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1. Introduction
Transport, domestical and technological activities de-

pend principally on electricity production. Globally, 4 % of
the electrical energy is produced by renewable sources,
being in Argentina this contribution even smaller (1.1%).
This implies increasing emissions of CO2 to the atmosphere.
In order to decrease CO2 emissions, nowadays, new electri-
cal devices are being developed. Considering its high theo-
retical energy density, lithium-air batteries (LAB) are prom-
ising devices for future vehicles, as alternative to Li-ion
batteries in searching for larger energy density. One of the
barriers for developing a commercially available LAB lies in
the choice of the electrolyte as it has to meet certain re-
quirements, including low volatility, low viscosity, high ionic
conductivity and high chemical and electrochemical stabil-
ity. Recently, increasing interest has been given to glymes
as solvents for LAB, considering its low volatility and the
fact that the main discharge product is Li2O2. Horwitz et al.
[1, 2] have studied the electrical conductivity and diffusion
of LiTf and LiTFSI in bulk dimetoxyethane (DME) and di-
glyme, and analyzed the speciation of the salts as a func-
tion of concentration.

In the literature, one of the main criterions established
in the search for an electrolyte for LAB is based on finding a
salt/solvent combination that assures fast ionic diffusion.
But, since the diffusion of the electrolytes occurs within
porous carbon electrodes, the bulk properties of the elec-
trolytes are not a reliable parameter for their election. In
this way, for an efficient battery design, it is important to
know the transport properties of the electrolytes inside the
lithium-air porous electrodes. Moreover, the effect of con-
finement on the transport properties of lithium salts has
been scarcely studied. For instance, only the effect of con-
finement on the transport properties of LiCl in aqueous
solutions in mesoporous carbons has been reported [3].
In this work, we studied the effect of carbon mesostructure
and surface charge on the diffusion of LiTf and LiTFSI salts
dissolved in diglyme. Interdiffusion coefficients were de-

termined using a conductimetric method previously devel-
oped in our group [4], and self-diffusion coeficients were
measured by 1H and 7Li NMR.

2. Experimental

2.1 Mesoporous carbon systhesis and characterization
Monolithic mesoporous carbon synthesis was recently

described in a previous work [3]. For the synthesis, both
hard and soft templates (HT and ST, respectively) were
used to generate mesopores between 4 and 25 nm diame-
ter and micropores around 1 nm size.

The specific surface area of the monolithic mesoporous
carbons was determined with a Micromeritics ASAP2020,
from the nitrogen adsorption isotherm at 77 K at a relative
pressure of 0.99, using the Brunauer-Emmet-Teller (BET)
equation. For the characterization of the pore size distribu-
tion, the desorption isotherm was analyzed with the Bar-
rett, Joyner, and Halenda (BJH) model [5], whereas the
same model was used for the calculation of the mesopore
volume from the adsorption isotherm. Functional Theory
(2D-NLDFT) analysis from the nitrogen isotherm was used
to characterize the micropore region.

Surface charge was determined by Bohem titration [6].

2.2 Diffusion of LiTf and LiTFSI salts in confined di-
glyme

For the diffusion measurements, the mesoporous car-
bon samples were filled with 0.1 M LiTf and LITFSI diglyme
solutions by embebition of the samples in the correspond-
ing solutions, inside a glove box, during 1 week.

Conductivity measurements were used to determine
the evolution of the concentration of electrolyte released
from the mesoporous samples as a function of time. For
this purpose, small carbon disks, embedded with the corre-
sponding electrolyte solutions, were placed in an air-tight
glass conductivity cell, with platinized Pt electrodes, filled
with pure solvent, and under continuous stirring. The elec-
trolyte concentration at any time, t, was calculated from
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the measured conductivity (t). The apparent diffusion
coefficient, Dp, of the electrolyte in the mesoporous media
was calculated with the expression for the desorption from
a slab in a stirred solution of finite volume [7].

