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Electrochemical Activity of Lignin Based Composite Membranes as Battery Electrodes.
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2. Materials and Methods

Lignin Type Lignin wt. % | Nafion® (NF) wt. % | PEO(PO) wt. %
OLPO Organosolv (OL) 20 0 80
OLPONF | Organosolv (OL) 20 60 20
OLNF Organosolv (OL) 20 80 0
KLPONF Kraft (KL) 20 60 20
KLPO Kraft (KL) 20 0 80
KLNF Kraft (KL) 20 80 0

Table S1: Demonstration of different ratios of lignin based composite membranes.

2.2. Characterization

Water Uptake (WU), Swelling Ratio (SR) and Gel Content (GC) % tests

The water uptake, swelling ratio and gel content test were carried out on 20mm (~2.49 x 1.5 x 0.075)
size bucchi vacuum oven dried (50°C for 24 hours) membranes in a petri dish full of de-ionised (DI)
water at room temperature. The membranes were weighed and measured before and after the
experiment. The thickness of membrane was measured using a digital micrometer and an electronic
digital caliper was used for measurement of the size. The experiment was duplicated in order to
collect an average value. The WU/SR amount was calculated by equation S1, and S2, respectively.
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Where Wary is weight of the dry membrane and Wwet is weight of hydrated membrane after WU
experiment. Lary is the length of the dry and Lwet corresponds to the hydrated membrane after the SR
test.
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Some of the membranes were totally disintegrated in DI water, therefore a GC% test has been

conducted and the values were calculated by equation S3.

Gel content % = % x 100 (S3)
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Where, m: represents the dried residue mass and mi the mass of the original membrane.
Conductivity and resistance measurements
Interfacial contact resistance (ICR) measurements were done by using Keithley meter. The 20mm
membranes were dried under vacuum in bucchi glass oven at 50°C for 24 hours, the membranes with
an average thickness of 70um were collected from desiccator and were introduced between two
copper (Cu) plates sandwich of high purity. The contacts between pellet and electrode was improved
by pressure applied through a steel compression spring arrangement. The superficial contact was
maintained to reserve only up to surface of sample membrane, the rest was covered with Teflon. The
bulk resistance of the sample from 0 to 200 tons at 25°C was measured. The sample resistance was
then calculated by equation S4. 1 Ampere of DC current was applied to the assembly through the cu
plates. The resulting potential led to the total resistance value, which is the sum of two interfacial
components located between the membrane sample and the Cu plates.
Rs = 2Rcy — 2Rcyys (54)

The sample resistance Rsis derived from the resistance of a single sample disc sandwiched between
the 2 Cu plates, to which we will add two resistors of the Cu plates (2Rcu) and those corresponding
to the two interfaces between the plates Cu and the material (2Rcu/m). The total resistance, Rr, is
expressed by equation S5.

Ry = 2R¢y + 2R¢yys + Rs (S5)
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Figure. S1: a) Assembly diagram of the ICR test unit. b) Experimental setup used in the
measurement for ICR tests.

The resistivity (€2-cm) of the membrane was calculated by equation Sé.
=t
R=p; (56)

Where R is the resistance (Q), 1 is the thickness of the membrane (cm) and A is the surface area of
cross section (cm?).

The bulk conductivity (S-cm) of the membrane has been calculated using equation S7.

(S7)

1
o==
p

Where o is the conductivity and p is the resistivity of the bulk material.
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Wavenumber cm!

Functional
unctional groups Lignin OLPONF/KLPONF

O-H 3045-3562 2465, 3223
-CH;, -CH,, -CH 2939, 2844 2932, 2879
C=0 1656 1712
-CH;, -CH,, -CH deformations 1452 1458
C=C 1602, 1504 1604, 1516
Aromatic O-H 1459, 1424, 1393, 1328 1459, 1424, 1394, 1348
C-0-C 1211,1108, 1030 1211,1107
Aromatic Syringyl & Guaiacyl 1328,1210, 1168 1349,1212, 1147
Aromatic C-H deformation 834 842
Si-OH -- 980
Si-0-Si -- 804
CF, -- 1100-1200

Table S2: Representation of the peak position of different functional groups of lignin and Nafion
® in composite membranes with comparison to blank lignin.

