelength is 0.4592 Å. b, Elements valence analysis. A comparison of SF-LLZO and S-LLZO reveals that all elemental spectra overlap significantly, with no observable peak shifts. This indicates that the elemental valence states in SF-LLZO are identical to those in S-LLZO. c, Particle size statistics of SF-LLZO and mother powder. d, SEM-EDS images of the cross-section of SF-LLZO. The scale bars are 10 μm. e, Representative HAADF-STEM image and STEM-EDS mappings of the GB of annealed SF-LLZO in air at 1000 ℃ for 1 h. The scale bars are 3 nm.
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Supplementary Fig. 5 | MLFF-MD for Li transport. a,b,c, GB Σ17 (530) [001] (a), Σ33 (52-2) [011] (b), Σ19 (32-5) [111] (c), and corresponding Ta concentrations assigned as well as isosurfaces of Li possibilities at 1100 K for 1 ns with Ta segregation and no segregation cases. d, Arrhenius plots across temperatures 700, 900 and 1000 K. e, RDFs of Zr-Li and Ta-Li. f, DFT-calculated chemical potential differences between the GB area and grain interior regions in small GB models: Σ5 (120) [001], Σ3 (1-11) [011], and Σ3 (1-21) [111] with and without Ta doping. The differences were calculated by Δμ = (μGB - μbulk average). g, DFT-calculated chemical potential differences between cubic and amorphous LLZO structures, with and without Ta doping. Green, yellow, cyan, purple, and blue spheres represent Li, La, Ta, Zr, and O, respectively.
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Supplementary Fig. 6 | Li-rich phase deposition. a, Li metal deposition from Al, Ta-doped LLZO in SEM with extended exposure time. Scale bars are 1 μm. With the extended exposure time, Li metal deposits on the LLZO surface and gradually grows. b, Li-rich phase deposition from Al, Ta-doped LLZO in HAADF-STEM. Scale bar is 40 nm. Black spots were observed to deposit along both sides of the GBs and in regions further away. These spots were identified as Li-rich phase, as they appear darker in HAADF imaging due to the low atomic number of Li, and no enrichment of other elements was detected at the corresponding locations in the STEM-EDS mapping of Fig. 1b. c, Li-rich phase deposition from Ga-doped LLZO in HAADF-STEM. Scale bar is 5 nm. Li-rich phase was observed to deposit along both sides of the GB, similar to the Al, Ta-LLZO. d-f, Li-rich phase deposition from Ga-doped LLZO in HAADF-STEM (d) (Scale bar is 10 nm), enlarged left side (e) (Scale bar is 5 nm) and enlarged right side (f) (Scale bar is 5 nm). Insets show lattice planes, and yellow and purple spheres represent La and Zr, respectively. The orientations of the grains forming either side of the GB were identified as 〈 111〉 and 〈110 〉. More Li-rich phase deposition was observed on the 〈111 〉 surface compared to 〈110〉, indicating that Li is more readily reduced from 〈111〉. 
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[bookmark: _Hlk196062464]Supplementary Fig. 7 | MLFF-MD for Li vacancy formation energy. a-c, GB Σ17 (530) [001] (a), Li vacancy formation energies with Ta segregation and no segregation (b) and RDFs at bulk and GB (c). d-f, GB Σ33 (52-2) [011] (d), Li vacancy formation energies with Ta segregation and no segregation (e) and RDFs at bulk and GB (f). (g) RDFs at bulk and GB in Σ19 (32-5) [111]. Green, yellow, cyan, purple, and blue spheres represent Li, La, Ta, Zr, and O, respectively. 



[image: ]























[image: ]


























[image: ]


























[image: ]


























[image: ]


























[image: ]



























[image: ]


























[image: ]

