Additionally, the intradiffusion coefficient of confined
diglyme and the relaxation time T1 for 7Li was determined
through NMR. Diffusion experiments were carried out on a
PM5 NMR-MOUSE (MObile Universal Surface Explorer)
from Magritek GmbH, with a magnetic field corresponding
to 20.3 MHz for 1H, and a static magnetic field gradient G0 =
23.5 T/m.  Spin Echo pulse sequence, using a
Carr−Purcell−Meiboom−Gill (CPMG) pulse sequence [8, 9]
was used to detect the signal and improve sensitivity by
echoes addition. The CPMG echo time used was 33 μs and
100 echoes were recorded.

3. Results
3.1 Mesoporous carbon structure characterization

Table 1 shows the textural features of the studied sam-
ples (Pore diameter (d), BET surface area (SBET), total vol-
ume (Vtotal), micropores percentage (% Vmic) and total sur-
face charge). From now onwards, samples will be named as
Ci, being i the pore diameter in nm. For C4 samples two
treatments were used for the elimination of the HT. In one
case, dissolution was performed with NaOH 3 M at 60 ºC,
while in the other with HF at 25 ºC. As it can be obseved in
Table 1, both treatments yield in different surface charges.

Sample d/
nm

SBET/
m2·g-1

Vtotal/
cm3·g-1

%
Vmic

Surface charge/
µmoles·g-1

C4/
NaOH 4 521 0.38 26 151 ± 7

C4/HF 4 589 0.48 23 115 ± 8

C10/
NaOH 10 633 0.79 15 ------

C25/
NaOH 25 636 0.82 13 ------

3.2 Diffusion of confined LiTf and LiTFSI dissolved in di-
glyme.

Sample Salt D/ cm2·s-1 porosity tortuosity

C4/NaOH

LiTf

micropore:
4.21x10-9

0.395

334

mesopore:
1.51x10-8 93

LiTFSI

micropore:
9.17x10-9 149

mesopore:
6.54 x10-8 21

C10/NaOH LiTf 2.60x10-7 0.510 7.0

C25/NaOH
LiTf 2.67x10-6

0.534
0.71

LiTFSI 3.97x10-6 0.46

bulk solu-
tion
at infinite
dilution

LiTf 3.56x10-6 ----- -----

LiTFSI 3.45x10-6 ----- -----

Table 2 shows the obtained diffusion constants for
both confined salts dissolved in diglyme, in comparison to
bulk solutions. Results show that the diffusion of the salts
are greatly reduced by confinement; for instance, when the
pore diameter decreases from 25 to 10 nm, the diffusion of
LiTf decreases one order of magnitude.

Interestingly, for C25 and C10 samples, only one diffu-
sion constant is observed. However, for C4, two diffusion
coefficients appear. This can be ascribed to the fact that in
C4 samples, diffusion from the micropores contribute
markedly to the release of the electrolytes from the porous
samples to the bulk media. This was also evidenced in our
previous work [3]. Therefore, for C4 samples, we named
the two diffusion coefficients as that corresponding to the
meso and micropores.

The retardation in the mobility of the salts under con-
finement, in relation to the diffusion in bulk, can be quanti-
fied by the magnitude of the tortuosity,  ( = .Db/Dp,
where  accounts for the porosity of the sample, and Db

and Dp correspond to the diffusion constants of the salts in
bulk and inside the pores, respectively). is an empirical
parameter which accounts for the ratio between the real
pore length and the ideal linear pore length; being also the
electrostatic Li+-surface interactions taken into account in
this value. Table 2 shows that  has small values for sam-
ples with pores between 10 and 25 nm diameters, increas-
ing notably for 4 and 1 nm pore sizes. This implies an im-
portant interaction of the Li+ ions and the pore walls, which
become relevant for small pore diameters considering the
relation between the area and the volume of the pore.
Interestingly, the values of  are not very sensible to the
surface charge, when NaOH and HF treatments are com-
pared, except for 1 nm pore diameters, where a higher
surface charge in NaOH tretated carbons shows higher 
values.  Again, retardation in the Li+ diffusion is given by Li+-
wall interactions which are exacerbated for samples with
larger surface area-volume ratios.

