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Significance

 Lithium metal batteries (LMBs) 
hold tremendous potential for 
next-generation energy storage 
due to their high energy density, 
but their commercial adoption is 
hindered by poor stability and 
safety concerns. This work 
introduces an electrolyte design 
strategy that uses minimal 
fluorination combined with a 
modified molecular backbone 
structure to achieve stable, 
high-performance LMBs. Unlike 
previous approaches that relied 
on heavy fluorination—which 
raises environmental concerns 
and reduces ion transport—this 
electrolyte achieves excellent 
performance with just two 
fluorine atoms per molecule. The 
electrolyte enables faster 
charging, better stability, and 
reduced formation of dead 
lithium compared to existing 
solutions. This work 
demonstrates that strategic 
molecular design can achieve 
optimal battery performance.
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High degree of fluorination for ether electrolytes has resulted in improved cycling stability 
of lithium metal batteries due to stable solid electrolyte interphase (SEI) formation and 
good oxidative stability. However, the sluggish ion transport and environmental concerns 
of high fluorination degree drive the need to develop less fluorinated structures. Here, we 
depart from the traditional ether backbone and introduce bis(2-fluoroethoxy)methane 
(F2DEM), featuring monofluorination of the acetal backbone. High coulombic efficiency 
and stable long-term cycling in Li||Cu half cells can be achieved with F2DEM even under 
fast Li metal plating conditions. The performance of F2DEM is further compared with 
diethoxymethane (DEM) and 2-[2-(2,2-difluoroethoxy)ethoxy]-1,1,1-trifluoroethane 
(F5DEE). A significantly lower overpotential is observed with F2DEM, which improves 
energy efficiency and enables its application in high-rate conditions. Comparative studies 
of F2DEM with DEM and F5DEE in anode-free lithium iron phosphate (LiFePO4) LFP 
pouch cells and high-loading LFP coin cells further show improved capacity retention 
of F2DEM electrolyte, demonstrating its practical applicability. More importantly, we 
also extensively investigate the underlying mechanism for the superior performance 
of F2DEM through various techniques, including X-ray photoelectron spectroscopy, 
scanning electron microscopy, cryogenic electron microscopy, focused ion beam, electro-
chemical impedance spectroscopy, and titration gas chromatography. Overall, F2DEM 
facilitates improved Li deposition morphology with reduced amount of dead Li. This 
enables F2DEM to show superior performance, especially under higher charging and 
slower discharging rate conditions.

monofluorination | acetal electrolyte | lithium metal battery

 Lithium metal has emerged as a highly promising battery anode material with its high 
theoretical specific capacity (3,860 mAh g−1 ) and low standard reduction potential [−3.04 
V vs. standard hydrogen electrode ( 1   – 3 )]. Despite their potential benefits, lithium metal 
batteries (LMB) still suffer from low coulombic efficiency (CE) and poor cycling stability 
( 4   – 6 ). Generally, if 1,000 stable cycles with more than 90% capacity retention is desired, 
the averaged CE would have to be at least 99.99% ( 7 ). One major factor that significantly 
impacts the CE is the formation of a stable SEI layer on the surface of the anode. The SEI 
layer is critical for preventing further reactions between the anode and electrolyte ( 8 ,  9 ). 
However, SEI is prone to cracking during cycling, which results in mossy Li growth, the 
formation of "dead Li", irreversible loss of lithium inventory, and excess SEI formation ( 6 ).

 Among the different strategies to modify the SEI formation and improve CE, rational 
electrolyte design is essential ( 4 ,  10   – 12 ). Some of the electrolyte engineering strategies that 
have been extensively investigated in recent years include high-concentration electrolytes 
( 13 ), localized high-concentration electrolytes (LHCEs) ( 14 ,  15 ), additive design ( 16 ), mixed 
solvent systems ( 17 ,  18 ), dual-salt-dual-solvent electrolytes ( 19 ,  20 ), and single-salt-single-solvent 
electrolytes ( 12 ,  21   – 23 ). Among the various electrolyte systems, fluoroethers have emerged 
as a promising class of solvent for lithium metal batteries ( 12 ,  22           – 28 ). Solvent fluorination 
not only modifies solvation structure for favorable SEI formation but also improves oxidation 
stability with high-voltage cathodes.

 To address the aforementioned issues, we designed and synthesized bis(2-fluoroethoxy)methane 
(F2DEM). The weakened solvation of the acetal backbone and monofluorination contribute 
synergistically to the enhanced performance. More specifically, the formation of a fluorine-rich 
interphase that effectively stabilizes the Li metal anode, and the moderately weakened solva-
tion that improves transport properties. This synergistic effect of low-degree fluorination 
results in both improved conductivity and superior interfacial stability. Compared with the 
two reference electrolytes, 2M LiFSI/diethoxymethane (DEM) and 1.2M LiFSI/2-[2-(2,2- 
Difluoroethoxy)ethoxy]-1,1,1-Trifluoroethane (F5DEE), 2M LiFSI/F2DEM showed D
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excellent CE and stable long-term cycling in Li||Cu half cells. A 
significantly lower overpotential was also observed with F2DEM, 
which improves the energy efficiency and enables its application in 
high-rate conditions. Additionally, improved capacity retention was 
observed with F2DEM in anode-free LFP pouch cells and high- 
loading LFP coin cells, surpassing that of our previously reported 
high-performing F5DEE electrolyte. Further studies on the capacity 
loss mechanisms show improved Li deposition morphology in 
F2DEM electrolyte, which greatly reduces dead Li formation. 

Molecular Design Strategy

 Ether solvents have demonstrated noticeable potential as electro-
lyte solvents in LMB due to their better stability with the Li anode 
as compared to carbonates ( 21 ,  29   – 31 ). However, their low oxi-
dative stability poses challenges to applications in high-voltage 
batteries. To improve the cathode stability of ether electrolytes, 
incorporating electron-withdrawing fluorine atoms was found to 
deepen the HOMO energy level ( 12 ,  22 ,  24       – 28 ). While a higher 
degree of fluorination (i.e., CF2 , CF3 ) is expected to yield a higher 
oxidative stability, they are often accompanied by slower ion trans-
port that leads to limited application in faster rate conditions ( 22 ). 
Environmental concerns of highly fluorinated compounds also 
drive the need to develop monofluorinated alternatives ( 32 ).