Supplementary Fig. 8 | Rate performance. Rate performance of full cells incorporating S-LLZO pellets tested at RT. 
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Supplementary Fig. 9 | MLFF validation. Comparison of energy (top left) and force components (top right) between DFT calculations and predictions by the ML potential for Al-doped LLZO (R2 values are also shown), and the energy error (bottom left) and force RMSE (bottom right) as a function of simulation time for MD snapshots at 2000 K for (a,c,e,g) cubic and (b,d,f,h) amorphous [Li7-3xAlx]La3Zr2O12 with x = 0, 0.25, 0.5, and 0.75, respectively, with a unit cell for each system used for training. The error is defined as the difference in energy or force component values between ML prediction and DFT calculation. The force RMSE of each snapshot (i.e., at each time) was calculated using errors of 3N force components (where N is the number of atoms). MD snapshots were sampled every 1 ps. The black solid line is a guideline, and the red line shows the position of RMSE for 100 ps. Comparison of energy (top left) and force components (top right) between DFT calculations and predictions by the ML potential for Ta-doped LLZO (R2 values are also shown), and the energy error (bottom left) and force RMSE (bottom right) as a function of simulation time for MD snapshots at 2000 K for (i,j,k,l) cubic and (m,n,o,p) amorphous Li7-xLa3[Zr2-xTax]O12 with x = 0, 0.25, 0.5, and 0.75, respectively, with a unit cell for each system used for training. The error is defined as the difference in energy or force component values between ML prediction and DFT calculation. The force RMSE of each snapshot (i.e., at each time) was calculated using errors of 3N force components (where N is the number of atoms). MD snapshots were sampled every 1 ps. The black solid line is a guideline, and the red line shows the position of RMSE for 100 ps.
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Supplementary Tab. 1 | Formation energies. Formation energies of Al, Ta and La in cubic and amorphous LLZO were calculated using elemental metals as reference, with the average energy obtained from 10 random doped structures for Al and Ta and 24 vacancy sites for La.



	
	Cubic
	Amorphous
	Difference (∆Eform)

	Eform (eV/dopant)
	Al
	2.12
	1.17
	-0.95

	
	Ta
	2.28
	2.41
	+0.12

	
	La
	12.34
	9.83
	+2.50








Supplementary Tab. 2 | MLFF-MD for Ta and Al migration. Activation energies of Al, Ta and La migrating in bulk and GB Σ17 (530) [001], Σ33 (52-2) [011] and Σ19 (32-5) [111].



	
	Ea of Al (eV)
	Ea Ta (eV)
	Ea La (eV)

	Bulk
	0.645
	0.619
	0.248

	Σ17 (530) [001]
	0.831
	0.882
	0.941

	Σ33 (52-2) [011]
	0.974
	0.873
	1.007

	Σ19 (32-5) [111]
	0.989
	0.673
	0.793









Supplementary Tab. 3 | Comparison of conductivity. Comparison of conductivity as a function of density and sintering methods. CS is conventional sintering, HPS is hot press sintering and SPS is spark plasma sintering.


	Methods
	Relative density
	Conductivity (mS/cm)
	Chemical formula or dopant
	
Ref.

