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Cu2+-doped cellulose nano fiber (Cu-CNF) solid electrolytes were developed for fast charge, high energy density batteries.
Cellulose chains in the fibers are opened by Cu2+ coordination, and a binary salt (LiTFSI) was added with minimal residual solvent
left after the drying process. The Li+ and TFSI− transport both within and between fibers greatly enhances the ion transport. To
advance understanding of salt transport in Cu-CNF electrolytes, we conducted restricted diffusion experiments on two formulations
of Cu-CNF samples to obtain the binary salt diffusivity ( ±D ) vs temperature, and measured the influences of test protocols and
sample-to-sample variation. In addition, we did pulsed field gradient (PFG) nuclear magnetic resonance (NMR) experiments and
used molecular dynamics (MD) simulations to model species motion. Restricted diffusion experiments show the Cu-CNF materials
display concentration polarization voltage relaxation, and the resulting salt diffusivity is ×±D 5 10 12 m2 s−1 at 45 °C, with
E 0.55 eVa . PFG-NMR resulted in values for +DLi and DTFSI with a similar magnitude to ±D , while MD (focused on intra-fiber
transport) gave lower ion diffusivities and activation energies. The multi-component, fiber-based structure of these electrolytes
provides new opportunities for transport theory and measurements, with future work focused on studying composition-property
relationships to better quantify transport mechanisms.
© 2026 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, https://creativecommons.org/licenses/
by/4.0/), which permits unrestricted reuse of the work in any medium, provided the original work is properly cited. [DOI: 10.1149/
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List of Symbols

Symbols
±D Salt diffusivity

G gradient strength
I Intensity with the field gradient
I0 Intensity without field gradient
L Electrolyte thickness
T Time
V Cell voltage
Voffset Offset voltage
Γ gyromagnetic ratio
Δ gradient duration
∆ diffusion time
Abbreviations
AGU Anhydroglucose Unit
Cu-CNF Copper doped cellulose nanofibers
DFT Density function theory
DMC Di-methyl carbonate
E-1 The first of two Cu-CNF formulations
E-2 The second of two Cu-CNF formulations
EC Ethylene Carbonate
FEC Fluorinated ethylene carbonate
LiTFSI Lithium bis(trifluoromethanesulfonyl)imide
MD Molecular dynamics
NMR Nuclear magnetic resonance

NPT Number, pressure, and temperature
NVT Number, volume, and temperature
PFG Pulse field gradient
RD Restricted Diffusion
SEI solid electrolyte interphase
SSE Solid state electrolyte

Rechargeable batteries are in the process of revolutionizing both
transportation and the grid-electricity sectors. Demand for Li-ion
batteries in 2030 is projected to range from about 3–9 TWh yr−1

worldwide.1–3 State of the art Li-ion battery packs can be recharged
for >1000 cycles with high charge/discharge rates and high energy
content.2,4,5 Nevertheless, for greater adoption and utility, especially
in the transportation sector, it is desired to increase both the specific
energy (to >400 Wh kg−1) and the charging rates (to >4 C). Greater
specific energy increases the range of EVs and higher charging rates
reduce the wait time for recharging. Consequently, there is concerted
effort in battery research to develop superior anodes, cathodes and
electrolytes to accomplish these goals.

There is significant electrolyte research work underway that is
focused on inorganic glass and crystalline solid-state electrolytes
(SSEs). (Note: see below for a table of abbreviations) SSEs generally
have high transference numbers, in many cases equal to unity.
Higher transference numbers mean there is less concentration
polarization and smaller concentration gradients across the electro-
lyte. Accordingly, batteries with inorganic SSEs have the potential to
charge/discharge more rapidly and deliver higher power densities
with significantly lower degradation than their liquid electrolytezE-mail: albertus@umd.edu
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counterparts. Thus far, however, inorganic SSEs have struggled to
live up to their potential due to interfacial and processing challenges.
As a result, there is a continued effort to search for alternative
electrolytes.