 Monofluorinated ethers have been reported with ethylene glycol 
ether backbone, namely 1,2-bis(2-fluoroethoxy) ethane (FDEE) 
( 28 ). However, when used as the single solvent with LiFSI, poor 
Li cycling stability was observed. To stabilize the CE of mono-
fluorinated ethers, previous approach relied on a LHCE design to 
reduce solvent participation in interfacial reactions and derive a 
more stable inorganic-rich SEI ( 28 ). However, the LHCE 
approach not only requires highly fluorinated compounds with 
great environmental concerns, but the addition of highly fluori-
nated diluents can also hinder the ion transport and lower the 
overall conductivity of the electrolyte. These drawbacks motivate 
us to test the feasibility of designing a single-solvent system that 
achieves excellent Li cycling performance even with low degree of 
fluorination.

 Our recent work suggested that the acetal structure can effec-
tively weaken the solvation power ( 33 ). Considering this, our 
design steers away from the traditional ether backbone and uses 
an acetal backbone as the main approach to weaken the solvation 
strength. We hypothesize that this will enable more stable cycling 
even in monofluorinated systems, without having to increase the 
concentration of the electrolyte or introducing highly fluorinated 
diluent. Based on these design principles, F2DEM is synthesized 
with monofluorination of the acetal backbone ( Fig. 1 ), which 
ensures stability at both the anode and cathode side, in addition 
to maintaining good ionic conductivity.          

Electrolyte Solvation and Transport Properties

 Adequate ion transport is essential to a high-performing LMB 
system, and Li salt concentrations can affect the ionic conductivity 
( 34 ). Therefore, it is necessary to first determine the optimal salt 
concentration before proceeding with cell cycling and character-
izations. Electrolyte solutions were obtained by mixing LiFSI with 
F2DEM at 1.2 to 3 mol of LiFSI in per liter of solvent, and ionic 
conductivities were measured with and without a separator. Note 
that here, we will refer to mol LiFSI/L solvent as molarity (M), 
their corresponding mol LiFSI/L solution values can be found in 
Supplementary Table 1. The setup without a separator allows us 
to measure the intrinsic conductivity of the electrolytes, while 
conductivity with separator better mimics the condition in realistic 
cells. For the setup with separator, SS||SS coin cells were assembled 
with Celgard 2325 separator swelled by different concentrations 
F2DEM. To measure the conductivity without separator, Swagelok 
cells were used. The ionic conductivity with separator peaked at 
around 2M LiFSI/F2DEM ( Fig. 2A  ). In the separator-free 
Swaglok setup, 2M remained the optimal concentration for high 
ionic conductivity ( Fig. 2B  ). Compared to the conductivity of 
DEM and F5DEE, F2DEM shows the higher conductivity across 
all the different concentrations (SI Appendix, Fig. S4 ). It is inter-
esting that monofluorination leads to conductivity increase, while 
fluorination has been generally expected to lead to decreased con-
ductivity. We hypothesize that strategic fluorination can poten-
tially modify the electron density distribution around the ether 
oxygen atoms, resulting in optimized Li+-solvent coordination 
strength that facilitates more dynamic solvation shell exchange. 
The transport numbers of different concentrations were also meas-
ured for F2DEM. Higher transport number is generally desired 
as a higher fraction of the current is carried by Li+ . As shown in 
 Fig. 2C  , the measured values for all concentrations (>0.4) are com-
parable to the transport number commonly reported in ether 
electrolytes ( 12 ,  22 ,  27 ). Values used for calculations for the ionic 
conductivity with and without separators are documented in 
﻿SI Appendix, Tables S3 and S4 . The detailed current vs. time and 
EIS plots for transport number calculation are included in 
﻿SI Appendix, Figs. S16–S19 .        

 The viscosities of the three electrolytes are measured with and 
without LiFSI salt added ( Fig. 2D   and SI Appendix, Fig. S3 ). 
When no salt is added to the solvent, F5DEE has the highest 
viscosity, followed by F2DEM and DEM. This is likely due to the 
high degree of fluorination in F5DEE, which can potentially 
enhance the intermolecular interactions between the solvent mol-
ecules. When salt is added to the system, 2M LiFSI/F2DEM 
shows higher viscosity compared to 2M LiFSI/DEM and 1.2M 
LiFSI/F5DEE, which are the optimal concentration for CE meas-
urements, respectively. It should be noted that 2M LiFSI/F5DEE 

Fig. 1.   Molecular design of F2DEM that harvests the benefits of enhanced oxidative stability of monofluorination and weakened solvation of acetal backbone.D
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still shows the highest viscosity, although this concentration is not 
used for battery cycling. Regardless of the higher viscosity, 2M 
LiFSI/F2DEM still shows the highest ionic conductivity among 
the three electrolytes.

 Next, we study solvation environment of F2DEM through sol-
vation free energy measurement previously developed by Kim et al. 
( 35 ) Note that the ΔGsolvation  values are in reference to 1M LiFSI in 
DEC. Compared to a solvation free energy of -8.05 kJ mol−1  meas-
ured in DEE, the solvation power decreases drastically in DEM 
(∆Gsolv  ≈ 14 kJ mol−1 ) due to its acetal structure ( Fig. 2E  ). 
Fluorination further weakens the solvation in F2DEM. With the 
backbone effect, F2DEM can achieve similar solvation energy as 
F5DEE even with low degree of fluorination. Raman spectroscopy 
is also used to compare the relative amount of contact ion pairing 

and aggregates in each electrolyte system. As shown in  Fig. 2F  , more 
contact ion pairing and aggregation is observed in both 1.2M 
F5DEE and 2M F5DEE, followed by 2M F2DEM and 2M DEM. 
This trend resembles what we observed with solvation free energy 
measurement.

