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Sustainability Spotlight Statement

To advance several UN goals related to affordable, clean, and sustainable energy, a transformative
shift in the materials used as ion exchange membranes in energy storage and delivery technologies,
such as the redox flow battery, is essential. Addressing the non-renewability and high cost of the
current benchmark material — two factors preventing the widescale adoption of this technology —
we have fabricated cost-effective ionomers composed of sulfonated poly(ether ether ketone)
(SPEEK) and the renewable biopolymer lignin, with lignin concentrations reaching as high as 25
mass %. The raw Kraft lignin used in these membranes was purified and fractionated using
renewable ethanol/water solvent mixtures. Despite the high lignin content, our SPEEK-lignin
biocomposites demonstrated superior proton conductivity and proton selectivity compared to both
neat SPEEK and the current benchmark material, paving the way for entirely biorenewable

1onomers.
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ABSTRACT: Herein, we have synthesized high-performance, low-cost ionomer
biocomposites comprised of sulfonated poly(ether ether ketone) (SPEEK) and softwood Kraft
lignin. Specifically, SPEEK ionomer composites containing renewably processed and
fractionated low and high molecular weight lignin, at concentrations ranging from 5-25 mass
%, were synthesized. After fabrication, the water and ion transport properties, as well as the
hydrated nanostructure, of the biocomposites were characterized. Most notably, our SPEEK—
lignin composite membranes exhibited proton conductivities and proton selectivities that were
two-fold and four-fold higher, respectively, than both neat SPEEK and the current benchmark
ionomer for these applications, Nafion. In conjunction with ion exchange capacity and
equilibrium water uptake data, as well as real-space imaging from electron microscopy, small-
angle neutron scattering data suggested that the introduction of lignin increased the spacing
between hydrophilic, ionic domains. As a proof of concept, the feasibility of these membranes

as proton exchange membranes (PEMs) was assessed. In vanadium redox flow battery (VRFB)
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tests, SPEEK—lignin membranes containing 15 mass % lignin exhibited performance (pOWELS oo

density, discharge voltage) comparable to that of neat SPEEK membranes. This comparable
performance underscores the promise of SPEEK-lignin biocomposites as PEMs for next-

generation VRFBs.
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With worldwide energy demand on the rise, grid-scale energy storage technologies are
needed to facilitate renewable energy — e.g., wind, solar — integration targets without
compromising reliable and cost-effective dispatch of energy from the electrical grid.! One such
technology, the vanadium redox flow battery (VRFB), has garnered significant attention as a
scalable energy storage technology as a result of their long cycle life, flexible design, and rapid
response time.> However, these systems rely on proton exchange membranes (PEMs) that have
traditionally been constructed from expensive and non-renewable materials such as Nafion™
($500-1700/m? based on the membrane thickness and scale*®). Reducing the cost and
environmental footprint of PEMs, while still maintaining this benchmark performance, is
paramount to deployment of VRFB technology. Sulfonated poly(ether ether ketone) (SPEEK)
has emerged as a promising PEM for VRFBs due to its low cost ($12-80/m? based on the
membrane thickness and scale®), as well as a comparable proton conductivity with Nafion.
When used in redox flow battery stacks, SPEEK membranes have been shown to significantly
reduce their overall cost.®

While SPEEK is a promising alternative, these ionomers alone still suffer from a high
vanadium ion crossover rate, ultimately leading to reduced performance and lifetime for
VRFBs constructed with SPEEK PEMs.!” To combat this issue and make PEMs more
renewable, recent investigations have begun exploring the use of the lignin, a renewable and
uniquely aromatic biopolymer, as an additive.?> Lignin is an abundant and naturally occurring
source of phenolic compounds and functional groups — e.g., hydroxyl, carboxylic acid — that
impart lignin with a variety of attractive properties.?%?” However, the lignin recovered from
pulp mills has a complex, heterogeneous structure, a broad molecular weight (MW)
distribution, which typically necessitates the need for further processing to produce a final

lignin with acceptable performance properties. As such, previous investigations of SPEEK—
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lignin PEMs have been unable to elucidate the fundamental structure—property relationships s osin
that govern their transport properties due to the use of poorly defined, unfractionated, off-the-

shelf lignins.3%32  In addition, the proton conductivities of the SPEEK-lignin composite
membranes produced in these previous studies were relatively low (between 20 and 30 mS cm-

1) when compared to the current benchmark ionomer Nafion (between 80 to 100 mS cm™!).

In this work, we leverage the Aqueous Lignin Purification using Hot Agents (ALPHA)
process to fractionate a papermill Kraft lignin via a unique liquid-liquid equilibrium that forms
upon heating. Using a renewable solvent system (ethanol/water) for this fractionation, both a
low molecular weight (LMW) fraction, with MW = 5,470 g mol!, and a high molecular weight
(HMW) fraction, with MW = 34,500 g mol-! were produced with ALPHA from the feed Kraft
lignin (MW =~ 18,260 g mol!) to evaluate within SPEEK-lignin PEMs. These well-defined
lignin fractions allowed us to complete the most thorough investigation into the effects of
SPEEK-lignin interplay on PEM properties to date. Specifically, different mass loadings of
either LMW or HMW lignin (5, 15, and 25 mass %) and different charge group densities (i.e.,

degrees of sulfonation of SPEEK) were able to be related to critical PEM properties such as

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

ion exchange capacity (IEC), equilibrium water uptake (EWU), proton conductivity, and

Open Access Article. Published on 27 February 2025. Downloaded on 2/27/2025 10:40:00 PM.

vanadium ion permeability. Additionally, the lignin dispersion state was directly imaged via

(cc)

transmission electron microscopy (TEM) and the hydrated phase segregated nanostructure of
these hybrid ionomer membranes was characterized using small-angle neutron scattering
(SANS). Finally, VRFBs were evaluated using membranes comprising SPEEK or SPEEK-
lignin ionomers by measuring the discharge voltage with increasing current density to

determine the power output over a range of operating conditions.
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2.1. Materials