In our previous work we have developed a Cu2+-doped cellulose-
nanofiber (Cu-CNF) based electrolyte that has demonstrated great
potential for high ion transport performance under high charging
rates. As shown in Fig. 1, Cu-CNF consists of a random network of
cellulose nanofibers that are doped with Cu2+ to promote Li+

incorporation and transport within the fibers.6 Cu-CNF has many
favorable properties. First, it has low density, which is beneficial to
cell specific energy. Cu-CNF has a density of about 1.1 g cm−3,
which compares favorably with sulfides/argyrodites7 (∼1.9 g cm−3),
and LLZO8 (about 5.1 g cm−3). Second, cellulose fibers are flexible
and can produce a flexible separator. Plastic flow under compressive
pressure from calendaring reduces void volume, which, thereby,
favors dendrite suppression.9 Third, Cu-CNF can be processed in a
slurry form for use in cathodes, which is, comparatively, very
challenging for typical particle-based ceramics because of the
challenge of removing inter-particle voids and ensuring good
interfacial contact at the commercially relevant stack pressure of
<1 MPa.10,11

Despite these advantages, Cu-CNF is challenging to analyze and
develop as an electrolyte because it is multi-component and has a
morphologically hierarchical structure. As shown in Fig. 1, the Cu-
CNF material is composed of fibers, within which are several species
involved in ion transport. The Cu-CNF material has been immersed
in a (non-aqueous) liquid electrolyte (e.g. 1 M LiTFSI in EC+DMC
solvent) for ion exchange to provide for transport within and
between the cellulose nanofibers. Following ion exchange, the
material is dried by pressing, but some residual bound water due
to the strong hydrogen bond with cellulose and some residual solvent
still exist in the Cu-CNF. The present study examines two formula-
tions of the Cu-CNF solid electrolytes, E-1 and E-2. The E-1
formulation consists of the Cu-CNF electrolyte with EC+DMC
residual solvent, while the E-2 electrolyte consists of the Cu-CNF
electrolyte with FEC+EMC residual solvent. Some of the Li+ ions
in the nanofibers are charge balanced by immobile carboxylate
(COO–) and alkoxide (RO–) ions. The remaining Li+ ions in the
electrolyte are charge balanced by mobile anions from the LiTFSI
salt. The system also has internal structuring from the fibers, and
related anisotropy. The Cu-CNF fibers are biopolymers that may
undergo re-ordering in the presence of salt concentration gradients.
In total, the Cu-CNF electrolyte in this work has at least six major
components: Li+ cations, bis(trifluoromethanesulfonyl) imide (TFSI)

anions, cellulose fibers with bound Cu2+, two or three organic
residual solvents (depending on formulation), and a small amount (a
few wt%) of water. Based on previous inductively coupled plasma
(ICP) measurements, the Li+ concentration is ∼1.1 M, very similar
to the ∼1.14 M in the MD simulations in this work.6 Residual
solvent molecules and water have been shown to be critical in
enabling Li-ion transport in the cellulose fibers.6

The binary salt diffusion coefficient (referred to this in paper as
±D ) is well defined for systems consisting of a binary salt dissolved

in a solvent or solvent mixture.12,13 The present Cu-CNF system also
has, to our understanding, a single mobile cation (Li+) and anion
(TFSI–), although with numerous local solvation environments
involving both fixed charges from CNF and mobile solvent
molecules. Hence, there are conceptual complexities with applying
a simple “binary salt in solvent” model to the Cu-CNF electrolyte.
The methods employed in the present paper, which are restricted
diffusion, nuclear magnetic resonance (NMR) and molecular dy-
namics (MD), provide values for ±D , +DLi , and DTFSI . It will be
discussed if comparison can be made as these values from different
methods may measure or compute transport properties under
different driving forces or conditions. Further work is needed on
how these methods can be formally and specifically applied to each
of the components and/or transport modes in the Cu-CNF system.

In this study, we report our measurements on diffusion within the
Cu-CNF electrolyte, with the inclusion of experimental measure-
ments and MD simulations on ionic conductivity for context. We
leave studies on the transference number, and the influence of
electrolyte composition on salt diffusivity and ionic conduction, to
future work. For both the E-1 and E-2 formulations, we use restricted
diffusion to obtain values for ±D , while for both NMR and MD we
obtain values for the ion diffusivities of Li+ and TFSI–.

Methods

In the present section, we describe our methods for the restricted
diffusion (RD), molecular dynamics (MD), and nuclear magnetic
resonance (NMR)methods. Table S1 in the SI summarizes the
characteristics of each method.