 As previously mentioned, we trace the origins of the weakened 
solvation in F2DEM to its acetal backbone. To verify this effect, 
we conducted a computational study based on molecular dynamics 
(MD) and DFT to identify the optimal binding configurations of 
Li+  in each electrolyte. As shown in SI Appendix, Figs. S1 and S2 , 
the number of FSI−  and solvent coordinated to Li+  in the primary 
solvation sheath via MD matches the trend observed with solvation 
free energy measurement and Raman spectroscopy ( Fig. 2F  ). The 
highly fluorinated 1.2M F5DEE is predicted to exhibit locally 

Fig. 2.   The transport properties of F2DEM. (A) Ionic conductivity of F2DEM measured with Celgard 2325 separator in SS||SS cells across four different 
concentrations. The ionic conductivity values are averaged among three repeated cells and the SD are shown on the plot. (B) The intrinsic ionic conductivity 
without a separator measured with Swaglok cells across four different concentrations. (C) Transport numbers measured in Li||Li symmetric cells for the four 
different concentrations. The transport numbers are averaged between two repeated cells and the SD are shown on the plot. (D) Dynamic viscosity of 2M 
LiFSI/solvent for DEM, F2DEM, and F5DEE. The viscosity for 1.2M LiFSI/F5DEE is also shown. (E) The solvation free energy of DEE, DEM, F2DEM, and F5DEE at 
2M concentration measured according to the method outlined in ref. 41. The solvation free energy of 1.2M LiFSI/F5DEE is also shown to reflect property of the 
electrolyte used during cycling. (F) Raman spectroscopy of 2M LiFSI/DEM, F2DEM, F5DEE and 1.2M LiFSI/F5DEE, showing increase in contact ion pairing and 
aggregates with fluorination. (G) Density functional theory (DFT) of DEM, F2DEM, and F5DEE showing gauche configuration of DEM and F2DEM.D
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aggregated solvation shells with an average of ~2 FSI−  per Li+ , 
whereas the 2M F2DEM and 2M DEM are predicted to contain 
contact-ion pair structures with an average FSI−  coordination num-
ber of 1. The solvation population analysis showing the distribution 
of different Li+  solvates is shown in SI Appendix, Fig. S15 . Increased 
anion coordination can be seen with F2DEM compared to DEM. 
However, due to lower degree of fluorination, the anion participa-
tion in the solvation shell is not as pronounced in F2DEM com-
pared to F5DEE ( 22 ). We then apply DFT to these predicted 
solvation clusters to gain a more precise understanding of the local 
configuration of solvation components ( Fig. 2G  ). After optimiza-
tion, we predict that the gauche configuration is preserved in the 
F2DEM and DEM systems, resulting in monodentate coordina-
tion. Overall, the reduced fluorination degree in F2DEM can 
maintain good ionic conductivity, improving its transport prop-
erties while achieving moderate solvation.  

Electrochemical Stability

 Overpotential is a critical parameter in LMB as it is directly related 
to the high-rate performance and energy efficiency of the system. 
To assess the overpotential of F2DEM, Li||Li symmetric cells were 
made with thick Li (750 μm) on both sides. The cells were cycled 
under various current densities. With a capacity of 3 mAh cm−2  
for each cycle, the current density was gradually increased from 1 
mA cm−2  to 8 mA cm−2 , where the cells were cycled 10 times under 
each current density. As shown in  Fig. 3A  , the overpotential of 
2M LiFSI/F2DEM is roughly 50% less than that of 1.2M LiFSI/ 
F5DEE under all current densities. Under a current density of 1 
mA cm−2 , an overpotential of around 55 mV was observed for 
F5DEE, similar to our previous report ( 22 ). The overpotential of 
F2DEM, however, is only around 30 mV. This significant drop 
in overpotential suggests a much higher energy efficiency of 
F2DEM over F5DEE. This setup also simultaneously assesses the 
fast-charging capability of the F2DEM electrolyte. Soft short, 
however, was observed for both F2DEM and F5DEE starting 
around 6 mA cm−2 .        

 Next, we investigate the performance of 2M LiFSI/F2DEM in 
Li||Cu half cells as compared to 1.2M LiFSI/F5DEE and 2M 
LiFSI/DEM. The average CE was first evaluated by the Aurbach 
method in Li||Cu half cells ( 36 ,  37 ) ( Fig. 3B  ). Based on this stand-
ard protocol, 5 mAh cm−2  of Li was first deposited onto the Cu 
foil as Li reservoir. This was followed by 10 subsequent cycles of 
plating and stripping at 0.5 mA cm−2  for 1 mAh cm−2 . Finally, all 
deposited Li was stripped from Cu, and the total capacity recov-
ered was divided by the amount deposited to obtain the CE. The 
average CE of F2DEM was measured as 99.5 % for four cells, 
which is similar to the 99.5% (3 cells) previously reported with 
F5DEE ( 22 ) and higher than 99.2% (4 cells) with DEM.

 Furthermore, we corroborate these observations through 
long-term cycling of Li||Cu half cells. To probe the long-term 
cycling stability, the Cu surface was first conditioned by cycling 
between 0 and 1 V at 0.2 mA cm−2  for 10 cycles. For long-term 
cycling, 1 mAh cm−2  of Li was plated onto Cu at 0.5 mA cm−2  and 
stripped to 1 V at a rate of 0.5 mA cm−2  ( Fig. 3C   and SI Appendix, 
Fig. S5A﻿ ). Excluding the activation cycles, the average CE of 
F2DEM in the first 5 to 50 cycles (99.4%) was also higher than 
that of F5DEE and DEM (both at 99.3%). However, under this 
less harsh condition, F5DEE appears to have fewer number of 
activation cycles (number of cycles to reach 99%) as compared to 
F2DEM, which contrasts with the later experiments under faster 
charging conditions. Similar experiments were carried out under 
a faster charge and slower discharge condition (1 mA cm−2  plating, 

0.4 mA cm−2  stripping) with a higher capacity (2 mAh cm−2 ) to 
further evaluate the fast-charging capabilities of F2DEM. Under 
this harsher condition, a more distinct difference can be observed 
among the three different electrolytes. F2DEM showed a superior 
cycling stability with a higher CE over 250 cycles compared with 
F5DEE and DEM ( Fig. 3D   and SI Appendix, Fig. S5B﻿ ). Compared 
to the long-term cycling at 0.5 mA cm−2 , this fast plating and slow 
stripping condition requires more number of cycles to reach stable 
cycling at 99% for all three electrolytes. However, a more distinct 
difference can be observed. While F2DEM took less than 10 cycles 
to reach 99% CE, F5DEE took over 25 cycles to establish a stable 
SEI and DEM fails to achieve a stable cycling over 99%. This 
indicates that less capacity was lost during the initial cycles toward 
the establishment of a stable SEI in F2DEM. This is highly desir-
able for anode-free cells with limited Li supply.