Poly(ether ether ketone) (PEEK) was purchased from Victrex (Lancashire, United
Kingdom), with the trade name “VICTREX PEEK 450PF”. The PEEK had a weight-average
molecular weight of 105,000 g mol-!' and dispersity of approximately 3. The feed (bulk) lignin
used for these experiments was a softwood Kraft lignin obtained from Domtar (South Carolina,
USA), with the trade name “BioChoice™”. Hydrogen peroxide (30 wt % in H,0), sulfuric acid
(H,SO4; 98%, ACS reagent), N,N-dimethylacetamide (DMAc; for HPLC, = 99.5%),
deuterated dimethyl sulfoxide (DMSO-d6), vanadium (IV) oxide sulfate hydrate (97 %),
magnesium sulfate (anhydrous), deuterated chloroform, Chromium (III) acetylacetonate, 2-
chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (TMDP) and sodium chloride were
purchased from Sigma Aldrich. Molecular biology-grade 200 proof ethanol (Cat. No.
BP28184) was obtained from Fisher Scientific. N,N-dimethylformamide (DMF) and 0.2 pm
polytetrafluoroethylene (PTFE) syringe filter were purchased from VWR. N-hydroxy-5-
norbornene-2,3-dicarboximide was purchased from TCI America. Lithium bromide (LiBr) was
purchased from Alfa Aesar. Pyridine was purchased from Acros Organics. The water used for
all experiments and synthesis of the ionomer membranes was reverse osmosis (RO) water
(resistivity ~ 18 MQ cm).
2.2. Lignin Fractionation Via the Aqueous Lignin Purification using Hot Agents (ALPHA)
Process

Prior to fractionation via the ALPHA process, the feed lignin was dried at 90 °C until no
weight change was observed. The ALPHA step was performed in a 50 mL Parr reactor (Model
no. 4843, Moline, IL) using a 50 wt % ethanol:water solution combined with the feed
BioChoice™ lignin (BCL) at a solvent:lignin ratio of 3:1. The lignin solution was then sealed

and mixed in the reactor, and the temperature was increased to 45 °C, where it was held for 30
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min to create the two liquid phases that are characteristic of the ALPHA process. After,the ting s osin
elapsed, the lower molecular weight (LMW) solvent-rich phase was decanted off from the
higher molecular weight (HMW) lignin-rich liquid phase. These two phases were then dried in
the same manner as the feed lignin, after which the lignin was ground into a powder with a
mortar and pestle after drying was complete. The weight-average molecular weights of the
BCL, LMW lignin, and HMW lignin are 18,200 g mol!, 5,470 g mol"!, and 34,500 g mol’!,

respectively.

2.3. SPEEK-lignin Composite Membrane Synthesis

Prior to the sulfonation reaction, approximately 4 g of PEEK powder was dried at room
temperature under dynamic vacuum for 24 h. After drying, the PEEK powder was slowly added
to 60 mL of H,SO, and the mixture was stirred at room temperature until a clear, homogenous
solution was obtained (= 2 h). Next, the temperature of the PEEK-H,SO, solution was
increased to 50 °C and held there for either 3 h or 4h, depending on the desired degree of

sulfonation, to obtain SPEEK. Note, the PEEK—H,SO, solution was mixed using a mechanical

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

stirrer at =~ 350 RPM. Following sulfonation, the final SPEEK was precipitated by pouring the

Open Access Article. Published on 27 February 2025. Downloaded on 2/27/2025 10:40:00 PM.

solution SPEEK-H,S0O, into cold (with ice) RO water, after which the precipitate was washed

(cc)

> 10 X with RO water to remove residual sulfuric acid. The precipitate was then dried under
dynamic vacuum at room temperature for = 30 hours. Prior to use in membrane fabrication,
the fractionated lignin with different molecular weights was dried under dynamic vacuum at
room temperature overnight. An illustrative schematic of the synthesis route used to fabricate
the SPEEK-lignin composite membranes is shown in Figure 1.

To prepare the casting solution, a specified amount of dried SPEEK was dissolved in
DMAc at a concentration of 10 mass % (here, mass % = Mspggk/ (Mspepk+Mpmac)). Next,

the SPEEK-DMACc and lignin-DMAc solutions were mixed to obtain the casting solution for
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Figure 1. Illustrative schematic of SPEEK — lignin composite membrane synthesis
procedure.

a specified lignin concentration in the SPEEK-lignin composite membranes. The obtained
solution was sonicated for 2 hours prior to casting to ensure both the lignin and SPEEK were
uniformly dispersed in the solution. Next, the SPEEK—-lignin—-DMAc solution was poured onto
a polished quartz substrate that was placed on heating plate set at 80 °C, after which the
substrate was covered by a funnel with Kim-wipe flue to allow evaporation of DMAc
overnight. Once the solvent was evaporated, the ionomer membranes were annealed at 140 °C
under dynamic vacuum for two hours, after which both the vacuum pump and the oven were
turned off, and the oven was allowed to cool to room temperature under static vacuum. Prior
to experimental measurements, the membranes were equilibrated in RO water for 3 days. The
thicknesses of the hydrated SPEEK—lignin membranes were on the order of ~ 100 um. We
note that the membranes in each series were fabricated using lignin from the same (single)
batch. That is, all the LMW lignin and HMW lignin needed to complete this study were

obtained from a single fractionation.
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2.4. Nuclear Magnetic Resonance (NMR) Analysis of Fractionated Lignin DO 101039 Dee L6005 1A
Nuclear magnetic resonance (NMR) spectra were performed on a Bruker NEO 500 MHz

spectrometer equipped with a Bruker SmartProbe for 'H (500 MHz, DMSO-dg) and 3'P (500

