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Ga-doped Li7La3Zr2O12 (Ga-LLZO) has long been considered as a promising garnet-type electrolyte candidate for
all-solid-state lithium metal batteries (ASSLBs) due to its high room temperature ionic conductivity. However, the typical
synthesis of Ga-LLZO is usually accompanied by the formation of undesired LiGaO2 impurity phase that causes severe
instability of the electrolyte in contact with molten Li metal during half/full cell assembly. In this study, we show that
by simply engineering the defect chemistry of Ga-LLZO, namely, the lithium deficiency level, LiGaO2 impurity phase is
effectively inhibited in the final synthetic product. Consequently, defect chemistry engineered Ga-LLZO exhibits excellent
electrochemical stability against lithium metal, while its high room temperature ionic conductivity (∼ 1.9×10−3 S·cm−1)
is well reserved. The assembled Li/Ga-LLZO/Li symmetric cell has a superior critical current density of 0.9 mA·cm−2,
and cycles stably for 500 hours at a current density of 0.3 mA·cm−2. This research facilitates the potential commercial
applications of high performance Ga-LLZO solid electrolytes in ASSLBs.

Keywords: Ga-doped Li7La3Zr2O12 (Ga-LLZO), defect chemistry engineering, high room temperature ionic
conductivity, electrochemical stability

PACS: 82.47.Aa, 82.33.Pt, 31.15.–p, 82.45.Gj DOI: 10.1088/1674-1056/ad41b9

1. Introduction
With the rise of the new energy vehicle industry, break-

throughs in lithium-ion batteries[1–4] regarding high energy
density and safety performance have become increasingly cru-
cial. Currently, lithium-ion batteries employing organic liquid
electrolytes have achieved significant success, and are widely
used in commercial applications. However, for the demands
of higher energy density, reliability, and safety, existing liq-
uid electrolytes still exhibit notable limitations. For instance,
the organic liquid electrolytes are not only flammable but in-
compatible with high-voltage (≥ 4.6 V) cathodes or larger-
capacity lithium metal anodes.[5] In this context, all-solid-
state lithium metal batteries (ASSLBs) have emerged as a
promising alternative, offering excellent safety features and
high energy density. The solid-state electrolytes (SSEs) used
in ASSLBs possess sufficient mechanical strength to prevent
lithium dendrite penetration and typically have an electro-
chemical stability window exceeding 5 V.[6] This enables the
use of lithium metal anodes and high-voltage cathode materi-
als, which is beneficial to achieve higher energy density limits.
However, SSEs, as the critical components in ASSLBs, must
exhibit high stability against lithium metal.

SSEs are generally divided into three categories: in-
organic ceramic electrolytes (including sulfides, halides
and oxides), polymer electrolytes, and composite elec-
trolytes. Specifically, sulfide-based electrolytes mainly in-

clude Li10GP2S12 (LGPS), Li2S–P2S5 systems, Li7P3S11,
and so on.[7] Halide electrolytes[8] generally fall into
three categories: (i) Lia-M-Cl6, (ii) Lia-M-Cl4 and (iii)
LiaM-Cl8 (M = transition metal elements).[9] They al-
ways show the highest Li-ion conductivity[10] (σLi+) over
10−3 S·cm−1 at room temperature. However, they are
extremely sensitive to air and suffer from high indus-
trial production costs. Oxide-based electrolytes encom-
pass LiPON, perovskite-type, NASICON-type,[11,12] and
garnet-type electrolytes.[13,14] Polymer electrolytes mainly
include polyethylene oxide (PEO),[15] polyvinylidene flu-
oride (PVDF),[16] poly(methyl methacrylate) (PMMA),[17]

polypropylene (PAN),[18] etc.[19–21] They have become pop-
ular SSEs due to their good flexibility and low cost. The lat-
est report by Xiong[22] et al. reported 4.2 V polymer-based
ASSLBs using high-concentration PEO solid electrolyte, pro-
viding a potential pathway for high-voltage stable polymer
electrolytes in high-energy density lithium batteries. How-
ever, polymer electrolytes tend to crystallize at room tem-
perature, resulting in a deterioration of σLi+ ranging from
10−8 S·cm−1 to 10−6 S·cm−1.[23] Besides, polymer elec-
trolytes risk flammability, which hinders their widespread
use.[24] Composite SSEs are a proportional mixture of ceram-
ics and polymers.[25] Therefore, they combine some advan-
tages of both ceramic and polymer SSEs, but still encounter
challenges such as low room temperature σLi+, making their
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practical applications quite difficult.[26]