 Considering the modified solvation environment and addition 
of electron withdrawing fluorine atoms in F2DEM molecules, we 
would expect an improved oxidative stability of the 2M F2DEM. 
To corroborate the oxidative stability enhancement of F2DEM 
upon fluorination, we carried out LSV on the three different elec-
trolytes. To best mimic the realistic full cell cycling environment, 
Al was first chosen as the working electrode. Sweeping up to 7 V 
at 1 mV s−1 , the resulting leakage current would allow us to eval-
uate the corrosion of Al current collector ( 38 ,  39 ). With this setup, 
we observed a leakage current onset at around 6 V for both 
F2DEM and DEM ( Fig. 3E  ). The delayed voltage onset around 
6.5 V for F5DEE is likely because of its increased degree of fluor-
ination, which results in a higher oxidative stability.

 In addition to LSV, the electrode/electrolyte stability is further 
assessed through voltage-holding experiments in the Li||Al cell 
setup. In this case, the voltage was slowly increased from an open 
circuit to 4.4 V at a scan rate of 1 mV s−1 , then the cells were held 
at 4.4 V for an extended period of time, and the corresponding 
leakage current was monitored. In this case, no significant leakage 
current should be observed while holding at 4.4 V if a stable 
passivation layer was established on the Al surface ( 21 ). As shown 
in  Fig. 3F  , we did not observe a significant leakage current for all 
three electrolytes. Overall, the passivation of Al is relatively stable 
at 4.4 V for the tested systems.

 LSV experiments were also conducted with Pt working elec-
trode. Unlike the Al cathode current collector, no passivation 
reactions occurred on the Pt surface. With the absence of a passi-
vating layer, the onset voltage is expected to decrease for all three 
electrolytes. As shown in  Fig. 3G  , the leakage current was observed 
at an onset voltage of around 4 V for F2DEM, which is higher 
than the 3 V observed with DEM. With a higher degree of fluor-
ination in F5DEE, it expectedly shows a higher onset voltage at 
around 4.5 V. This trend corroborates our hypothesis that increas-
ing the degree of fluorination enhances the oxidative stability and 
agrees well with the previous research ( 22 ).  

Pouch Cell Performance

 The performance of 2M LiFSI/F2DEM was further assessed in 
Cu||LFP anode-free pouch cells, with a voltage range from 2.5 V 
to 3.65 V. Various charging and discharging rates were implemented 
to fully assess the pouch cell performance of F2DEM (1C = 200 
mA or 2 mA cm−2 ). Note that the nominal capacity at a C/3 charge 
rate was 210 mAh, or 2.1 mAh cm−2 , and the electrolyte loading 
was 0.5 mL. We first studied the performance of 2M LiFSI/F2DEM 
under C/2 charge and C/5 discharge rate, significant improvement 
in discharge capacity and CE was observed in 2M LiFSI/F2DEM 
compared to 1.2M LiFSI/F5DEE ( Fig. 4 A  and B  ). This is the more 
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demanding condition since it has been reported that slower dis-
charge than charge can lead to higher surface area Li morphology 
( 40 ). However, this is also the condition that can best resemble the 
real-life battery charging and discharging condition. The improve-
ment seen in F2DEM under a slower discharge rate potentially 
indicates that F2DEM can facilitate the formation of a more stable 
SEI. We further investigate the performance of anode-free pouch 
cells under 2C discharge, since slow charge and fast discharge con-
ditions were generally implemented to enhance the Li morphology 
by reducing Li filament formation ( 40 ). Compared to F5DEE, 

F2DEM showed a higher capacity utilization and a slower capacity 
loss ( Fig. 4 E  and F  ). This improved capacity retention of F2DEM 
can be partially attributed to its low overpotential and higher ionic 
conductivity, which is consistent with our previous observation in 
Li||Li symmetric cells ( Fig. 3A  ). Note that the fluctuation in CE 
and capacity profile under this fast discharge condition might be 
due to various factors including temperature fluctuation and dead 
Li reconnection during cycling. Under symmetric C/2 charge rate 
and C/2 discharge rate, 2M LiFSI/F2DEM yielded similar cycling 
performance as the two reference electrolytes ( Fig. 4 C  and D  ).  

Fig. 3.   Electrochemical stability of 2M LiFSI/F2DEM compared with 2M LiFSI/DEM and 1.2M LiFSI/F5DEE. (A) Representative Li||Li symmetric cells cycled at 
increasing current densities (1 mA cm−2 to 8 mA cm−2) and 3 mAh cm−2 capacity. The cells are cycled 10 times under each current density. Three repeated cells 
are shown for each electrolyte. (B) The CE measurements of the three electrolytes based on the modified Aurbach method (36). The CE was averaged among 
four cells for F2DEM and DEM. For F5DEE, the CE was averaged between two cells. (C) Li||Cu CE of all three electrolytes. The cells were cycled at 0.5 mA cm−2 
for 1 mAh cm−2 and stripped to 1 V at 0.5 mA cm−2. Note that prior to cycling, the copper surface is preconditioned by cycling between 0 and 1 V at 0.2 mA cm−2 
for 10 cycles. The figure shows the CE of the first 50 cycles. The average CE values were calculated based on cycles 5 to 50, excluding the activation cycles. Four 
repeated cells for F2DEM, and two repeated cells for DEM and F5DEE are made, showing the consistent trend. (D) Li||Cu CE over 250 cycles under a fast plating 
(1 mA cm−2) and slow stripping (0.4 mA cm−2) condition. Four repeated cells for F2DEM, DEM, and F5DEE are made, showing the consistent trend. (E) The linear 
sweep voltammetry (LSV) in Li||Al cells. The leakage current of the three electrolytes was measured by sweeping up to 7 V at 1 mV s−1. (F) Leakage current 
measured in Li||Al cells. LSV was first applied to the cells to sweep from open circuit voltage to 4.4 V at 1 mV s−1. The cells were then held at 4.4 V for over 60 h. 
Two repeated cells are tested for each electrolyte and similar trend is observed. (G) LSV in Li||Pt cells showing improved oxidative stability compared to DEM. 
The leakage currents of the three electrolytes were measured by sweeping up to 7 V at 1 mV s−1.
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This is likely because the advantage of low overpotential cannot be 
clearly observed under slow conditions. Overall, 2M LiFSI/F2DEM 
showed excellent performance in the anode-free LFP pouch cells 

under all tested rates, and particularly under fast charge and slow 
discharge condition where a more stable SEI is required to enhance 
the cycling stability.          