MHz, CDCl;). '"H NMR was used to obtain the degree of sulfonation (DS) of the SPEEK, while

3IP NMR was used to obtain the functional group content for each lignin fraction. For 'H NMR,

~3 mass % polymer solution was prepared in deuterated dimethyl sulfoxide (DMSO-dj). For

3IP NMR, the integration regions of interest, as well as the specific 3'P NMR procedure, have

been previously described.36-37-38,39

2.5. Characterization of the Lignin Molecular Weight

The weight-average molecular weights of the BioChoice™ lignin (BCL), as well as the two
lignin fractions obtained from the ALPHA process (i.e., low molecular weight (LMW) lignin
and high molecular weight (HMW) lignin) were determined by gel permeation chromatography
(GPC) (Agilent 1200 series) with a DAWN MALS (Multi-Angle Light Scattering) detector

(Dawn Heleos II Ambient with COMET, WH-2 C, Wyatt Technologies), utilizing a 785 nm

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

laser and bandwith filters, for absolute weight-average molecular weight determination. First,

approximately 7.5 mg of each lignin fraction, air-dried in a fume hood and finely ground using

Open Access Article. Published on 27 February 2025. Downloaded on 2/27/2025 10:40:00 PM.

a mortar and pestle, was added to 5 mL of the mobile phase which consists of 0.05 mol L-! of

(cc)

LiBr in DMF. This solution was sonicated for approximately three hours and 1.5 ml of the
solution was filtered through a 0.2 um polytetrafluoroethylene (PTFE) syringe filter (VWR
28145-291) into a 2 mL vial with screw top caps with PTFE pre-slit septa (Microsolv, 9502S-
WCV). 100 pL of the filtered samples were then injected into the GPC mobile phase at a
flowrate of 0.6 mL min-!. Two columns in series were used for separation; a Waters Styragel
HT 5 (WATO044214) column, followed by an Agilent PolarGel-L (PL1117-6830) column. The

GPC chromatographs of the various lignin fractions and the polystyrene standard, along with
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calibration curve, are provided in the Electronic Supplementary Information (ESI).

2.6. Vanadium (Vanadyl) lon Permeability

The vanadium (vanadyl) ion (VO?") permeability of each ionomer membrane was
characterized as previously described.%#! Briefly, the membrane was placed in a diffusion cell
(Franz cell from Permegear; Bethlehem, PA), which had donating and receiving reservoirs
filled with a solution of 1.5 mol L' VOSO, in 3 mol L™! H,SO, a solution of 1.5 mol L!
MgSO, in 3 mol L™! H,SO,, respectively. Aliquots were taken from the receiving reservoir at
various time points, and the concentration of VO?* was measured using an ultraviolet-visible
(UV-vis) spectrometer (VWR UV-3100PC). UV-vis scans were taken over the wavelength
range of 400 nm to 1100 nm. Note, these experiments were carried out at room temperature.

The permeability of VO?* was calculated via the following equation

dr@ _ P , (1)

Ve L°P

where V, is the volume of receiving cell, P is the permeability VO?* of ions, Cr(t) and Cp, are
the VO?* ion concentrations in the donating and receiving cells, respectively. Finally, 4 and L

are the area and thickness of the membranes, respectively.

2.7. Proton Conductivity

To characterize proton transport in these ionomer composites, the through-plane proton
conductivity was measured a symmetric electrochemical hydrogen pump (H-pump) cell. Note,
all membranes were equilibrated in RO water prior to conductivity experiments, and all
experiments were carried out at room temperature and a relative humidity of 100%. The

experimental data were collected using a WaveDriver 20 potentiostat/galvanostat system (Pine

9
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Research Instrumentation) and analyzed using the data organizer software AfterMath (Ping s osin
Research). The proton conductivity of the SPEEK—lignin composites was calculated using the

following equation

K=— (2

where k, d, and R are the conductivity, thickness, and resistance of the composite, respectively,
and A is the geometric active area of the electrodes. Additional information regarding the

procedure and the H-pump cell, along with an illustrative schematic, can be found elsewhere.*

2.8. Equilibrium Water Uptake (EWU)
The EWU (in %) of each ionomer biocomposites was calculated via the following equation
Myet — Mary

Equilibrium Water Uptake (EWU) = E—— 100% 3)
dry

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

where mg,y, and my, are the dry and wet masses of the membrane. To obtain my,, each

membrane was equilibrated in RO water for 24 h, after which the membranes were removed,

Open Access Article. Published on 27 February 2025. Downloaded on 2/27/2025 10:40:00 PM.
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patted dry with a KimWipe, and the mass was taken. To obtain m,, the annealed membranes

were weighted immediately after taking out from the vacuum oven.

2.9. Ion Exchange Capacity (IEC)

Ion exchange capacity (IEC) experiments were performed according to literature.0-43
Briefly, the dried membrane was equilibrated in 1 mol L-! sodium chloride (NaCl) for 24 h,
after which it was removed, and the remaining solution was titrated with 0.01 mol L' sodium

hydroxide (NaOH) with the indicator phenolphthalein (1% in a mixture of water:ethanol at a

10
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the following equation

VNaoHCNa
Ion Exchange Capacity (IEC) = w ) 4)

dry
where Vy,on and Cnaon are the volume and concentration of the titrated NaOH solution,

respectively.

2.10. Transmission Electron Microscopy (TEM) Imaging

Imaging was performed using a Hitachi 9500 high-resolution TEM, which was operated at
300 kV, an emission current of 8.0 mA, and a filament of 29.1 V, with a two second exposure
time. To prepare samples for TEM, the casting solution (SPEEK-lignin in DMAc) was further
diluted with DMAc to obtain a polymer mass fraction between 0.05 mass % to 0.1 mass %.
This solution was then drop cast onto a 300 mesh copper grid with a lacey carbon support
(Electron Microscopy Services, Hatfield, PA) and allowed to dry at room temperature. The

coated copper grid was then annealed at 140 °C for 2 h.