Restricted diffusion.—The restricted diffusion (RD) technique
was developed from the study of standing waves in electrolytes by
Harned and French.14 Specifically, a galvanostatic current pulse is
applied to a sample for a sufficiently long duration that a steady-state
concentration gradient is established (with a small magnitude, e.g.,
10% variation between the concentration maximum and minimum

Figure 1. Schematic of Cu-CNF fiber-based electrolyte structure and composition used in our study. The cellulose nanofibers have Cu2+ coordinated to create
space for Li+ transport, as well as the LiTFSI− and some residual solvent molecules and H2O for ion solvation. The Li+:TFSI− ratio in the fibers is ∼3:1, which
indicates 2 of 3 Li+ are charge balanced with –O– groups covalently bound in the cellulose fibers. The samples in this study are composed of ∼85 wt% fibers and
∼15 wt% liquid electrolyte, similar to a previous study.6 Note: E-1 composition is shown above.
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values, to limit the influence of convection during the relaxation, as
well as avoid dendrite formation and electrode effects), and the
restricted diffusion is monitored when the current is removed.
During relaxation, the current is zero so there is no ohmic or kinetic
polarization. A Fourier series model developed by Harned and
French,14 and later confirmed by Newman and Chapman15 and
Erhl et al.,13 showed that the voltage relaxation profile obtained from
RD experiments can be modeled by an exponential decay function
that, for a given thickness and current amplitude, is only a function
of ±D . Hence, RD experiments have been used to measure ±D
directly for both liquid and polymer electrolytes with the important
advantage that ±D can be obtained without the input of concentration
values or the knowledge of any other transport property.13–15

Lithium-symmetric (8 mm or 6 mm diameter electrodes) coin
cells consisting of 50 μm and 200 μm thick Cu-CNF electrolytes with
E-1 and E-2 compositions were fabricated as described in previous
work.6 The coin cell hardware results in the presence of some
applied pressure on the cell layers (i.e., a few bar). The cells were
placed in a Tenney T2C-A-F4T environmental chamber to set the
testing temperature. Isothermal restricted diffusion experiments were
then conducted for select temperatures in the range −5 °C to +45 °C.
The current protocol and sample relaxation data are shown in Fig. 2.
An Arbin LBT 200084 galvanostat was used to apply a constant
current to the coin cells. The current was then interrupted to allow
the cell voltage to relax over time. After relaxation, a current of the
same magnitude was then applied in the opposite direction for an
identical time period, which was again followed by current inter-
ruption and a relaxation step. This cycle was run up to three times for
each current applied to the cells. In addition, this three-cycle
sequence was completed for several current densities to allow us
to quantify the impact of both the direction and magnitude of the
current density on the voltage relaxation results. The restricted

diffusion data was then processed to obtain ±D from the linear region
of the voltage vs time relaxation profiles using the following
equation:

= ·
( (| | ))

[ ]±D
L V V

t

d ln

d
1

offset

slope

2

2

where L is the electrolyte (Cu-CNF) thickness, t is time, and V is the
measured voltage. Voffset is the absolute minimum voltage during a
relaxation if the current density was positive, or the absolute
maximum voltage if the current density was negative. As Ehrl
et al.13 show, the cell voltage (V) does not relax exactly to zero,
therefore it is necessary to fit the relaxation curves with an offset
voltage (Voffset). An example of Voffset is shown in Fig. 2b. A fitting
window of 0.5 to 2 mV from Voffset was used.

Ionic conductivity measurements.—Ionic conductivity measure-
ments were conducted in a coin cell configuration for E-1 and E-2
samples. Stainless steel blocking electrodes were used, and EIS
spectra were collected using a 10 mV potential amplitude and a
frequency range of 10 mHz to 200 kHz, from which the high-
frequency resistance was extracted to obtain the ionic conductivity
value. The thickness of each sample was 50 μm. Prior to measuring
ionic conductivity, the cell was equilibrated for 30 min in an
environmental chamber (Tenney T2C-A-F4T) to reach the set
temperature.

Nuclear magnetic resonance spectroscopy.—Nuclear Magnetic
Resonance is a powerful tool that provides quantitative and
qualitative information at the molecular level, which helps in

Figure 2. (a) Example of galvanostatic currents (red lines) applied to Li|Cu-CNF|Li symmetric cells and the voltage response (blue lines) (b) Example of a
voltage relaxation curve, i.e., the voltage response when the current is switched off. The dashed line is the offset voltage which is the distance away from zero at
the end of the relaxation period. (c) Close-up of the current steps and voltage relaxations for the same data shown in panel (a).
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understanding the structure and dynamics of various battery mate-
rials. Both Li+ and TFSI− concentrations were determined by
integration of the NMR signals in the sample, using reference
solutions of known ionic concentration. The pulsed field gradient
(PFG) NMR technique has been used to measure the self-diffusion
coefficients of Li+ and TFSI−; ion motion is due to the Brownian
motion of representative NMR active nuclei such as 7Li and 19F that
displace from their initial position during the measurement.