Oxide SSEs are currently a research hotspot for elec-
trolyte materials due to their higher mechanical strength, good
chemical stability, and high safety performance. However,
oxide SSEs often suffer from severe interface contact issues,
which hinders their development in full batteries. In response
to this problem, various methods have been employed to mod-
ify electrolytes. A new type of solid electrolyte, receptor-
doped LiTaSiO5, was designed and synthesized by Wang[27]

et al. Additionally, a zirconium-doped LiTaSiO5 electrolyte,
Li1.1Ta0.9Zr0.1SiO5, was successfully synthesized. Its conduc-
tivity at 25 ∘C is approximately 2.97×10−5 S·cm−1, which is
about two orders of magnitude higher than that of LiTaSiO5.
Wu[28] et al. has revealed the presence of one-dimensional
liquid lithium ion conduction in LiTa2PO8 and its derivatives.
This liquid-like conduction endows Li/LiTa2PO8/Li batteries
with high ionic conductivity (1.2 mS·cm−1 at 30 ∘C) and ex-
ceptional stability. This finding provides principles for the fu-
ture discovery and design of improved solid electrolytes that
do not require modifications to the Li/solid electrolyte inter-
face to achieve stable ionic transport. Recently, the garnet-
type Li7La3Zr2O12 (LLZO) SSEs have attracted great atten-
tion due to their satisfactory room temperature σLi+ (10−4–
10−3 S·cm−1), and wide electrochemical window (∼ 6 V vs.
Li+/Li) and being relatively inert to air.[29] Pristine LLZO is
a tetragonal phase with the positions of tetrahedra, octahe-
dra, and off-center octahedra being fully occupied by lithium
ions, and exhibits a low room temperature σLi+, approxi-
mately ∼ 10−6 S·cm−1 at 25 ∘C.[30] By doping LLZO with
Al/Ga/Fe[31–37] at Li sites, Ge/Sr/Ce[38–40] at La sites, or
Ta/Nb/Ti[41–43] at Zr sites, LLZO transforms to cubic phase,
and an disordered distribution of lithium is observed, creat-
ing more pathways for lithium ion migration. As such, the
σLi+ of cubic LLZO is two orders of magnitude higher than
that of the tetragonal one.[44] In particular, Ga-doped LLZO
(Ga-LLZO) exhibits outstanding room temperature σLi+ of
∼ 2 × 10−3 S·cm−1.[45] Nonetheless, recent studies[33,46–49]

suggest that Ga-LLZO displays instability issue (cracking) in
contact with Li metal anode, owing to the presence of LiGaO2

impurity phase in the synthetic product that has a strong reac-
tion with Li metal.

To get rid of the undesired LiGaO2 phase, researchers
have tried to pre-add SiO2 during the synthesis of Ga-
LLZO.[50] It is found that LiGaO2 phase is effectively inhib-
ited from the final product by compounding with SiO2 to form
Li2SiO3. As a result, the stability of Ga-LLZO against Li
metal is greatly improved. However, since Li2SiO3 is an ionic
insulator, it seriously degrades the σLi+ of Ga-LLZO from
2.0×10−3 S·cm−1 to 0.4×10−3 S·cm−1. There is an urgent
need to develop a new method that ensures both electrochem-
ical stability and high σLi+ of Ga-LLZO.

In this study, we demonstrate that, by intentionally intro-
ducing an appropriate amount of additional Li vacancies in
Ga-LLZO, the synthetic product contains negligible amount
of LiGaO2 impurity phase. Our theoretical calculations re-
veal that Li vacancies favor the solubility of Ga in LLZO.
This approach dissolves LiGaO2 into Ga-LLZO without gen-
erating additional impurity phases, thus avoiding the loss of
σLi+. The introduction of 1 mol% Li vacancies in Ga-LLZO
not only significantly enhances its stability against Li metal
but maintains high σLi+ of 1.9×10−3 S·cm−1 at room temper-
ature, enabling defect chemistry engineered Ga-LLZO a com-
petitive solid electrolyte. The practicality of these materials in
ASSLBs is further demonstrated in the assembled half-cells.