2.11. Small-angle Neutron Scattering (SANS) Experiments

SANS experiments on the ionomer biocomposites were performed on the CG-2 instrument
(GP-SANS) at Oak Ridge National Laboratory.** Note, all membranes were equilibrated in
D,0 for at least 48 h and then placed in demountable cells. The incoming neutron wavelength
and the sample-to-detector distance were varied to collect a range of q values (q = 47 sin6/2),
where 26 and A are the scattering angle and wavelength of the neutrons, respectively. For this
investigation, SANS data were collected over a q range of 0.007 A-! to 0.57 A-!. The raw data

was corrected for detector efficiency, instrument background, empty cell, and thickness of the

11
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membrane prior to the azimuthal average to one-dimensional intensities. Porous sili¢a wag 00031A

to convert the intensities to absolute scale.*’

2.12. All-vanadium redox flow battery (VFRB) construction and electrochemical
characterization

Redox flow batteries from ElectroCell were assembled with 10 cm? electrodes (Ceramaterials,
GFE-1 specialty felt) and each of the SPEEK or SPEEK-lignin membranes. Electrical tests
were performed on an Arbin Instruments (MSTAT21044) battery analyzer and a multi-head
peristaltic pump (Chonry) was used to circulate the electrolyte through the cells. Vanadium
electrolytes (50 mL tanks) were prepared starting with 1.0 M vanadium (IV) sulfate oxide
hydrate (VOSO,, BeanTown Chemicals) in 3.0 M sulfuric acid (Fisher Scientific) in each tank.
The battery was charged to 1.8 V at 50 mA c¢cm2, then held at 1.8 V until the current decreased
below 10 mA (catholyte converted to V3" and anolyte converted to V3*). The catholyte was
exchanged with the VOSO4 (IV) solution and the battery was again charged to convert the

catholyte to V' and the anolyte to VZ*. Polarization curves were developed on fully charged

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

batteries by discharging for 30 s with a 30 s rest from low (0.5 mA cm) to high (160 mA cm-

2) current densities. Charge-discharge tests were performed by charging at 20 mA cm™ to 1.8

Open Access Article. Published on 27 February 2025. Downloaded on 2/27/2025 10:40:00 PM.

V, then discharging to 1.0 V.

(cc)

3. Results and Discussion

A summary of the various membranes, as well as the nomenclature used for said
membranes moving forward is shown in Table 1. Note, the thickness of the membranes
prepared in this work was around 70 pm, and at least three separately cast membranes were

prepared for each experimental characterization.

12
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Table 1. Nomenclature for SPEEK and SPEEK nanocomposites containing fractignated.
cleaned lignin with different molecular weight and at different lignin contents.
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Duration of | Degree of Lzt Nomenclature
sulfongtion sulfonation fraction Lignin Loading t_”or Ionomgr
reaction of SPEEK Biocomposites
lignin / (g SPEEK +
[h] [%] ] e llenin (e EEETE ]
N/A 0 mass % SPEEK(72%)
Low 5 mass % SLMW-SPEEK(72%)
molecular 15 mass % 15SLMW-SPEEK(72%)
3 72 weight 25 mass % 25LMW-SPEEK(72%)
High 5 mass % SHMW-SPEEK(72%)
molecular 15 mass % 15SHMW-SPEEK(72%)
weight 25 mass % 25HMW-SPEEK(72%)
N/A 0 mass % SPEEK(80%)
Low 5 mass % SLMW-SPEEK(80%)
molecular 15 mass % 15LMW-SPEEK(80%)
4 80 weight 25 mass % 25LMW-SPEEK(80%)
High 5 mass % SHMW-SPEEK(80%)
molecular 15 mass % 1SHMW-SPEEK(80%)
weight 25 mass % 25HMW-SPEEK(80%)

The values of DS for the prepared SPEEK were determined via both 'TH NMR#6 and titration*’

methods, noting that the latter is a less accurate method for determining the DS. For these

analyses, the values of DS from '"H NMR for SPEEK with 3h and 4h sulfonation reaction time

span were 72% and 80%, respectively, while these same values were determined to be 53.8%

and 58.7% from titration. Again, these lower values can be attributed to the fact that titration

is not a direct measurement of the amount of sulfonic acid groups in the membrane, but instead,

provides the number of available (accessible) sulfonic acid group sites for ion exchange. Note,

the '"H NMR spectra of both SPEEK membranes are shown in Figure S1 in the Electronic

Supplementary Information (ESI).
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The vanadium ion (vanadyl ion, VO?**) permeability, proton conductivity, ;and, i
selectivity of both the 3h SPEEK and 4h SPEEK series of membranes are shown in Figures
2a-c and Figures 2d-f, respectively. Note, the dashed line in each figure represents the value
of that respective parameter for neat SPEEK (i.e., SPEEK that contains no lignin). As seen in
Figure 2a, the VO?'ion permeability decreased significantly with the introduction of lignin, at

all lignin loadings. Most notably, the VO?' ion permeability was observed to decrease
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Figure 2. (a) Vanadyl ion (VO?*) permeability, (b) proton conductivity, and (c) proton
selectivity for SPEEK(72%)-lignin nanocomposite membranes. (d) VO?* permeability, (e)
proton conductivity, and (f) proton selectivity for SPEEK(80%)-lignin nanocomposite
membranes. The dashed lines in each figure represent the average value of that property for
neat SPEEK membranes. Note, the error bars represent the standard deviation of the average,
which was calculated based on measurements on at least three independent membranes.

approximately six-fold for 15SLWM-SPEEK(72%) ((2.6 £ 0.3) x 10° cm? s''), 15SHMW-
3hSPEEK ((2.7 £ 0.3) x 107 cm? s7!), and 25HMW-SPEEK(72%) ((2.6 £ 0.1) X 10 cm? s
1, when compared to SPEEK(72%) ((14.8 + 1.6) x 10 cm? s*!), indicating that the presence
of the fractioned lignin acts to limit the crossover of vanadium ions. For comparison, the VO?*

permeabilities of Nafion 117 (extruded membrane) and solution-cast Nafion membranes are

14



http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5su00031a

RSC Sustainability Page 16 of 50

(44.1+£2.8) x 10° cm? s and (8.1 £0.5) x 10 cm? 57!, as reported in literatugg, } 549 That 5 o5 in
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is, the above membranes exhibit over an order of magnitude and approximate two-fold
reduction when compared to Nafion 117 and solution-cast Nafion, respectively.