Diffusion NMR measurements were performed on a 300 MHz
NMR spectrometer equipped with a DOTY Z-spec PFG NMR probe
at 46 °C for the E-1 formulation and 25 °C for the E-2 formulation.
The stimulated echo pulse sequence was used to collect the 7Li or 19F
signal by varying the gradient strength up to 900 G cm−1. The signal
was accumulated for 1024 transients with 2 s recycling delay. The
ion diffusivities( +DLi and DTFSI ) were calculated by using the
Stejkal-Tanner equation16

( )( )= [ ]I I g Dexp 20
2 2 2 1

3

where I and I0 are the intensity with and without field gradient, γ is
the gyromagnetic ratio, g and δ are the gradient strength and
duration, and ∆ is the diffusion time.

Molecular dynamics.—To clarify the diffusion mechanisms,
classical Molecular Dynamics (MD) simulations with the
COMPASS III force field17 were performed following the protocols
established in our previous work.6 The unique amorphous Cu-CNF
structures were obtained from crystalline followed by a soaking and
drying process mimicking the fabrication process. As shown in the
previous work, 8 parallel cellulose chains, each with 27 anhydroglu-
cose units (AGUs) with periodic boundary conditions, were mod-
eled. Tables S2 and S3 list the detailed compositions and number of
atoms for E-1 and E-2. Based on the volume of the system, the Li+
concentration is ∼1.14 M.

The COMPASS III force field,18 well-parameterized for organic
and inorganic small molecules as well as polymer systems,19,20 was
adopted to account for both the bonded and non-bonded interactions.
The atomic charges of Li+ and anions (COO−, RO−, and TFSI−) are
scaled by 0.7 to effectively introduce electronic polarizations, and all
other details of the force field parameters can be found in our
previous publication.6 Density functional theory (DFT) calculations
were conducted to calculate the binding energies between Li+ and
TFSI- and other species using the M06–2X21 functional, the 6–31+G
(d,p) basis set and the D3 dispersion correction22 as implemented in
Gaussian 09 code (version D.01).23 See figure S5(d) for more
information.

All molecular dynamics (MD) simulations of the E-1 and E-2
formulations of the Cu-CNF electrolytes were conducted using the
Forcite module in Materials Studio24 by starting with a 2.0 ns
simulation under the ensemble with constant number, pressure, and
temperature (NPT) to obtain a relaxed simulation box. Then a 2.0 ns
simulation under the constant number, volume, and temperature
(NVT) ensemble was conducted for equilibration followed by a
10.0 ns NVT simulation as production run to investigate transport
properties. The ion diffusivities and activation energies are calcu-
lated following the method described in the literature.25 Through MD
simulations, one can calculate the self-diffusion coefficients of both
cations and anions by a linear fitting of the mean square displace-
ments as functions of time.25,26 The MD simulations were conducted
at several high temperatures (550 K, 600 K, 650 K, 700 K, and
800 K) to accelerate dynamics, and then an Arrhenius plot con-
structed to extrapolate ion diffusivities to 45 °C, a temperature at
both restricted diffusion and NMR measurements were carried out.

Results and Discussion

The present section presents our results on the E-1 and E-2
compositions from RD experiments, NMR experiments, and MD
modeling. For RD, we completed >100 individual relaxations

among the E-1 and E-2 samples at a range of temperatures, applied
currents, cycle counts, and positive vs negative currents. For NMR
we carried out two experiments, one on E-1 (at 46 °C) and one on E-
2 (at 25 °C). For the MD simulations, we analyzed four systems, two
composition variants based on E-1 and two composition variants
based on E-2.

Restricted diffusion.—Figure 2a shows an example of the
galvanostatic currents applied to the Li|Cu-CNF|Li symmetric cells.
The voltage response when the current is on (e.g., showing both
increases and decreases in magnitude) likely reflects the micro-
structural evolution of the lithium electrode interface. After the
current is switched off (i = 0) the voltage relaxes, Fig. 2b, as the
concentration overpotential in the cell relaxes.