2. Experiment details
The raw materials of Li2CO3, Ga2O3, La2O3 and ZrO2

were weighed according to the chemical compositions of
Li6.25(1−x)Ga0.25La3Zr2O12 (x = 0.1%, 0.3%, 0.5%, 1%, 2%,
3%, 4%, 5%) and ball milled at a speed of 200 rpm for 5
hours, with ZrO2 as the milling medium and ethanol as the
solvent. After drying in an oven at 80 ∘C for 12 hours, the
mixture is then further processed in an agate mortar to ensure
the homogeneity. They were then separately loaded into cru-
cibles and transferred into muffle furnaces, which had been
preheated to 1100 ∘C. After reaction for 14 min, the crucibles
were taken out from the furnace and cooled down to room
temperature naturally in air. Finally, the samples were placed
into a graphite mold with an inner diameter of 12.5 mm and a
height of approximately 70 mm for hot pressing in vacuum
atmosphere. Coiled carbon paper was used to separate the
punches and samples from the mold. The hot-pressing pro-
cedure is described as follows: the samples were first heated
to 1100 ∘C at a rate of 30 ∘C per minute under an axial pres-
sure of 40 MPa and held there for 1 hour. Subsequently, the
samples were cooled down at a rate of 10 ∘C per minute to
obtain highly dense Ga-LLZO electrolyte pellets.

The phase purity of the synthesized electrolyte pellets
was examined by powder x-ray diffraction (Empyrean, PAN-
alytical, Holland, Cu Kα) with 2θ ranging from 10∘ to 80∘.
Microstructural studies were conducted using field-emission
scanning electron microscopy (FESEM) (SU8000, Hitachi,
Japan). Backscattered electron (BSE) images and elemental
distribution mappings were captured using electron probe mi-
croanalysis (EPMA, JXA-8530 F Plus, JEOL, Japan).

Electrochemical impedance spectroscopy (EIS) was con-
ducted using a BioLogic VSP-300 electrochemical worksta-
tion with an AC amplitude of 10 mV and a frequency range
of 1 Hz to 7×106 Hz to determine the σLi+ of electrolyte pel-
lets. The VTC-16D sputter coater (Hefei Kejing group) was
employed to pre-sputter thin gold layers on both sides of the
electrolyte pellets as ion-blocking electrodes.
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Symmetric cells of Li|Ga-LLZO|Li were assembled in a
glovebox filled with ultra-pure argon to avoid lithium metal
oxidation. Lithium blocks were cut into lithium disks and
pressed into uniform thickness. In a typical half-cell assem-
bly, the garnet electrolyte pellet was polished sequentially with
120, 400, 800, 2000, and 5000-grit sandpapers, followed by
clamping between two new lithium disks. Subsequently, both
sides underwent heat treatment at 250 ∘C for 30 min using a
hot plate. After cooling, the prepared interlayer cell was sealed
well in a coin cell (CR 2032).

Density functional theory calculations were performed
using the Vienna Ab-initio Simulation Package (VASP).[51,52]

All calculations employed the Perdew–Burke–Ernzerhof
(PBE)[53] spin-polarized generalized gradient approximation
functional.[53] Atomic positions were optimized by minimiz-
ing the total energy difference (less than 10−6 eV) and forces
(less than 0.01 eV/Å). A cutoff energy of 520 eV was suffi-
cient for the convergence of the total energy for Li7La3Zr2O12

(LLZO). A 3×3×3 k-point grid was used for the supercell of
1×1×1 Ga-LLZO following the Monkhorst–Pack scheme.

To elucidate the influence of lithium vacancies (VLi) on
the formation energy of Ga substitution for Li (GaLi) defects,
the defect formation energy (Edf) was calculated using the fol-
lowing formula:

Edf = E1 −E0 −nµ. (1)

Here, E1 represents the formation energy of defective Ga-
LLZO, E0 represents the formation energy of pristine Ga-
LLZO, n is the number of defective atoms, and µ is the chem-
ical potential of the defective atoms.