Electrochemical Impedance Spectroscopy (EIS)

Electrochemical EIS measurements were achieved in a conventional three-electrode electrochemical
cell with a Lignin working electrode (WE), Ag/AgCl reference electrode (REF)and a wide platinum
foil as a counter electrode (CE), figure S2. The electrochemical activity of the composite materials was
evaluated in aqueous solutions of 1 M H2SOs Measurements were done with a Solartron
Multipotentiostat 1480 and impedance analysis were done on Solartron mobrey SI 1260 (Impedance-
Gain phase analyser). Before and during the measurements, a gentle gas flow of nitrogen was
introduced just beneath the electrolyte surface. All measurements were carried out at room
temperature, 25.0 + 0.5 °C. EIS spectra were scanned within a frequency range of 0.01Hz to 100000

Hz with AC amplitude of 10 mV at room temperature.

3. Results

3.3. Conductivity measurements
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Figure. S2: The comparison of OLPONF membrane before and after the wetting test experiments,

shows a) Resistance, b) Resistivity and c¢) Conductivity with reference to applied pressure.

3.5. Electrochemical Impedance Spectroscopy (EIS).
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Figure. S3:
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Statistical analysis via standard deviation (SD) and ratio of variances plots

corresponding to the Z’ (real) and Z”” (Imaginary)-axes of the EIS spectra of a-b) OLPONF, c-d)
KLPONF and e-f) OLNF electrodes before the GCPL cycling measurement.



CNLS ECM Series
SP/ Q cm?

OLPONEF Initial 31,56 164410 |1,56x107 0,85813 7,46x10% 15286 6,64x108 0,90045 | 3,10x10®

(e)B oINSV EII 8,36x10° | 12285 |2,78x10° 0,79523 8,92x107 252,3 2,57x10° 0,42518 |9,07x101°

ROl ETI 6,42x10° | 253750 |1,55x10¢ 0,56119 1,87x10® 954,4 1,89x10° 1,378 2,53x10%

14BN BT 2,66x10° | 67715 [4,14x10°| 0,65088 1,38x10° | 79,34 5,78x10° | 0,36002 |7,71x1011

Table S2: Electrical parameters adjustment of the impedance spectra of OLPONF, and KLPONF,

to the electric equivalent circuit before and after electrochemical cycling.

CNLS (RBE A, p)

Samples
T T2

OLPONF Initial 164410 7,46x10% | 1,23x10? 15286 3,10x10% | 4,74x10* | 1,43x10°? 3,40x101

OLPONF Final 12285 8,92x107 | 1,10x1072 252,3 9,08x101° | 2,29x107 1,36x103 3,72x10°2

KLPONTF Initial 253750 1,87x10% | 4,75x1073 954,4 2,53x10% | 2,41x10°% 1,38x10!

KLPONF Final 67715 1,38x10° | 9,34x101 7934 | 7,71x10M | 6,12x10° | 3,50x1072 2,00

Table S4: a) Electrical parameters adjustment and b) DRT values adjusted to the experimental

impedance spectra of OLNF before and after electrochemical cycling.

The Specific capacitances of the samples are calculated by cathodic current from the cyclic

voltammogram and by equation S8.

Cp = A/2mk(AV) S8
OLPONF 3,59
KLPONF 1,38X10!
OLNF 7,18X10!

Table. S5: The specific capacitance calculated from experimental data.
Where Cp is the specific capacitance (F g-') A is area of the CV charge/discharge process (cm?), m is

the active mass of the material (g), k is CV scan rate (s) and AV is voltage window difference (V).