The relaxation curves are not perfectly linear over the entire
voltage relaxation. Therefore, it was necessary to choose a voltage-
time window in which to carry out a linear fit of the voltage
relaxation. Figure 3 shows the voltage relaxation profiles following a
0.1 mA cm−2 galvanostatic current at 25 °C and 45 °C for the E-1
Cu-CNF formulation. The plots show that there is a linear region that
is not significantly affected by noise. Within this fitting window (0.5
to 2 mV above the cutoff voltage), 70 out of 104 of the lines (slopes)
used to calculate the ±D values have a correlation coefficient (R2)
greater than or equal to 0.95, and 100 of 104 have an R2 greater than
or equal to 0.9. This confirms that the profiles of the curves were
sufficiently linear within the 0.5 to 2 mV voltage relaxation window.
Additional results and variations on our restricted diffusion analysis
are contained in the Supporting Information in Figs. S1 to S4.

The plots in Fig. 3 also show a difference in the slope between the
first cycle and the third cycle (for brevity, the second cycle is not
shown) and a much larger slope change when the direction of the
pulse is reversed. The effects of the cycle number on ±D are small
enough that they might be attributable to minor physical changes in
the cell over cycling and time. However, the differences in the results
for i > 0 and i < 0 are likely due to the asymmetric variations in the
solid electrolyte interphase (SEI) as also affected by temperature,
current density magnitude, and sample composition; furthering
studying and quantifying these asymmetries is an important area
for future work. Hence, the ±D values obtained from each cycle (i.e.,
pairs of i > 0 and i < 0) were averaged.

Figure 4 shows examples of how the ±D values change for each
cycle for both positive and negative applied current densities, and
several current density magnitudes, for the E-1 formulation at 45 °C;
the variance here is comparable to previous publications using the
RD method, and previous publications also observed differences in

±D for >i 0 vs <i 0.13,27 Further work is needed to identify the
mechanism(s) causing variance in ±D results among cycle number
and current direction. Note that Fig. S4 includes further quantitative
information on the relation between ±D and the current density
magnitude.

Figure 5 summarizes the ±D values obtained from all the RD
experiments as a function of temperature. The data points represent
the average values of ±D for a given temperature and formulation.
The variance between the upper and lower standard deviations in the

±D data is about a factor of 3. We note that Hou and Monroe12 and
Ehrl et al.13 show similar variance in experimental measurements of

±D . Statistical analysis of our data suggests that approximately 80%
of the variance observed in Fig. 5 arises from sample-to-sample
variance, while the rest comes from the effects of the cycling
conditions (e.g., the current density magnitude as shown in Fig. S4).
Moreover, the complexity of the Cu-CNF system means that there
are multiple contributors to the concentration overpotential in the
electrolyte, which may increase the sample-to-sample variance.

Ionic conductivity.—While not a focus of the present paper, as an
additional point of reference in Fig. 6 we present results of ionic
conductivity measurements for both E-1 and E-2 Cu-CNF formula-
tions. Ionic conductivity measurements were made using stainless
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Figure 3. Relaxation data for the 200 μm-thick E-1 formulation of the Cu-CNF electrolyte showing the fitting window (dashed lines) and cycle numbers for
25 °C and 45 °C: (a) 45 °C, cycle 1; (b) 25 °C, cycle 1; (c) 45 °C, cycle 3; and (d) 25 °C, cycle 3. The lines of best fit are also included in the panels above.

Figure 4. Relaxation data showing the change in the ±D values as a function of the cycle number for a 200 μm-thick Cu-CNF sample with the E-1 formulation at
45 °C for applied currents of (a) 0.050 mA cm−2, (b) 0.100 mA cm−2, (c) 0.209 mA cm−2, and (d) 0.418 mA cm−2. The dashed lines correspond to the
logarithmic y-axis (right side) and the solid lines correspond to the linear y-axis (left side). i is the applied current, and the blue circles represent i > 0 and the red
squares represent i < 0.
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steel blocking electrodes for both E-1 and E-2 formulations of Cu-
CNF in the temperature range 15 °C to 45 °C. See the SI and figure
S5 for more information. Figure 6 shows that the E-2 Cu-CNF
formulation has a slightly lower activation energy and higher
conductivity than the E-1 formulation. The through-plane ionic
conductivities at 25 °C for these Cu-CNF samples are about 0.5 ×
10–3 S cm−1, and the activation energies are about 0.3 eV. For
reference, a commercial liquid Li-ion electrolytes has a pure-phase
ionic conductivity of ∼10 × 10–3 S cm−1 at 25 °C.28 However, its
effective ionic conductivity in a porous separator with a porosity of
0.4 is about 8x lower than the pure liquid phase,29 so the effective
ionic conductivity of the Cu-CNF material is within ∼2x of a liquid
electrolyte in a porous separator.