3. Results and discussion
3.1. Inhibiting LiGaO2 from Ga-LLZO by engineering Li

vacancies

First-principles theoretical calculations are employed to
elucidate why LiGaO2 forms and how to inhibit it from Ga-
LLZO by defect chemistry engineering. As shown in Fig. 1,
the defect formation energy (Edf) of Ga substitution for Li
(GaLi) in LLZO is constantly a large positive value over a wide
range of Fermi energy (Ef). This indicates that Ga hardly sub-
stitutes Li so that it easily precipitates out as LiGaO2 impurity
phase. Edf of GaLi is remarkably decreased in the presence
of Li vacancies (VLi), although it is still positive. More im-
portantly, Edf of GaLi would become even lower if more VLi

is introduced, i.e., the Edf of (GaLi + 2VLi, 2VLi:2Li vacan-
cies) is far below that of (GaLi +1VLi, 1VLi:1Li vacancie). In
this context, we argue that the employment of Li vacancies in
LLZO is beneficial to form GaLi substitutional defects rather
than LiGaO2 impurities. This defect chemistry engineering
approach (through introducing an appropriate amount of Li

vacancies) enables the synthesis of phase pure Ga-LLZO elec-
trolyte without generating additional impurities (such as ionic
insulating Li2SiO3 being transformed from LiGaO2 by adding
SiO2).[50] Therefore, superior electrochemical performance is
expected in this work with respect to previous studies,[50] as
will be discussed below.
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Fig. 1. The formation energy of various defects in Ga-LLZO with re-
spect to (Ef −EVBM). EVBM is the energy of valence band maxima.
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Fig. 2. Photographs of Ga-LLZO pellets with different values of x after
hot pressing: (a) x = 3%, (b) x = 4% and (c) x = 5%. (d) XRD patterns
for several representative samples. The standard diffraction patterns of
La2Zr2O7 (PDF card #98-015-3222), cubic Li7La3Zr2O12 (PDF card
#98-026-1302) and tetragonal Li7La3Zr2O12 (PDF card #98-024-6816)
are depicted for reference.

Figures 2(a)–2(c) show photographs of Ga-LLZO pellets
with different amounts of additional Li vacancies (3%, 4%,
and 5% in mole fractions, respectively) after hot pressing. Ap-
parently, in pellets with x ≤ 3% no cracks are observed. How-
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ever, as x ≥ 4%, the pellets become fragmentary, probably at-
tributing to the presence of La2Zr2O7 impurity phase (see dis-
cussions below) that causes substantial internal stress within
the grain boundaries.[54]

Figure 2(d) displays the powder x-ray diffraction (XRD)
patterns of several representative Ga-LLZO pellets. Samples
with x ≤ 1% are pure phase compounds crystallizing in cubic
garnet structure. As x is increased to 3%, La2Zr2O7 impuri-
ties appear. Moreover, the increasing Li vacancies in x = 3%
and 4% samples make them more defective (in a metastable
state), leading to accumulated internal stress that broadens
diffraction patterns. In the x = 5% sample, the huge internal
stress gets released by structure collapse partially into tetrag-
onal phase, and the XRD patterns get intensified again. A
previous study by Paolella[55] et al. suggests that the stabi-
lization of cubic LLZO phase via controlling Li loss is rather

complex. In the absence of foreign dopants, the vacancies in
Li-sites facilitate the formation of cubic LLZO. However, the
Li-deficient LLZO is only stable at high temperatures, and it
recovers to tetragonal phase once cooling to room tempera-
ture. In the case of aggressive Li loss, the synthetic products
include lithium-deficient LLZO unstable phase (tetragonal) or
off-stoichiometric LLZO or pyrochlore (La2Zr2O7), which is
consistent with our study. In the same study, the authors also
demonstrate that Ga dopant makes Li loss more controllable
to form stabilized cubic LLZO. Therefore, we conjecture that
Ga dopant predominately contributes to the stabilization of cu-
bic LLZO in this study rather than Li vacancies. In this con-
text, excess Li vacancies are supposed to destabilize cubic Ga-
doped LLZO and lead to the formation of tetragonal phase
(x = 3%–4%) and even La2Zr2O7 (x = 5%).

LaGax=3.0% OZr

20 mm 20 mm20 mm20 mm

(f1) (f2) (f3) (f4) (f5)

20 mm

LaGax=0% OZr
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(a1) (a2) (a3) (a4) (a5)

20 mm

x=0.5% Ga La OZr

20 mm 20 mm20 mm 20 mm 20 mm
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Ga Lax=1.0% OZr
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x=0.3% Ga La OZr(b1) (b2) (b3) (b4) (b5)
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LaGax=2.0% OZr(e1) (e2)
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Fig. 3. (a)–(f) The backscattered electron images and elemental distribution mappings of (a2)–(f2) Ga, (a3)–(f3) La, (a4)–(f4) Zr and (a5)–(f5)
O for Ga-LLZO pellets with x ≤ 3%.