Fig. 4.   (A–F) Performance of Cu||LFP pouch cell cycling between 2.5 V and 3.65 V. The nominal capacity at C/3 is 210 mAh, or 2.1 mAh cm−2. The electrolyte 
loading is 0.5 mL. The 2M LiFSI/F2DEM is compared to 1.2M LiFSI/F5DEE and F4DEE under various charging and discharging conditions. (A and B) C/2 charge 
and C/5 discharge capacity (1C = 200 mA or 2 mA cm−2) and CE profile over 80 cycles. Four repeated cells for F2DEM are shown. (C and D) C/2 charge and C/2 
discharge capacity and CE profile over 150 cycles. Two repeated cells for F5DEE and four repeated cells for F2DEM are shown. (E and F) C/2 charge and 2C 
discharge capacity and CE profile over 100 cycles. Two repeated cells for F5DEE and F4DEE and four repeated cells for F2DEM are shown. The data for F4DEE 
and F5DEE are taken from ref. 22. (G–L) Performance of Li||LFP cells with 20-μm Li anode and high-loading 3.5 mAh cm−2 LFP cathode for 2M LiFSI/F2DEM, 1.2M 
LiFSI/F5DEE, and 2M LiFSI/DEM. The cells are cycled between 2.5 V to 3.8 V. The electrolyte loading is 40 µL. The 80% capacity retention is defined by setting the 
cell with highest first cycle discharge capacity as the 100% capacity reference. (G and H) Discharge capacity and CE profile of cells cycled under 0.75 mA cm−2 
charge and 1.5 mA cm−2 discharge (with comparison to F5DEE and DEM). Two repeated cells for F5DEE and DEM, and four repeated cells for F2DEM are shown. 
(I and J) Discharge capacity and CE profile of cells cycled under 1.5 mA cm−2 charge and 3 mA cm−2 discharge (with comparison to F5DEE). Two repeated cells for 
F5DEE and four repeated cells for F2DEM are shown. (K and L) Discharge capacity and CE profile of F2DEM cells cycled under 1 mA cm−2 charge and 2 mA cm−2 
discharge. Four repeated cells for F2DEM are shown.
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Coin Cell Performance

 The cycling performance of 2M LiFSI/F2DEM was also evaluated 
in Li||LFP coin cells with 20- μm-thick Li anode and high-loading 
3.5 mAh cm−2  LFP cathode. The additional lithium source will 
allow us to probe the long-term cycling performance of Li||LFP 
cells. Various charge and discharge current densities (0.75 mA 
cm−2  charge and 1.5 mA cm−2  discharge, 1.5 mA cm−2  charge and 
3 mA cm−2  discharge, 1mA cm−2  charge and 2 mA cm−2  discharge, 
and 0.4 mA cm−2  charge and 2 mA cm−2  discharge) were applied 
with 3.8 V cutoff ( Fig. 4 G –L   and SI Appendix, Fig. S6 ). With 
0.75 mA cm−2  charge and 1.5 mA cm−2  discharge, a higher capac-
ity retention was observed for F2DEM than F5DEE and DEM 
( Fig. 4 G  and H  ). From the charge and discharge curves of all 
three electrolytes (SI Appendix, Fig. S7 ), the voltage plateau 
increased over cycling, indicating an increase in overpotential. 
However, since voltage divergence can still be observed after 150 
cycles, overpotential increase should not be the only failure 
mechanism. The lithium inventory loss may also contribute to 
the capacity loss. Therefore, we hypothesize that the improved 
capacity retention of F2DEM is likely due to its low and stable 
overpotential, in combination with its formation of a more stable 
SEI to reduce lithium inventory loss, prolonging the cycle life 
of F2DEM-based cells. This hypothesis will be verified in the 
next section through dead Li quantification. Further increasing 
the current densities to 1.5 mA cm−2  charge and 3 mA cm−2  
discharge, F2DEM can retain 80% of the initial capacity over 
125 cycles while the capacity of F5DEE dropped below 80% 
retention after 100 cycles ( Fig. 4 I  and J  ). The charge and dis-
charge curves (SI Appendix, Fig. S7 ) showed a similar trend as 
the 0.75 mA cm−2  charge and 1.5 mA cm−2  discharge condition, 
where F2DEM showed superior capacity retention with a lower 
overpotential increase and likely a less lithium inventory loss. 
DEM was not included in this comparison due to its poor per-
formance even under slower charging conditions. The perfor-
mance of F2DEM is further assessed in 1 mA cm−2  charge and 
2 mA cm−2  discharge, as well as 0.4 mA cm−2  charge and 2 mA 
cm−2  discharge conditions, although there are no reported 
F5DEE comparison data for these two conditions. Under a rel-
atively fast discharge rate of 2 mA cm−2 , F2DEM can retain 80% 
of its first cycle capacity over 200 cycles with 1 mA cm−2  charge 
rate ( Fig. 4 K  and L  ). When the charge rate was changed to 0.4 
mA cm−2 , the cells can still achieve stable CE and 80% capacity 
retention over 350 cycles (SI Appendix, Fig. S6 ). These observa-
tions corroborate F2DEM’s excellent stability even under high-
rate conditions. We note here that despite the excellent rate 
performance of F2DEM, the lower degree of fluorination leads 
to a trade-off in oxidative stability. This makes F2DEM less 
compatible with higher voltage cathodes such as NMC811 
(SI Appendix, Fig. S14 ). Additional studies on strategies to fur-
ther improve the oxidative stability, while maintaining good 
transport properties will be necessary.  

SEI and Dead Lithium Characterizations

 The above discussion highlights the superior performance of 
F2DEM under various charging and discharging conditions. Of 
note is its excellent capacity retention under fast charge and slow 
discharge condition, greatly surpassing that of F5DEE and DEM. 
As mentioned above, this is a more critical condition tested, which 
is closer to the real-life battery usage demands. Considering these 
factors, we focus on understanding the various factors that may 
contribute to capacity loss among the three electrolytes under this 
specific condition.