Interestingly, from Figure 2b, SPEEK(72%) membranes containing 5 mass % LMW and
HMW lignin exhibited proton conductivities that were approximately 90% and 110% greater
than solution-cast, neat SPEEK (dashed line) and Nafion (95.9 + 6.5 mS cm™), respectively.4
Even at a lignin fraction as high as 15 mass %, SPEEK-lignin membranes containing LMW
lignin exhibited conductivities that were analogous to both neat SPEEK and Nafion. Further,
at the highest lignin loading of 25 mass %, the ionomer composites still exhibited proton
conductivities that were >60 mS cm!. Note, this observed decrease in proton conductivity is
more than likely due to an overall decrease in the concentration of charged groups in the
ionomer nanocomposite when 25% of the SPEEK (by mass) is replaced by lignin. Finally, one
of the most important parameters of merit for PEMs in VRFBs is the proton selectivity, which
is defined as the ratio of the proton conductivity to the VO?>" permeability. The results of this
calculation for the SPEEK(72%) series are shown in Figure 2c.

As seen from this figure, all lignin-containing ionomers demonstrated higher proton
selectivities when compared with the neat SPEEK membrane. Notably, 15 LMW-SPEEK(72%)
and 1S HMW-SPEEK(80%) exhibited proton selectivities that were approximately seven- and
10-fold higher than the corresponding neat SPEEK membranes. Further, when compared to
solution-cast Nafion ((11.9 +1.54) x 10° mS s cm?), we observed that all the lignin-
containing SPEEK(72%) exhibited improved proton selectivity. When looking at these same
data for the lignin-containing SPEEK(80%) (Figures 2d-f), we observed a similar trend as the
SPEEK(72%) series — that is, we observed a reduction in VO?* permeability, higher proton
conductivities for membranes containing 5 mass % LMW and HWM lignin, and improved

proton selectivities for all lignin-containing ionomer nanocomposites. In addition to the
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improved proton selectivity of 1S HMW-SPEEK(80%), 25SHWM-SPEEK(80%) exhibited: 4 5o0sin
proton selectivity that was approximately seven-fold higher than SPEEK(80%) membranes,
which again, was also a superior proton selectivity to that of the current benchmark ionomer,
Nafion.

Additionally, ion transport in these lignin-containing ionomers was seen to be directly
affected by the content of sulfonic acid groups — i.e., the degree of sulfonation. In general, the
SPEEK(72%), as well as its lignin-containing counterparts, demonstrated lower VOZ*
permeabilities when compared to the SPEEK(80%) and its lignin-containing nanocomposites,
while surprisingly, higher proton conductivity was observed for SPEEK(72%) based
membranes, when compared with their SPEEK(80%) counterpart. We believe that this is
directly related to the nanostructure of the membrane, and thus, access to sulfonic acid groups.
Results from previous spectroscopic studies’*® suggested that VO?* diffusion through these
sulfonic acid-based ionomers depends more on the availability of sulfonic acid groups, while
the accessibility of sulfonic acid groups is not as critical for proton transport. This also provides

some rationale as to why 4h SPEEK has a higher vanadium ion permeability when compared

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

to SPEEK(72%), though the proton conductivities for SPEEK(72%) and SPEEK(80%) are

Open Access Article. Published on 27 February 2025. Downloaded on 2/27/2025 10:40:00 PM.

similar. In addition, investigation of the proton conductivity of SPEEK with varying degrees

(cc)

of sulfonation showed that the conductivity of SPEEK increased when the DS increased from
37% to 72%. However, above a DS of approximately 72%, the proton conductivity was seen
to decrease.*® Similar behavior of decreased proton conductivity at high values of DS has also
been observed by other researchers.*® Further, it must also be noted that post-sulfonation of
PEEK results in random, and potentially heterogeneous, placement of sulfonic acid groups
along the backbone of the polymer.’® That is, the conductivity of the SPEEK may vary, even

at the same value of DS due to the heterogeneity of the fabrication process.
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Regarding the impact of lignin MW on ion transport in these membranes, the HMW ligfiins s osin

containing membranes exhibited lower proton conductivities and lower VO?* permeability for
both SPEEK(72%) and SPEEK(80%) series when compared to their LMW lignin-containing
counterparts. To provide potential insight into this ion transport behavior, a phosphorylation
technique, paired with phosphorus nuclear magnetic resonance (*'P NMR) spectroscopy, was
employed to quantity the concentration of functional groups (in this case, the hydroxyl and
carboxylic acid groups) in each lignin fraction. The 3'P NMR spectra of the LMW and HMW
lignin are shown in Figure S2 in the ESM, while the numerical values obtained from this

characterization are listed in Table 2.

Table 2. Functional group content of LMW lignin and HMW lignin fractions as determined
from 3'P NMR.