Nuclear magnetic resonance (NMR).—The Cu-CNF samples
were also measured by PFG-NMR; results are shown in Fig. 7.
Results for E-1 (Figs. 7a and 7b), at 46 °C, show single narrow 7Li
and 19F peaks were observed in the corresponding NMR spectra and
indicate that both ions are mobile. These spectra also highlight the
absence of multiple Li+ or TFSI− environments. Moreover, the
intensity vs gradient plots of both DLi+ and DTFSI- were obtained by
measuring an average diffusion coefficient for ions moving within
the fibers and between the fibers. The ions in these two environments
undergo rapid exchange compared to the timescale of the NMR
measurement. The concentrations of Li+ and TFSI− were estimated
by collecting 1D NMR spectra and referencing to the standard. The
estimated Li+:TFSI− ratio is 1:0.3. Similar steps were applied for

Figure 5. Temperature dependence of ±D as measured by restricted diffusion for E-1 and E-2 formulations of Cu-CNF. For each temperature and formulation,
the ±D values obtained from fitting the linear regions of relaxations from each trial to Eq. 1 were averaged and used to calculate standard deviations. Uncertainty
bars indicate one standard deviation. The results are based on >100 voltage relaxations.

Figure 6. Temperature dependence of ionic conductivity, , for E-1 and E-2 formulations of Cu-CNF electrolytes. Activation energies, Ea, are also provided.

Journal of The Electrochemical Society, 2026 173 040501



sample E-2, with results shown in Figs. 7c and 7d. Quantitative
analysis revealed in this case a Li+:TFSI− ratio of 1:0.87. Figures 5
and 7 show that the values for +DLi and DTFSI from NMR
measurements are similar to the values of ±D from RD at equivalent
temperatures. See the SI and Fig. S6 for more information.

Molecular dynamics.—Table I shows the list of the E-1 and E-2
electrolytes along with their chemical compositions for MD simula-
tions. The model for the E-1 electrolyte was first built with
Li+/TFSI− ratio of 3:1, inspired by the experimental Li+/TFSI−

ratio of 1:0.3 as measured with NMR Details of settings for the MD

Figure 7. PFG-NMR results. The top two panels show 19F spectra and 7Li spectra for the E-1 Cu-CNF electrolyte. Diffusion plots for the E-1 (a) 19F and (b) 7Li
and E-2 (c) 19F and (d) 7Li formulations are also shown. The E-1 experiments were done at 46 °C and the E-2 experiments at 25 °C.

Table I. MD-simulated systems: E-1 electrolyte with LiTFSI-EC-DMC and E-2 electrolyte with LiTFSI-FEC-EMC. See the table of abbreviations
for more information.

E-1: LiTFSI-EC-DMC E-2: LiTFSI-FEC-EMC

# label Li:TFSI # label Li:TFSI

1 Cu-18AGU-3Li-TFSI-2EC-2DMC-2H2O 3:1 3 Cu-18AGU-3Li-TFSI-2FEC-2EMC-2H2O 3:1
2 Cu-18AGU-3Li-2TFSI-2EC-2DMC-2H2O 3:2 4 Cu-18AGU-3Li-2TFSI-2FEC-2EMC-2H2O 3:2
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model are given in table S2 (for E-1 electrolyte) and table S3 (for E-2
electrolyte) of the SI. For the E-2 electrolyte, NMR found a
Li+/TFSI− ratio of about 1:0.87. In the MD simulations, we have
considered the Li+/TFSI− ratios of 3:1 and 3:2 for both E-1 and E-2
electrolytes. The ratios of bound water and solvent molecules in the
E-1 electrolyte were also taken from NMR measurements for the E-1
electrolyte, and these ratios are kept in the simulations of the E-2
electrolyte.

Similar to hybrid ion transport mechanisms observed in Cu-CNT
with only bound water,6 Li+ ions hop with assistance from the small
molecules (H2O, EC, and DMC). In contrast, the transport of TFSI

−

follows a vehicular mechanism (randomly moving without being
dragged by the residual molecules), as verified by the absence of
highly structured coordination environments for TFSI- (Fig. S7).
This is consistent with the fact that the pair-wise interactions
between TFSI− and the other moieties (AGU, EC, DMC, and
H2O) are all significantly smaller than the interactions between
Li+ and these moieties, as shown by the DFT-calculated binding
energies (Fig. S7).