 Generally, capacity loss in Li||Cu cells can be attributed to either 
SEI or dead Li formation. To study the difference between the SEI 
formed in 2M LiFSI/F2DEM and 1.2M LiFSI/F5DEE, we first 
probe the properties of the chemically formed SEI in the studied 
electrolytes. The two properties we are particularly interested in are 
the resistivity and passivating ability of the SEI. EIS is used to char-
acterize the initial SEI resistance and after resting for 5 d to study 
the corrosion behavior in different electrolytes. Among the three 
electrolytes, F2DEM shows the lowest initial SEI resistance, fol-
lowed by DEM and F5DEE ( Fig. 5A   and SI Appendix, Fig. S8A﻿ ). 
The SEI formed with F2DEM appears more passivating compared 
to F5DEE, as evident from a lesser growth in impedance of around 
43% over 5 d ( Fig. 5B   and SI Appendix, Fig. S8 B –D ). While 
F5DEE experiences 103% growth during this period, F2DEM only 
experiences a 43% growth. The less resistive SEI on F2DEM may 
enable good Li transport, which may lead to less dead Li formation 
as discussed in the later section. A more passivating SEI also has the 
benefit of causing less electrolyte consumption over time.        

 In addition to the impedance measurements, it is critical to 
understand the chemical composition of the SEI formed in the 
different electrolytes. XPS is thus performed on the residual SEI 
formed in 2M LiFSI/F2DEM and 1.2M LiFSI/F5DEE after 10 
cycles under symmetric plating and stripping (0.5 mA cm−2 , 0.5 
mA cm−2 , 1 mAh cm−2 ). To obtain the depth profile, the samples 
are sputtered with argon for 1, 2, and 3 min. As shown in  Fig. 5 
﻿C  and D  , no clear distinction is observed with the two electrolytes 
cycled under the same condition. We can identify peaks corre-
sponding to the common SEI species, such as LiF, Li2 O, SOx  
species, and Li2 S. It appears that the inorganic salt decomposition 
products dominate the SEI in both electrolytes, which have been 
seen with multiple other high-CE weakly solvating electrolytes 
( 14 ,  15 ,  22           – 28 ). The elemental ratio analysis based on the XPS 
results also show comparable F/C, O/F, O/C, and S/C ratio for 
F2DEM and F5DEE (SI Appendix, Fig. S9 ).

 With the similarities in composition, the difference in perfor-
mance can potentially be traced to structural difference in the 
SEI. To test for this, we use FIB to cut a cross-section in the SEI 
formed after 20 cycles. As shown in  Fig. 5E  , the residual SEI 
formed in F2DEM and F5DEE appears to be similar in thickness 
(~3 µm) and porosity. We further use cryo-EM to examine the 
direct SEI thickness of the two electrolytes. Interestingly, although 
F2DEM shows less capacity loss due to SEI formation, thicker 
direct SEI is observed ( Fig. 5E   and SI Appendix, Fig. S10 ). While 
the thickness of direct SEI formed in F5DEE averages to be 
around 15 nm, the thickness is around 30 nm for F2DEM. 
However, we note that there is no direct correlation between 
direct SEI thickness and cycling performance ( 41 ). For instance, 
it is possible that the thicker direct SEI formed in F2DEM has 
better passivating ability (as shown with EIS), which can benefit 
Li reversibility in later cycles. Further investigations into the swell-
ing behavior of different electrolyte systems through techniques 
such as quartz crystal microbalance (QCM), atomic force micros-
copy (AFM), and dynamic impedance spectroscopy will help 
elucidate this observation.

 Upon studying the SEI difference of the two electrolytes, we 
proceed to quantify dead Li formation through titration gas chro-
matography (TGC) ( 42 ). In this case, we react metallic Li0  with 
protic solvents to generate hydrogen gas. For this study, 1 mL H2 O 
is added to a 10 mL sealed vial containing the residual SEI, and 
the amount of H2  gas generated is quantified via gas chromatog-
raphy. With this setup, two clear trends can be observed by varying 
the electrolyte and cycling condition ( Fig. 6A  ). Comparing 
between the two tested electrolytes (F2DEM and F5DEE) under 
the same cycling condition, F5DEE generates over two times more D
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dead Li than F2DEM. Further changing the cycling condition 
from symmetric plating and stripping (0.5 mA cm−2 , 0.5 mA cm−2 , 
1 mAh cm−2 ) to fast plating and slow stripping (1 mA cm−2 , 0.4 
mA cm−2 , 2 mAh cm−2 ), more dead Li is found in the latter con-
dition for both electrolytes. We further quantify how much dead 
Li contributes to the total capacity loss in both conditions for each 
electrolyte ( Fig. 6B  ). With the assumption that capacity loss mainly 
comes from either SEI accumulation or dead Li formation, we 
calculate the SEI capacity loss by subtracting the dead Li capacity 

loss determined by TGC from total capacity loss over 20 cycles. 
This allows us to better understand the contribution from each 
part of the capacity loss mechanism. As shown in  Fig. 6B  , F5DEE 
has much more capacity loss from dead Li formation (over 50% 
for both conditions) compared to F2DEM (around 30%). The 
percentage loss from dead Li is summarized in SI Appendix, 
Table S6 . The increase in dead Li capacity loss helps us to explain 
the lower CE of F5DEE. Interestingly, we do not observe signifi-
cant difference in the SEI capacity loss in the two electrolytes. We 

Fig. 5.   (A) Electrochemical impedance spectroscopy (EIS) of 1.2M LiFSI/F5DEE, 2M LiFSI/F2DEM, and 2M LiFSI/DEM to study the relative resistance of the SEI formed 
in these electrolytes. The frequency range is 100 mHz to 1 MHz. The initial impedance curve of F2DEM and F5DEE without cycling and the change in impedance 
over 5 d is shown. (B) The initial resistance vs. percentage change in resistance after 5 d plot showing that F2DEM has a less resistive and more passivating SEI 
compared to F5DEE. (C and D) The X-ray photoelectron spectroscopy (XPS) depth profile of residual SEI formed after 10 cycles at 0.5 mA cm−2 and 1 mAh cm−2 
in 2M F2DEM (C) and 1.2M F5DEE (D). The C1s, O1s, S2p, and F1s profiles are shown. (E) Cross-section images of residual SEI formed under 1 mA cm−2 plating 
and 0.4 mA cm−2 and 2 mAh cm−2 captured by focused ion beam (FIB) (Top), and cryo-TEM bright field images of direct SEI formed on lithium metal deposits in 
1.2M LiFSI/F5DEE and 2M LiFSI/F2DEM (Bottom).
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also note that the dead Li capacity is calculated based on the 
assumption that the only source for H2  gas is metallic Li. 
Considering that any LiH in the SEI may also react with water to 
form H2  gas, further studies to quantify the amount of LiH may 
advance our understandings of the SEI property differences among 
the investigated electrolytes.        