	CS
	93
	0.0567
	Al
	1

	CS
	92.9
	0.246
	Li7.06La3Zr1.94Sm0.06O12
	2

	CS
	92
	0.08
	Li7La3(ZrNb)O12
	3

	CS
	96
	0.31
	Li6.4La3Zr1.4Ta0.6O12
	4

	CS
	94
	0.467
	Li7La3Zr0.5Nb0.5Ta0.5Hf0.5O12
	5

	CS
	97.4
	0.694
	Ta
	6

	CS
	92.8
	0.509
	Mo
	7

	CS
	94.5
	1.36
	Ga
	8

	CS
	94
	0.3
	Eu
	9

	CS
	90
	0.5
	Ta
	10

	CS
	91.9
	0.23
	Sb
	11

	CS
	93.0
	0.353
	Ta, Sb
	11

	CS
	92.7
	0.5
	Li6.4La3Zr1.4Ta0.6O12
	11

	CS
	92.3
	0.448
	Li6.4La3Zr1.4Nb0.3Ta0.3O12
	11

	CS
	92.0
	0.266
	Li6.4La3Zr1.4Nb0.6O12
	11

	CS
	92
	0.3
	Ta
	12

	CS
	94
	0.522
	Nb
	13

	CS
	97
	0.7
	Li6.5La3Zr1.5Nb0.5O12
	14

	CS
	91.7
	0.73
	Ta
	15

	CS
	92.7
	0.63
	Ta
	15

	CS
	92.5
	0.69
	Ta
	15

	CS
	92.8
	0.46
	Ta
	15

	CS
	92.8
	0.47
	Ta
	15

	CS
	93.6
	0.40
	Ta
	15

	CS
	94.1
	0.28
	Ta
	15

	CS
	95.0
	0.35
	Ta
	15

	CS
	93.8
	0.034
	Ta
	15

	CS
	96
	0.645
	Ta
	16

	CS
	98
	0.5
	Al
	17

	CS
	95
	0.46
	Al
	18

	CS
	94
	0.2
	Al
	19

	CS
	97
	1.09
	Ta
	20

	CS
	92
	0.1
	Ta
	21

	CS
	97
	0.517
	Ta
	22

	CS
	92.1
	0.33
	Al
	23

	CS
	92.9
	0.82
	Fe
	23

	CS
	94.4
	1.31
	Ga
	23

	CS
	94.1
	0.668
	Si
	24

	CS
	97.54
	0.618
	Li6.4La3Zr1.4Ta0.6O12
	25

	CS
	94
	1.2
	Li6.4Ga0.2La3Zr2O12
	26

	CS
	97
	0.6
	Nb
	27

	CS
	96
	0.448
	Al
	28

	CS
	96
	0.647
	Li6.4La3Zr1.4Ta0.6O12
	29

	CS
	97.5
	1.24
	Li6.4Ga0.2La3Zr2O12
	30

	CS
	95.4
	1.09
	Li6.4Ga0.2La3Zr2O12
	31

	CS
	98
	1
	Li6.4La3Zr1.4Ta0.6O12
	32

	CS
	97
	0.85
	Li6.5La3Zr1.5Ta0.5O12
	33

	CS
	94.25
	0.45
	Al
	34

	CS
	96.2
	0.853
	Ta
	35

	CS
	90
	0.36
	Li6.8La2.95Ca0.05Zr1.75Nb0.25O12
	36

	CS
	93.4
	0.87
	Ga
	37

	CS
	94.1
	1.46
	Ga
	37

	CS
	96.3
	1.12
	Ga
	37

	CS
	95.1
	0.71
	Ga
	37

	CS
	92.8
	0.57
	Ga
	37

	HPS
	98
	0.34 
	Li6.19Al0.27La3Zr2O12 
	38

	HPS
	98
	1.2–1.75
	Ga
	39

	HPS
	97
	0.46
	Li6.25La3Zr2Al0.25O12
	40

	HPS
	91
	0.35
	Li6.25La3Zr2Ga0.25O12
	41

	HPS
	99
	0.37
	Li5.95La3Zr2Al0.35O12
	42

	HPS
	 97.5
	1.13
	Li6.55Ga0.15La3Zr2O12
	43

	HPS
	97
	0.5
	Li6.25Al0.25La3Zr2O12
	44

	HPS
	98
	0.52
	Li6.25Al0.25La3Zr2O12
	45

	HPS
	98
	0.4
	Li6.28Al0.24La3Zr2O12
	46

	HPS
	99.7
	0.61
	Ta
	47

	HPS
	99
	0.74
	Li7La3Zr1.5Nb0.5O12
	48

	HPS
	99.4
	0.57
	Li6.25Al0.25La3Zr2O12
	49

	HPS
	99
	0.84
	Li6.6La3Zr1.6Ta0.4O12
	50

	HPS
	97
	0.4
	Ta
	51

	HPS
	97.3
	1.3
	Ga
	52

	HPS
	99.5
	0.66
	Ta
	53

	SPS
	99.8
	0.57
	Al
	54

	SPS
	99
	0.31
	Li6.25Al0.25La3Zr2O12
	55

	SPS
	95
	0.643
	Li6.65La2.95Sr0.05Zr1.8Mo0.2O12
	56

	SPS
	99.8
	0.651
	Al
	57

	SPS
	93
	0.33
	Al
	58

	SPS
	95.5
	0.69
	Ta
	59

	SPS
	99
	1.1
	Li6.6La3Zr1.6Ta0.4O12
	60

	SPS
	96
	0.917
	Li6.4La3Zr1.4Ta0.6O12 
	61

	SPS
	99.2
	0.48
	Li6.75La3Al0.25Zr2O12
	62

	SPS
	96
	0.16
	Al
	63


Supplementary Tab. 4 | Comparison of activation energies. Comparison of activation energies of Li migrating in bulk and GBs with and without Ta segregation.  



	
	No segregation (eV)
	Ta segregation (eV)

	Bulk
	0.23
	

	Σ17 (530) [001]
	0.32
	0.33

	Σ33 (52-2) [011]
	0.37
	0.35

	Σ19 (32-5) [111]
	0.32
	0.35








Supplementary Tab. 5 | Comparison of stripping/plating capacities. Comparison of reported CCDs and CCD capacities of pristine (unmodified) LLZOs, as well as total accumulated capacities during galvanostatic cycling.


	
	CCD
(mA cm-2)
	CCD test time (h)
	Cycling time (h)
	Accumulated cycling capacities (mAh g-1)
	Tem. (℃)
	Ref.