Figure 8 shows the diffusion coefficients of Li+ and TFSI− at
different temperatures for E-1 and E-2 electrolytes with different
Li+/TFSI− ratios (3:1 and 3:2). MD simulations were performed at

higher temperatures (550–800 K) to accelerate dynamics and potentially
include some chain mobility contributions to the ion conductivity that
are beyond the MD simulation time at room temperature. See Figs S8
and S9 for the mean-square displacement (MSD) plots. Then diffusion
coefficients were extrapolated to 45 °C through fitting following an
Arrhenius plot for comparison with RD and NMR measurements; see
Tables S4 and S5. At all temperatures, Li+ moves faster than TFSI−.
The activation energies, in Table II, are calculated to be around 0.20 eV
for both Li+ and TFSI−. Figure S10 shows the corresponding total ionic
conductivities based on the diffusivity data of Fig. 8, following the
Nernst−Einstein equation. Fully correlated ionic transport following
Green–Kubo relation will be presented in the future, since the current
NMR measurements also ignored ion correlations. As shown in Tables
S4 and S5, the existence of the residual solvent and water molecules has
a positive impact on the transport of Li+, and its impact on the transport
of TFSI− is even stronger. In the presence of EC, DMC, and H2O, the
diffusion coefficient of TFSI− is slightly smaller than that of Li+, but
they are in the same order of magnitude, as revealed by both MD
simulations for E-1 electrolyte (Li+/TFSI− ratio is 3:1 in this case) and
NMR measurement. However, in the absence of EC, DMC, and H2O,
the diffusion coefficient of TFSI− is two orders of magnitude smaller
than that of Li+ (Table S5). As a result, the activation energies become
significantly higher for both Li+ and TFSI− in the absence of the
solvent and water molecules. This is likely due to the larger size of the
TFSI− and the inter-chain space created by Cu2+-coordination that is
ideal for Li+ but not TFSI− transport.

To conclude, we have established atomistic models for both E-1
and E-2 electrolytes with different Li+/TFSI− ratios and performed
MD simulations to investigate the structural and transport properties,
by making systematic comparisons between the E-1 and E-2
electrolytes, as well as comparisons between MD simulations and
experiments. We have revealed the transport mechanism of Li+ ions
to be hopping with assistance by small molecules, and the transport
mechanism of TFSI− to be a vehicular mechanism.

Figure 8. Arrhenius plots of Li+ and TFSI− diffusivity for E-1 and E-2 electrolytes with different Li-TFSI ratios (3Li-TFSI and 3Li-2TFSI).

Table II. Activation energies of Li+ and TFSI− diffusivities for E-1
and E-2 electrolytes with different Li+-TFSI− ratios (3:1 and 3:2)
obtained from MD simulations.

Electrolyte Li+:TFSI− Ea (Li
+) (eV) Ea (TFSI

−) (eV)

E-1 3:1 0.21 0.22
3:2 0.21 0.19

E-2 3:1 0.21 0.18
3:2 0.19 0.20
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Comparing restricted diffusion, ionic conductivity, NMR, and
molecular dynamics results.—Comparing Figs. 5, 7, and 8, we see
that while the RD and NMR methods give similar values for salt
diffusivity and ion diffusivities (about 5 × 10–12 m2 s−1 at 45 °C),
MD results indicate a value about 100x lower. In addition, while
there are only two NMR measurements, so an activation energy
cannot be obtained from that method, RD and MD results show a
significant difference in activation energy for salt diffusivity (about
0.55 eV for RD, and 0.20 eV for MD). The activation energy from
MD (0.20 eV) is closer to the experimental activation energy for
ionic conductivity (0.3 eV). In MD simulations, the two properties
have the same activation energy. We identify several possible
explanations for differences in diffusivities and their activation
energies among the three methods. First, those differences may
come from the fact that the MD only treats intra-fiber transport,
while the RD and NMR include all transport pathways (including
intra- and inter-fiber transport). The MD simulations also distributed
all the residual molecules within the fiber, while in experiments,
more residual molecules may fill the inter-chain space. Second,
differences may arise from the construction of the MD, RD, and
NMR approaches; in particular, MD is built around following ion
motion in random walks at an equilibrium condition, while RD
follows the relaxation to equilibrium of a system whose composition
has been perturbed by the passage of current. NMR is also done
around an equilibrium condition rather than following relaxation
from a long-length-scale (10 s of microns in the case of RD)
perturbation in composition. Third, differences in ion diffusivities
and their activation energies may result from relaxation processes in
the cellulose chain that occur over minutes to hours in the RD tests
that are not present in the NMR and MD experiments that measure
ion diffusivities over much shorter time increments. As discussed
above, the use of an elevated temperature for the MD experiments
and the use of the Arrenhius equation to estimate ion diffusivities at
45 °C, may also affect how MD results reflect cellulose chain
relaxation processes. Fourth, differences among the methods may
also result from the presence of complex speciation processes in this
Cu-CNF system, including ion-ion association. For example, pre-
vious detailed experimental work on transport properties in three
liquid electrolytes found that for three electrolyte compositions there
could be significant (∼2x) differences in ionic conductivity while the
salt diffusivities among the three compositions were nearly
identical.28,30 As a result of these four factors, and potentially others,
additional work will be needed to strengthen the ability to interpret
and compare results from each method. A promising experimental
approach to assist this effort would be to prepare a set of samples
with systematically varying fractions of key components (e.g., salt,
solvents, water) and apply each method to obtain transport proper-
ties.