 To further trace the origin of reduced dead Li capacity loss in 
F2DEM, we examine the Li deposition morphology under various 
current densities. In this case, we only plate a small capacity of Li 
(0.1 mAh cm−2 ) to ensure the best representation of Li deposition 
morphology. As shown in  Fig. 6 C  and D   and SI Appendix, 
Fig. S11 , the Li morphology is similar in F2DEM and F5DEE 
at 0.5 mA cm−2 . However, as we increase the current density to 1 
mA cm−2  and 2 mA cm−2 , there is a clear distinction between the 
two electrolytes. The Li deposition appears much chunkier in 
F2DEM, whereas F5DEE has more whisker-like Li morphology. 
To ensure that this effect stems from solvent property difference 
and not concentration difference of the two electrolytes, we also 
confirmed the morphology of deposited Li in 2M F5DEE elec-
trolyte (SI Appendix, Fig. S12 ). This difference in Li deposition 
morphology can explain why more dead Li is formed with 

F5DEE, since the whisker growth in F5DEE is more prone to 
losing structural connection, leading to an increased amount of 
isolated (dead) Li ( 42 ).  

Conclusion

 In summary, we have demonstrated that the monofluorinated 
acetal electrolyte (F2DEM) significantly enhances the cycling 
stability of LMBs and have systematically investigated the under-
lying factors contributing to its excellent performance. The weakly 
solvating acetal backbone promotes a stable solid electrolyte inter-
face (SEI) formation and lower overpotential, while the monoflu-
orine substitution on the end carbons further improves oxidation 
stability, ionic conductivity, and Li passivation. These modifica-
tions enabled high Li CEs and stable long-term cycling in Li||Cu 
half cells, anode-free LFP pouch cells, and high-loading LFP coin 
cells, even under fast plating and slow stripping conditions. 
Furthermore, we observed improved Li deposition morphology 
and much reduced dead Li formation even compared to the state-
of-the-art F5DEE electrolyte. Overall, our work highlights the 
importance of backbone modification and careful control of 

Fig. 6.   (A) The dead Li capacity loss determined by titration gas chromatography. The dead Li capacity loss determined by titration gas chromatography of 
1.2M F5DEE and 2M F2DEM under slow (0.5 mA cm−2 plating and stripping, 1 mAh cm−2) and fast (1 mA cm−2 plating 0.4 mA cm−2 stripping, 2 mAh cm−2) cycling 
conditions. The values are averaged among three repeat cells and error bars displayed on the plot. F2DEM shows less dead Li capacity loss under both slow and 
fast conditions. (B) SEI capacity loss calculated from total capacity loss of 1.2M F5DEE and 2M F2DEM under slow (0.5 mA cm−2 plating and stripping, 1 mAh cm−2) 
and fast (1 mA cm−2 plating 0.4 mA cm−2 stripping, 2 mAh cm−2) cycling conditions. (C and D) The scanning electron microscopy (SEM) images of 0.1 mAh cm−2 
of Li deposited on copper surface in (D) 1.2M F5DEE and (E) 2M F2DEM. The Li deposits are formed at various current densities. More whisker-like morphology 
can be observed at higher current densities, especially for F5DEE.
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fluorination in electrolyte engineering. Leveraging these insights 
into the design of F2DEM not only advances our understanding 
of the interplay between electrolyte structure and battery perfor-
mance but also offers a promising avenue for the development of 
high-energy-density LMBs.  

Materials and Methods

General Materials. F5DEE was synthesized based on the procedure reported 
previously (22) and provided by Feon Energy. 2-Fluoroethanol was purchased 
from Matrix Scientific. 2,2-Difluoroethanol was purchased from SynQuest. NaOH, 
tetraglyme, dibromomethane, DEM, and other general reagents were purchased 
from Sigma Aldrich or Fisher. The separator Celgard 2325 (25-μm thick, polypropyl-
ene/polyethylene/polypropylene) was purchased from Celgard. Thick Li foil (roughly 
750-μm thick) and Cu current collector (25-μm thick) were purchased from Alfa 
Aesar. Thin Li foils (roughly 50- and 20-μm thick, supported on Cu substrate) were 
purchased from China Energy Lithium. Commercial LFP cathode sheets were pur-
chased from Targray. Industrial dry Cu||LFP pouch cells were purchased from Li-Fun 
Technology. Additional battery components, including 2032-type coin-cell cases, 
springs, and spacers, were obtained from MTI. All materials were used as received.

Electrolyte Synthesis. To a 500 mL round flask was added 64 g of 2-fluoroethanol, 
85 g of dibromomethane, 43 g of NaOH, and 200 mL tetraglyme. Note that toxicity 
precaution is needed when handling 2-fluoroethanol. The suspension was stirred 
at room temperature for 2 h under air and then heated to 40 °C to stir overnight. 
The suspension turned brownish with yellow fine powder. The suspension was 
further heated to 70 °C to stir overnight. The suspension was directly distilled 
under vacuum (vapor temperature ~70-75 °C at ~1 kPa) to obtain colorless liq-
uid as the product. The crude product was distilled under vacuum for four times 
to ensure purity. The 1H and 19F NMR of the purified product can be found in 
SI Appendix, Fig. S13.