Figures 3(a1)–3(f1) show the BSE images of Ga-LLZO
with x = 0, 0.3%, 0.5%, 1.0%, 2.0% and 3.0%, respectively.
The corresponding elemental distribution mappings of Ga,
La, Zr and O are presented in Figs. 3(a2)–3(f2), 3(a3)–3(f3),
3(a4)–3(f4) and 3(a5)–3(f5), respectively. In the x = 0 sam-
ple, a conspicuous Ga aggregation phenomenon (Fig. 3(a2))

is observed. Previous TEM results corroborate that these Ga-
rich precipitates in EDS represent LiGaO2.[50] Therefore, we
can ascertain that the observed Ga enrichment in the x = 0%
(Fig. 3(a2)) and x = 0.3% (Fig. 3(b2)) samples is attributed
to the presence of the LiGaO2 impurity phase (although un-
detectable in XRD studies because of its low concentration).
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Ga-rich precipitates become much sparser in Li-deficient sam-
ples and basically vanish when x ≥ 0.5% (Figs. 3(c2)–3(f2)).
In the meanwhile, Zr-rich impurities (most likely La2Zr2O7

according to XRD analysis) are prone to precipitae out, and
it becomes evident when x = 2% (Fig. 3(e4)). The presence
of La2Zr2O7 is further supported by the point scanned EDS
analysis (Fig. S1).

x/%

x/.% x/.% x/.%

x/.% x/.%

Fig. 4. Photographs of Ga-LLZO pellets with different Li vacancies af-
ter being immersed in molten lithium for 1 min: (a) x = 0, (b) x = 0.3%,
(c) x = 0.5%, (d) x = 1%, (e) x = 2% and (f) x = 3%.

The inhibition of LiGaO2 in Ga-LLZO final product by
Li deficiency significantly improves its stability against Li
metal. Figure 4 illustrates the photographs of Ga-LLZO pel-
lets with different Li vacancies (x ≤ 3%) after being immersed
in molten lithium for 1 min. The x = 0% sample (Fig. 4(a))
is completely destroyed into small fragments, which is as-
cribed to the severe reaction between LiGaO2 impurities and

Li metal causing huge volume expansion and stress release.
By comparison, the x = 0.3% sample (Fig. 4(b)) containing
less LiGaO2 preserves structural integrity, although several
cracks radiating from the center of the pellet are observed. For
the samples with x≥ 0.5% (Figs. 4(c)–4(f)), they remain intact
after immersion because of absence of LiGaO2 precipitates.

3.2. Superior electrochemical performance of defects engi-
neered Ga-LLZO

Figure 5(a) displays the EIS of Ga-LLZO pellets with
different content of additional Li vacancies, from which their
room temperature values of σLi+ are determined, as illustrated
in Fig. 5(b). It is seen that σLi+ is practically unaffected within
x ≤ 3%, roughly scattering around 2×10−3 S·cm−1. As x is
increased to 4% and above, there is a rapid decline of σLi+

to a value as low as 0.1×10−3 S·cm−1, because of the emer-
gence of poor-ionic-conductive La2Zr2O7 impurity phase and
collapse of cubic garnet structure into tetragonal one[54] (in the
circumstance of over-much Li deficiency).

Ideal electrolytes[56] are not only highly ionic conduc-
tive but also electrically insulating. Figure 5(c) shows direct
current (DC) polarization curves for Ga-LLZO pellets inves-
tigated in this study. The derived electronic conductivity (σe)
values are all on the order of 10−6 mS·cm−1 (six orders of
magnitude lower than those of σLi+) at 25 ∘C, regardless of
x, as shown in Fig. 5(d). Therefore, our defects engineered
Ga-LLZO can be viewed as excellent electronic insulator so
that short circuits or electrical leakages can be largely inhib-
ited during their service in batteries.
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Li|Ga-LLZO|Li symmetric cells were successfully as-
sembled for the electrolyte pellets with x in-between 0.5%
and 2% where LiGaO2 or La2Zr2O7 impurities are absent.
Figure 6(a) illustrates the EIS curves of these cells, from
which the interfacial impedances (Fig. 6(b)) are estimated to
be 13.5 Ω·cm2 (x = 0.5%) and 18.4 Ω·cm2 (x = 1%), respec-
tively. These values are among the best results[46,49,50,57–59]