Hydroxyl Content [mmol OH / g of lignin]

Lignin Aliphatic ~ Syringyl Guaiacyl Hydroxyl- Carboxylic Condensed Total

type hydroxyl hydroxyl hydroxyl phenyl acid phenolic
LMW lignin 2.12 0.72 2.23 0.32 0.59 4.19 6.89
HMW lignin 2.18 0.79 2.20 0.32 0.45 4.11 6.74

As seen from Table 2, the overall hydroxyl group contents of the LMW and HMW lignin
fractions are similar, while the carboxylic content of the LMW lignin is approximately 30%
higher than that of the HMW lignin. As carboxylic acid groups have been previously leveraged
to improve proton conductivity of polymers,>'=* the higher content in the LMW lignin may
help, in part, to explain the improved proton conductivities when compared to their HMW

lignin-containing counterparts.
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In addition to vanadyl ion permeability and proton conductivity, the equilibrium, WALEE 5 osn
uptake (EWU) and the ion exchange capacity (IEC) of each membrane were measured, and the
results are presented in Figure 3. IEC and EWU are important parameters for proton exchange
membranes and are both closely tied to ion transport. Conductivity is a measure of the transport
of ions (in this case, protons) through the membrane, which has traditionally been thought to
occur through two mechanisms: (1) a vehicular mechanism and (2) a Grotthuss mechanism
(i.e., proton hopping), as illustrated in Figure 3a. That is, protons move through the hydrophilic
domains either by transporting with (i.e., attached to) water molecules, in the hydronium form

(H50%), or by hopping between sulfonic acid group sites, where only the interconnected

hydrophilic channels allow for proton transport across the membrane, while the sulfonic acid
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Figure 3. (a) Proton transport mechanism in hydrophilic channels (b) equilibrium water
uptake, and (c) ion exchange capacity for SPEEK(72%) based nanocomposite membranes;
(d) equilibrium water uptake, and (e) ion exchange capacity for SPEEK(80%) based
nanocomposite membranes. The dashed lines represent the average equilibrium water uptake
and ion exchange capacity of neat SPEEK samples. Note, the error bars represent the
standard deviation of the average, which was calculated based on measurements on at least
three independent membranes.
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groups isolated within aromatic hydrophobic cages (so-called “dead ends™) are unayailable oL
through-membrane transport.

Along these lines, the IEC of the membrane is a measure of the amount of sulfonic acid
groups that are potentially available for proton hopping, and thus is related to the Grotthuss
mechanism. Hence, for the same material — e.g., SPEEK, Nafion — a higher IEC typically
results in a higher proton conductivity. Furthermore, the EWU can also provide some insight
into the proton conductivities as it is a measure of the total amount of water absorbed by the
membrane, and in theory, a higher value of EWU would result in higher proton conductivity
since vehicular proton transport is a water-facilitated process. Specifically, Figures 3b,c and
Figures 3d,e show the EWU and IEC values for the SPEEK(72%)-based and SPEEK(80%)-
based composites, respectively. Again, the dashed line in each figure represents the average of
that specific property for neat SPEEK. As seen from these figures, the IEC measured from
titration for 3h SPEEK and 4h SPEEK are 1.57 mmol g*' and 1.69 mmol g!, respectively.
Interestingly, by using the equivalent weight (EW) of all samples (determined from the DS
value obtained from from 'H NMR, which provides an accurate measurement of the total
amount of sulfonic acid groups present and is not impacted by how these groups phase
segregate under hydration), we can obtain an estimate of the amount of inaccessible sulfonic
acid groups in the SPEEK membranes.>> Note that the EW represents the mass of polymers per
mole of sulfonic acid groups, where the EW of SPEEK(72%) and SPEEK(80%) were 479 (g
SPEEK / mole SO;H) and 440 (g SPEEK / mole SOs;H). If we assume that all SO;H groups in
the ionomer are available for proton hopping, the theoretical IEC for SPEEK(72%) and
SPEEK(80%) are 2.09 mmol g! and 2.27 mmol g!, indicating that approximately 25% of the
ion exchange sites are inaccessible in both membranes.

Additionally, the IEC values of all lignin-containing nanocomposites were found to be

lower than that of their neat SPEEK counterparts. This is likely related to the decreased amount
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of accessible charged groups in the membrane. The amount of charged groups (i.g,, ioniZdble 5 osin
functional groups) in these membranes is dependent on the charged group density of each
component, that is, the charge group density of the SPEEK and lignin, as well as the ratio of
these two components. As seen in Figure 3 and Table 2, we can directly measure the IEC of
neat SPEEK and the content of charged groups in two lignin fractions. The only ionizable
functional groups in lignin are the carboxylic acid groups, where the content of this group in
LMW and HMW lignin are 0.59 and 0.45 mmol per gram of lignin, respectively. Both values
are lower than the charged group (sulfonic acid groups) content in SPEEK. Moreover,
carboxylic acid groups only partially ionize in aqueous solution. Thus, the introduction of
lignin decreases the total amount of charged groups in the nanocomposites, leading to
decreased ion exchange capacity, which is generally correlated with the lignin content, though
this is most obvious in the SPEEK(80%)-based composites (see Figure 3d). It is worth pointing
out that while the IEC values of SLWM-SPEEK(72%), SHMW-SPEEK(72%), SLWM-
SPEEK(80%), 15 LWM-SPEEK(80%), and SHWM-SPEEK(80%) were lower than that of their

neat SPEEK counterparts, the proton conductivities of all these lignin composites were higher

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

than both neat SPEEK and the current benchmark ionomer, Nafion.
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Along with the IEC, the values of EWU for SPEEK(72%) and SPEEK(80%) are presented

(cc)

in Figures 3b,d, respectively. In general, the introduction of lignin leads to a reduction in EWU
for all SPEEK-lignin composites, apart from SLMW-SPEEK(72%) and S5SHMW-
SPEEK(80%), which both exhibited similar EWU values to the neat counterparts. In addition,
we observed that the EWU values of SPEEK(80%) series were significantly higher than the
SPEEK(72%) series, which is consistent with the IEC data (Figure 3c vs. Figure 3e), where,
in general, the SPEEK(80%) series membranes demonstrated higher IECs. These data are
somewhat contradictory to the measured proton conductivities of ionomers containing 5 mass