	Li6.76Al0.24La3Zr2O12
	0.35
	0.5
	~140
	~6.25
	25
	64

	Li6.45Al0.05La3Zr1.6Ta0.4O12
	0.3185
	0.5
	
	
	50
	65

	Li6.25La3Zr2Al0.25O12
	0.93
	0.215
	
	
	25
	66

	Li6.25La3Zr2Al0.25O12
	0.05
	0.3
	
	
	30
	40

	Ta-doped LLZO
	0.44
	0.5
	
	
	RT
	67

	Li6.1Ga0.3La3Zr2O12
	0.32
	0.6
	30
	3
	25
	68

	Li6.5La3Zr1.5Ta0.5O12
	0.5
	0.5
	~1000
	~25
	RT
	69

	Li6.5La3Zr1.5Ta0.5O12
	0.8
	0.3125
	
	
	RT
	70

	Li6.5La3Zr1.5Ta0.5O12
	0.9
	0.222
	
	
	RT
	71

	Li6.5La3Zr1.5Ta0.5O12
	6.0
	0.0333
	~700
	702
	60
	71

	Al-doped LLZO
	0.134
	0.5
	
	
	RT
	72

	Li6.5La3Zr1.5Ta0.5O12
	0.1
	0.5
	
	
	25
	73

	Li6.5La3Zr1.5Ta0.5O12
	0.6
	0.667
	
	
	25
	74

	Li6.25Al0.25La3Zr2O12
	0.6
	0.5
	
	
	RT
	49

	Al-doped LLZO
	0.62
	0.1
	
	
	RT
	75

	
	
	
	2500
	~260
	70
	75

	Li6.4Ga0.2La3Zr2O12
	0.28
	0.333
	
	
	20
	76

	Li6.5La3Zr1.5Ta0.5O12
	0.4
	0.5
	~50
	~7.5
	25
	77

	Li6.25Ga0.25La3Zr2O12
	0.55
	0.5
	
	
	
	78

	Li6.1Ga0.3La3Zr2O12
	0.58
	0.4
	60
	6
	RT
	79

	Al-doped LLZO
	12.5
	0.08
	250
	125
	75
	80

	Ta-doped LLZO
	1.15
	0.5
	~575
	~56.25
	25
	29

	Al-doped LLZO
	0.64
	0.156
	575
	~28.75
	RT
	81

	Li6.25Ga0.25La3Zr2O12
	0.7
	0.5
	1000
	100
	RT
	82

	Ta-Doped LLZO
	0.1
	0.5
	200
	15
	RT
	83

	Li6.6La3Zr1.6Ta0.4O12
	0.7
	0.5
	150
	6
	RT
	84










Supplementary Tab. 6 | MLFF validation. Energy (meV/atom) and force (eV/Å) errors of snapshots from MLMD simulations at 2000 K versus DFT. “Unseen” indicates that the ML model did not learn the systems. The doping level is indicated by the stoichiometry x in [Li7-3xAlx]La3Zr2O12 and Li7-xLa3[Zr2-xTax]O12. Values in parenthesis are R2 (see Supplementary Fig. 8 for detailed data). 


	System type
	Energy
	Force

	Al-LLZO 
Cubic
	x = 0
	5.4 (1.0)
	0.11 (0.99)

	
	x = 0.25
	1.5 (0.99)
	0.12 (0.99)

	
	x = 0.50
	5.2 (0.99)
	0.12 (0.99)

	
	x = 0.75
	6.1 (0.99)
	0.15 (0.99)

	Al-LLZO Amorphous
	x = 0
	2.6 (0.99)
	0.15 (0.99)

	
	x = 0.25
	2.5 (0.99)
	0.16 (0.99)

	
	x = 0.50
	2.5 (0.99)
	0.16 (0.99)

	
	x = 0.75
	3.3 (0.99)
	0.17 (0.99)

	Ta-LLZO
 Cubic
	x = 0
	6.0 (1.0)
	0.11 (0.99)

	
	x = 0.25
	5.6 (1.0)
	0.11 (0.99)

	
	x = 0.50
	5.4 (0.99)
	0.12 (0.99)

	
	x = 0.75
	5.4 (0.99)
	0.12 (0.99)

	Ta-LLZO Amorphous
	x = 0
	3.3 (0.99)
	0.16 (0.99)

	
	x = 0.25
	3.1 (0.99)
	0.16 (0.99)

	
	x = 0.50
	3.0 (0.99)
	0.17 (0.99)

	
	x = 0.75
	2.9 (0.99)
	0.18 (0.98)


















Supplementary Tab. 7 | Continuum simulation parameters.

	Parameter
	Value

	‍Li bulk concentration
	6.45 per unit cell

	‍σ
	7.3*10-4 S/cm

	‍εr
	12085

	‍GB width
	1.6 nm
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