Table 2 also shows that, for NaOH treated samples, the
ratio between the diffusion constants of LiTf and LiTFSI in
bulk solutions is 1.03, being this value equal in infinite dilu-
tion and 1 M samples. This implies that in bulk, the diffu-
sion constant of LiTf is a little bit higher than that for LiTFSI.
LiTf, as previously repored [2], has a higher conductivity at
infinite dilution, given by the fact that the anaion Tf- is
smaller than TFSI-. However, LiTf association constant is
higher than that for LiTFSI, reducing markedly its conduc-
tivity with concentration. Nevertheless, this is not noticed
in the diffusion constant dependence on concentration,
since ionic pairs contribute to diffusion, in contrast to what
happens in conductivity meassurements. For confined
samples, the ratio between the diffusion constanst of LiTf
and LiTFI are: 0.67, 0.23 and 0.45 for 25, 4 and 1 nm pore
diameters, respectively, evidencing that under confine-
ment LiTFSI has a higher mobility than LiTf. This can be
explained considering that the interaction of the ions with
the pore walls is different for both electrolytes, competing
the ion-pore wall interactions with the association cation-
anion inside the pores.
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Table 3 shows the diffusion constants of 1H, and T1 val-
ues for 1H and 7Li obtained from NMR, in bulk and confined
C4 samples for different surface charges.

1H bulk C4/NaOH C4/HF
T1/ms 2620 micropore:

450
micropore:

340
mesopore:

1300
mesopore:

1900
D/cm2.s-1 1.05.10-5 micropore:

1.9.10-7
micropore:

4.5.10-7

mesopore:
3.3.10-6

mesopore:
3.6.10-6

tortuosity micropore:
55

micropore:
23

mesopore:
3.2

mesopore:
2.9

7Li
T1/ms 3700 micropore:

50
micropore:

170
mesopore:

400
mesopore:

1100

NMR T1 measurments for 7Li show higher values for
NaOH-treated carbons in comparision with HF treated
samples, reflecting in the latter sample an average weaker
interaction of the ions with the pore walls, probably as a
consequence of the roughly 30% lower surface charge den-
sity on this carbon sample. Moreover, the diffusion con-
stant of the glyme, corresponding to the 1H signal,
throughout the 4 nm mesopores, does not show significant
differences between the two carbons, while significant
differences are observed in the micropore region.

4. Conclusions
In this work, we studied the effect of confinement and

surface charge in the transport properties of LiTf and LiTFSI
salts in diglyme solutions. We showed that carbon mi-
cro/mesoporous structure plays a critical role on the
transport properties of the electrolyte, producing a de-
crease up to 3 orders of magnitude on the salt diffusion
coefficient when it goes from bulk to a pore with a diame-
ter of 1 nm. It was observed that for pores with 10 and 25
nm diameters the reduction in the diffusion coefficient can
be ascribed to the porosity of the sample, being the tortu-
osity approximately close to one. However, for smaller
pore sizes (1-4 nm diameter) bigger tortuosity values can
be related to high ion-pore wall interactions.

We want to highlight that based on our findings, in or-
der to have an efficient carbon material as electrode for
lithium-air batteries, special care should be taken to the
carbon micro/mesostructure architecture, as it has a criti-
cal influence in electrolyte transport behavior. The
knowledge of the diffusivity of Li+ ions in mesoporous car-
bons is also relevant to improve the predictions of LABs
performance using multiscale modeling [10], which cur-
rently use bulk-solvent diffusion coefficients as input pa-
rameters. In these work, we demonstrated that the rela-

tionship observed between the diffusion coefficients of
two salts (LiTf and LiTFSI), dissolved in diglyme, are differ-
ent in bulk and under confinement, demostrating that the
interactions of the ions with the pore wall probably com-
pete with the interactions cation-anion.
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