% and 15 mass % lignin, where the proton conductivity was seen to either increase (in the case
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of 5 mass % LMW and HMW lignin) or remain constant (in the case of 15 mass, % LNW. 5 0sin
lignin). Surprisingly, 25LMW-SPEEK(80%) demonstrated a proton conductivity that was
equivalent to that of the neat SPEEK and neat Nafion ionomers. This is quite impressive, given
that 25% of the conductive SPEEK ionomer has been replaced with a bio-renewable polymer.
To gain insight into how the concentration of ions (both in the ionomer and in the adjacent
solution) impact the ion permeability in these samples, the fixed charge group density C;""
was calculated from the IEC and EWU via the following equation: €’} = (IEC X p,,)/EWU,
where EWU is equilibrium water uptake (in grams of water per gram of dry polymer), and p,,
is density of water (1 g cm).%¢ The fixed charge group density, combined with the total ion
concentration of the external contiguous solution C7, provides some information about the
effect of Donnan exclusion on the ion transport in the ionomer.>” Theoretically, at equilibrium,
the ionizable sulfonic acid group of the ionomer nanocomposite requires an equivalent amount
of counter-ions to balance the fixed charge groups, which results in unequal ion distribution

between the membrane and the adjacent solution, leading to an electric potential that excludes
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Figure 4. Fixed group charge density for (a) SPEEK(72%) based nanocomposite membranes
and (b) SPEEK(80%) based nanocomposite membranes. The dashed lines represent the
average equilibrium water uptake and ion exchange capacity of neat SPEEK samples. Note,
the error bars represent the standard deviation of the calculated averaged from measurements
on at least three independent membranes.
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the co-ions sorption, which is known as Donnan exclusion. Hence, calculating the total 1085 s s
concentration of the external contiguous solution used for VO?** permeability measurement can

provide insight into the impact of Donnan exclusion on VO?* transport, where the value of the

S

total ion concentration in the external solution is C7 = C% 03

= Cypz+ y+ = 45mol L.
The fixed charge group density Crsné‘g—’ is calculated for each sample and summarized in

Figure 4. In general, the fixed charge group densities of all samples were higher than 4.5 mol
L1, and the SPEEK(80%) series demonstrated lower fixed charge group density in general
when compared with SPEEK(72%) series. This can be attributed to the higher equilibrium
water uptake of the SPEEK with higher DS, which in turn, decreases the fixed charge group
concentration. Additionally, though the SPEEK(80%) series shows fixed charge group density
values larger than the external solution ion concentration, their Csp” values are still closer to
4.5 mol L-!, indicating the impact of Donnan exclusion on ion transport is negligible for these
nanocomposites since most charge can be electrostatically balanced/screened by the counter-

ions absorbed from the adjacent solution. Interestingly, SPEEK(72%) series membranes

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

exhibit fixed charge group densities higher than 12 mol L-!, with I5LMW-SPEEK(72%) and

ISHMW-SPEEK(72%) presenting Cgp- values reaching 21 mol L' and 18 mol L,
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respectively. This notably higher fixed charge group density of the membrane compared to the
external ion concentration will lead to a larger Donnan potential, which could affect the
transport of the positively charged VO?*. Nevertheless, no correlation is observed between the
high fixed charge group density and vanadium ion permeability, underscoring the fact that the
transport of ions within the ionomer is affected by a multitude of different factors.

To elucidate the impact of the lignin dispersion state within these membranes on ion
transport, transmission electron microscopy (TEM) was used to image the SPEEK-lignin

composite membranes, where a dilute casting solution, with polymer concentration between
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0.05 mass % to 0.1 mass %, was used to cast membranes directly on the copper grid, that WEEE 5 osin
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thin enough to be successfully imaged via TEM. The results of this analysis are presented in
Figure 5. Specifically, Figures Sa-c show the TEM images of SPEEK(72%) containing 5
mass %, 15 mass %, and 25 mass % LMW lignin, respectively, while Figures 5d-f show the
TEM of SPEEK(72%) containing 5 mass %, 15 mass %, and 25 mass % HMW lignin,

respectively. The scale bars in all TEM images shown in Figure S are identical and are equal

Figure 5. Transmission electron microscopy (TEM) of SPEEK(72%) containing (a) 5
mass %, (b)15 mass %, and (c) 25 mass % LMW lignin and (d) 5 mass %, (e) 15 mass %,
and (f) 25 mass % HMW lignin. Note, the scale bar in each image is 600 nm.

to 600 nm. Note that equivalent TEM images for SPEEK(80%) containing 5 mass %, 15
mass %, and 25 mass % LMW and HMW lignins are shown in Figure S6 in the ESI, as the
general dispersion states of lignin within this ionomer series are similar to their 3h counterparts.
Also note that TEM images of neat SPEEK(72%) and SPEEK(80%) are shown in Figures S8.
As seen from the TEM images in Figure 5, the dispersion state of lignin is highly variable,

both with lignin concentration and lignin molecular weight. In general, the TEM images show
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a combination of small, well-dispersed lignin aggregates, as well as portions that contain Igtge 5 o5 s
areas of a ‘continuous’ lignin phase. Nanocomposites containing 15 mass % LMW and HMW
lignin demonstrated larger and more circular lignin aggregates when compared with samples
containing 5 mass % and 25 mass % lignin, which provides some insight into the impact of the
lignin dispersion state on VO?* transport. Specifically, samples containing 15 mass % of lignin
generally exhibit lower vanadium ion permeabilities compared with that of the samples
containing 5 mass % and 25 mass % lignin as shown in Figure 2. To ensure that the dispersion

state observed at 15 mass % lignin was not an experimental error in TEM sample preparation

or an artifact of image selective bias, additional TEM images of 1S HMW-SPEEK(72%) are
shown in Figure S7 in the ESI.