reported so far for garnet electrolytes based symmetric cells,
which is indicative of satisfactory interfacial contact. How-
ever, the interfacial impedances are almost doubled at ∼
28 Ω·cm2 when x is 1.5% or larger (Fig. 6(b)). Although these
values are still decent, they indicate lower priority for the over-

much-Li-deficient electrolytes in battery assembly.
The cyclic current curves shown in Fig. 7 demonstrate

that the symmetric cells with x = 0.5%, 1%, 1.5% and 2% do
not short circuit until high critical current densities (CCD) of
0.9 mA cm−2, 1.0 mA·cm−2, 0.9 mA·cm−2 and 0.7 mA·cm−2

are achieved, respectively. Although x = 2% sample does not
contain LiGaO2, it has a tremendous amount of La2Zr2O7

impurities (see Figs. 3(e1)–3(e5)). As La2Zr2O7 is a poor
ionic conductor, it is very likely to exert an adverse impact
on the electrochemical performance of the pellet. Therefore,
the x = 2% sample shows a degraded CCD compared to other
three samples shown in Fig. 7.

The best performing Li|Ga-LLZO|Li symmetric cell with
x = 1% was further subjected to long-term cycles. In an ap-
plied current density of 0.1 mA·cm−2, the cell stably cycles
for over 500 hours (Fig. S2). We then proceed to increase the
current density to 0.3 mA·cm−2, and the results are displayed
in Fig. 8(a). Figures 8(b)–8(d) illustrate the magnified volt-
age profiles of the symmetric cell in the three representative
regions (I, II and III, respectively) marked by the blue-dashed
rectangles in Fig. 8(a). Apparently, the voltage platform is
fairly flat after cycling for 260 hours, which is encouraging.
The cell, however, suffers a micro-short circuit during the
449th hour cycling and this situation becomes even worse after
cycling for 470 hours, as can be seen from the sudden drop in
voltages. Nonetheless, we demonstrate the defects engineered
Ga-LLZO pellet has good compatibility with Li metal anode
and practicability in ASSLBs because of its well reserved σLi+

of 1.9×10−3 S·cm−1 and much improved stability. The excel-
lent cycling performance also indicates the electrolyte’s inhi-
bition effect on lithium dendrites, as suggested by Wu et al.[60]

Our findings hold significant implications for ongoing studies
of electrolyte-electrode stability in ASSLBs.
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4. Conclusion

Ga-LLZO was regarded as a promising electrolyte candi-
date for ASSLBs but encounters an instability issue in contact
with a Li metal anode. The spontaneously formed LiGaO2 im-
purity phase in the synthetic product of Ga-LLZO (due to the
inherently low solubility of Ga in LLZO) has a vigorous re-
action with Li metal, resulting in a huge volume change and
stress release that crack the electrolyte pellet. Although re-
searchers have successfully transformed the undesired LiGaO2

impurities into Li2SiO3 byproducts (which are stable against
Li metal) by pre-adding SiO2 in the synthesis procedure and
improved the stability of Ga-LLZO, the ionically insulating
Li2SiO3 has a negative impact on the overall σLi+ of elec-
trolyte pellet. In this work, we employed a feasible defect
chemistry engineering approach to inhibit LiGaO2 impurities
from the final product of Ga-LLZO. Specifically, we reveal
that the introduction of additional Li vacancies in LLZO sig-
nificantly reduces the GaLi substitutional defects formation en-
ergy, so that LiGaO2 impurities are able to be redissolved into
the garnet electrolyte. This defect chemistry engineering ap-
proach ensures a high σLi+ of 1.9× 10−3 S·cm−1, low σe on
the order of 10−6 mS·cm−1, and a large CCD of 1.0 mA·cm−2

for LiGaO2-free Ga-LLZO electrolyte pellets that show excel-
lent stability against Li metal model. The assembled Li|Ga-
LLZO|Li symmetric cells display satisfactory long cycling
performance.
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