Electrochemical Measurements and Characterizations. All battery 
components used in this work were commercially available, and all electro-
chemical tests were carried out using 2032-type coin cells. The cells were 
fabricated in an argon-filled glovebox, and one layer of Celgard 2325 was 
used as a separator for all batteries. Thick Li foil (750 μm) with a diameter 
of 7/16 in. was used for cell assembly unless otherwise specified, and 40 μL 
of electrolyte was injected in all cells with Cu||LFP as an exception. Both the 
ionic conductivity and transport number of the electrolytes were measured 
with Biologic VSP system. Ionic conductivity was derived from bulk imped-
ance in symmetric cells with two stainless steel electrodes and electrolyte 
soaked separator. Li+ transport number was obtained by a Li||Li symmetric 
cell under a polarization potential of 10 mV. Li||Cu, Li||Li, Li||LFP cells were 
tested on Land battery testing station, and Cu||LFP pouch cells were tested 
on Arbin. All cells are tested under room temperature. The Li||Li cells were 
cycled under different charge and discharge current densities (1 mA cm−2, 
4 mA cm−2, 6 mA cm−2, and 8 mA cm−2). The CEs of the electrolytes were 
measured based on a modified Aurbach method (36) in Li||Cu cells, where 
5 mAh cm−2 of Li was first deposited onto the Cu foil as Li reservoir. This was 
followed by 10 subsequent cycles of plating and stripping at 0.5 mA cm−2 for  
1 mAh cm−2. Finally, all deposited Li was stripped from Cu, and the total capacity 
recovered was divided by the amount deposited to obtain the CE. The long-term 
Li||Cu cycling was carried out by first conditioning the Cu surface through cycling 
between 0 to 1 V at 0.2 mA cm−2 for 10 cycles. Upon preconditioning the Cu,  
1 mAh cm−2 of Li was plated on the Cu at 0.5 mA cm−2 and stripped to 1 V at 
the same rate. A faster plating and slower stripping condition was also used 
to further evaluate the cells, where 2 mAh cm−2 of Li was plated on Cu at 1 
mA cm−2 and stripped to 1 V at 0.4 mA cm−2. The LSV was also carried out in 
Li||Al and Li||Pt cells using Biologic VSP300. In both setups, the voltage was 
swept from open-circuit value to 7 V vs. Li+/Li at 1 mV s−1. The leakage current 
was evaluated by dividing the measured value by the electrode area of 2.11 
cm−2. Al corrosion tests were carried out in Li||Al cells, where the voltage is 
held at 4.4 V for over 60 h. The Cu||LFP pouch cells were tested with 0.5 mL 
electrolyte injected into the purchased cells. The pouch cells were clamped in 
woodworking vises to ensure an estimated pressure of 1,000 kPa and cycled 

under various charge and discharge conditions between 2.5 V and 3.65 V. The 
Li||LFP coin cells were assembled with 20 μm Li and 3.5 mAh cm−2 LFP. The cells 
were cycled between 2.5 V and 3.8 V under different rates after a formation cycle 
at 0.4 mA cm−2 charge and 1.5 mA cm−2/3 mA cm−2 discharge currents. The 
Al-clad cathode cases were also used for Li||LFP coin cells, any defects in the Al 
cladding are expected to be minimized with Al foil inserted in the cathode case.

For EIS measurements, BioLogic is used, and the impedance curve is gen-
erated by scanning from a frequency of 100 mHz to 1 MHz. To carry out the 
XPS (PHI VersaProbe 4), the samples are pumped in the chamber overnight 
to ensure complete solvent removal. The sample is then vacuum transferred 
into the main chamber to minimize air and moisture contact. The depth profile 
is generated with argon sputtering for three times, with 1-min duration each 
time. All the SEM images are generated using Thermo Fisher Scientific Apreo 
S LoVac Scanning Electron Microscope at 5 kV, 50 pA. For cryo-TEM imaging, 
a 400-mesh Cu TEM grid was positioned on top of the Cu current collector 
in the coin-cell stack. After lithium plating, the cell was deconstructed inside 
an Ar-filled glove box to prevent exposure to air and moisture. The grid was 
rinsed with 1,2-dimethoxyethane (DME) to remove excess salts and then 
allowed to dry inside the glove box for approximately 120 s. The grid was 
then quickly (~2 s) transferred from the glove box in a sealed plastic Falcon 
tube and immediately immersed in liquid nitrogen (LN2). Pliers were used 
to break open the tube under LN2, and the Cu grid was transferred to an LN2 
dewar. While submerged in LN2, the grid was carefully placed into a cryohol-
der (Gatan 626) using a cryotransfer station to ensure an air-free transfer. The 
cryoholder was swiftly (~1 s) removed from the transfer station and inserted 
into the TEM column. During imaging, the temperature was maintained at 
−172 °C. All cryo-TEM imaging was conducted using an FEI Titan 80-300 
environmental (scanning) TEM, equipped with an aberration corrector in the 
objective lens. Imaging was performed at an accelerating voltage of 300 
kV, with full alignments completed prior to each session to ensure optimal 
imaging conditions.

The dead lithium content is determined using titration gas chromatography 
(TGC), where the cells are first cycled 20 times before it is taken apart to remove 
the Cu electrode. This Cu foil (with residual SEI and dead Li) is then placed into 
a 10 mL GC vial inside the glovebox. This vial is properly sealed prior to taking 
outside of the glovebox. Then, 1 mL of water is added to each vial containing the 
Cu and the sample is left to react with the water for 3 min. After 3 min of reaction 
time, 1.5 mL of gas is drawn out of the vial and analyzed using GC.

Molecular Simulations. Classical, fixed-charge MD was conducted using 
LAMMPS from initial amorphous configurations with ~500 molecules with 
compositions corresponding to the experimentally investigated systems. The 
solvents, Li+, and FSI− were described using the General Amber forcefield. Van 
der Waals interactions not explicitly specified in the forcefields were generated 
using Lorentz-Berthelot mixing rules. In all cases, the charges of the Li+ and 
FSI− molecules were scaled to 0.75. A 10 Å cutoff for Van der Waals and real space 
coulomb was applied. The reciprocal space coulomb interactions were computed 
with a particle–particle–particle–mesh solver, with an error tolerance of 10−6. 
Periodic boundary conditions were applied in all directions.

For each system, an initial energy minimization at 0 K (energy and force tol-
erances of 10−4) was performed to obtain the ground-state structure. After this, 
the system was slowly heated from 0 K to room temperature at constant volume 
over 0.01 ns using a Langevin thermostat, with a damping parameter of 100 
ps. Five cycles of quench-annealing dynamics were then applied in an attempt 
to eliminate any metastable solvation states, where the system temperature 
was cycled between 298 K and 894 K with a ramp period 0.025 ns followed by  
0.1 ns of dynamics at either temperature extreme at constant volume. Next, in 
an attempt to achieve equilibration in system density, a constant temperature, 
constant pressure ensemble was applied using the Andersen barostat for 1.5 ns 
with a pressure relaxation constant of 1 ps. Finally, we performed 10 ns of con-
stant volume, constant temperature (NVT) production dynamics at 298 K. Radial 
distribution functions were obtained during this period. Snapshots of the various 
solvation shells, sampled from the simulation trajectory, were also obtained using 
Visual MD (VMD) software.

Quantum chemistry simulations were performed using the Q-Chem 5.1 quan-
tum chemistry package at the B3LYP//6-31+G(d, p) level of theory for geometry 
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optimization and the B3LYP//6-311++G** level of theory for single-point energy 
calculations.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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