A second major area for future work is to study the different
ratios between the ionic conductivity of a typical commercial liquid
electrolyte vs our Cu-CNF samples (the liquid electrolyte is about
20x more conductive at 25 °C) and the salt diffusivity of a typical
commercial liquid electrolyte vs our Cu-CNF samples (the ±D for the
liquid electrolyte is about 300x higher at 25 °C). We also found a
value of Ea for the Cu-CNF ±D (0.50 to 0.58 eV) that was
significantly higher than the Ea for ionic conductivity of Cu-CNF
(∼0.3 eV), as well as Ea for ionic conductivity and salt diffusivity of
a typical commercial liquid electrolyte (both ∼0.25 to 0.3 eV).28 The
different ratios among salt diffusivity, ionic conductivity, and their
activations energies, may arise from ion-ion speciation effects
particularly strong in this system, which have previously been used
to explain, for a liquid electrolyte, changes in ionic conductivity but
not salt diffusivity among different electrolyte compositions.28,30

(Also mentioned in the previous paragraph). Another possible reason
is that the measurements for ±D average over a longer time span than
the ionic conductivity measurements, such that some long time-scale
processes are present in the RD measurements but not the ionic
conductivity measurements. Careful experimental studies on how the
multi-component and structured nature of the Cu-CNF electrolyte

affects speciation and both ionic conductivity and salt diffusivity are
needed.

Conclusions

To investigate transport in Cu-CNF electrolytes, restricted diffu-
sion (RD) experiments were conducted on two formulations of Cu-
CNF samples (E-1 and E-2) to obtain salt diffusivity, ±D , as a
function of temperature. In addition, NMR and MD were used to
obtain ion diffusivities, +DLi and DTFSI . The approximate value of

±D obtained from RD for Cu-CNF is 5 × 10–12 m2 s−1 at 45 °C, and
the ion diffusivities obtained from NMR have a similar value. The
MD simulations found that Cu-CNF fibers have about a 100x lower
value for ion diffusivities at 45 °C and an activation energy for Li+

transport in a fiber of ∼0.21 eV. RD experiment on Cu-CNF samples
yielded a much higher activation energy of 0.50 to 0.58 eV, and
direct measurements of ionic conductivity on similar samples found
an Ea value of ∼0.30 eV. We hypothesize that the development and
relaxation of salt concentration gradients within and between fibers
may account for differences in salt diffusivity and ion diffusivities
for RD vs MD and NMR measurements, as well as differences in Ea

values. Cellulose fiber chain rearrangement that occurs over the
longer time scales of RD measurements may be an important
contributor to the differences in transport properties assessed through
these methods. We also identified how speciation effects, in
particular ion-ion associations, could influence both the measured
transport properties and differences in results among methods. The
fundamental differences in how the methods assess transport—in
particular, whether it from relaxation from a perturbed composition
over 10 s of microns (RD) or at an equilibrium condition (NMR and
MD)—may also account for some of the differences.

To further examine transport in Cu-CNF it would be helpful to
conduct RD, MD, and NMR experiments to obtain the dependence
of both ±D and ionic conductivity on salt concentration and other
controllable compositional variables. This would aid in furthering
our understanding of different modes of transport within multi-
component and structured electrolytes.
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