The presence of the uniformly dispersed lignin aggregates could lead to increased
electrostatic interactions between the functional groups of lignin and the sulfonic acid groups
of the SPEEK, where the presence of sulfonic acid, carboxylic acid, and hydroxyl groups
contribute to the overall formation of the hydrophilic domains within the membrane. In general,

the dispersion state of lignin did not appear to be significantly impacted by the molecular

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

weight of the lignin, though the composites containing HMW lignin exhibited slightly larger
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lignin aggregates. One factor that plays an important role in tuning the dispersion state of the

(cc)

lignin is the functional group type and content. Modification (or addition) of functional groups
on the surface of nanofillers is a common method leveraged to tune polymer—nanofiller
interactions and obtain desired nanostructures and resulting membrane performances.#0:41->8
As previously shown in Table 2, a larger content of guaiacyl hydroxyl groups and
carboxylic acid groups are present in LMW lignin compared to the HMW lignin fraction (2.23
vs 2.00 mmol per gram of lignin for guaiacyl hydroxyl group and 0.59 vs 0.45 mmol per gram
of lignin for carboxyl acid group). This could provide some explanation as to the larger size of

lignin aggregates in the HMW containing membranes. However, in general, both lignin
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fractions exhibited similar overall functional groups content, which may lead to the relatiVely s osin
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similar dispersion states of lignin with different molecular weights (at a fixed lignin
concentration). Further, we posit that at lower lignin concentrations, the abundant hydroxyl
groups of the lignin interact with and act to modify the hydrophilic domains of the ionomer
membranes. For both the LMW and HMW lignin, the total hydroxyl content is approximately
6.8 mmol per gram of lignin, which is more than three-fold higher than the content of sulfonic
acid groups in SPEEK (1.57 mmol per gram of SPEEK). We believe that it is this interaction
that results in the formation of more interconnected hydrophilic domains for proton transport,
which ultimately leads to a higher proton conductivity. However, this synergistic effect
diminishes at higher lignin loadings, especially for the SPEEK membranes containing HMW
lignin (see Figures 2b,d).

Considering the fabrication method used in this work for preparing lignin-SPEEK
nanocomposite membranes (see Figure 1 in the Experimental Section), a discussion of the
structure of lignin in solution is relevant and can provide some insight into the final lignin
dispersion state in the solid ionomer composite membrane. All nanocomposite membranes
were prepared via solution casting, where a casting solution containing both dissolved lignin
and SPEEK was poured onto a quartz plate that was heated at 80 °C to allow for evaporation
of the solvent, dimethylacetamide (DMAc). Therefore, the interactions among SPEEK, lignin,
and DMAc in the casting solution will strongly affect the final lignin dispersion and
aggregation within the dense ionomer membrane.>®%%6! Along these lines, the aggregation of
lignin in various solvents has been studied, including ionic liquids,®>%* alkaline aqueous
solutions,®%¢ and DMSO (both DMSO and DMACc are considered “good” solvents for lignin
and SPEEK), where aggregation of lignin, captured via SANS, was observed in all solvents
investigated.>® Though, to the best of our knowledge, this is the first time the aggregation of

lignin within a dense polymer membrane has been captured and investigated. It has been
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proposed that various forces are responsible for lignin aggregation in solution, wheres theS oot
intermolecular hydrogen bonds and noncovalent = — 7 interactions between phenyl rings are

the predominant forces that hold lignin subunits together, leading to lignin aggregates in
organic solvents like DMSO and DMAc. Interestingly, work from Kubo and Kadla,®’ indicated

that stronger hydrogen bonding (H-bonding) occurs between the aliphatic hydroxyl compared

to those found on phenolic rings, which was confirmed by the aforementioned SANS study
where the degree of lignin aggregation in DMSO was found to be proportional to the content

of aliphatic hydroxyl groups.*

As seen in Figures 6a and 6b, lignin aggregation was observed for SPEEK—-lignin ionomer
composites, irrespective of the lignin MW, where Figures 6a and 6b show SPEEK containing
5 mass % LMW and HMW lignins, respectively. The similar aggregation observed for both
the LMW and HMW lignins may be attributed to the fact that the total hydroxyl group contents
for both fractions are similar. It should be noted that the sulfonic acid groups of the SPEEK
form hydrogen bonds with lignin, while simultaneously, the lignin forms intermolecular

hydrogen bonds with itself. The former restricts the aggregation of lignin, while the latter acts

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

to hold lignin subunits together. Hence, with the evaporation of DMAc solvent during casting,

Open Access Article. Published on 27 February 2025. Downloaded on 2/27/2025 10:40:00 PM.

these opposing intermolecular interactions further affect the lignin dispersion state in the

(cc)

ionomer matrix. Ultimately, as seen from the TEM images in Figure 5 and Figure 6 (for
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OH o ""-- Hydrophilic hydroxyls

Figure 6. Transmission electron microscopy (TEM) images of SPEEK(72%) containing (a) 5
mass % LMW lignin, (b) 5 mass % HMW lignin, and (c) 15 mass % LMW lignin. Note, black
scale bars for (a) and (b) are equal to 600 nm, while the white scale bar for (c) is equal to 200
nm. (d) Illustrative schematic of the “core-shell” structure of lignin aggregates in SPEEK,
intermolecular m — 1 interactions and hydrogen bonds are represented by red and blue dotted
lines, respectively.

example, Figure S5a vs. Figure 6a), the ‘competitive’ hydrogen bond formation leads to both a
uniformly dispersed lignin phase, as well as larger, more continuous lignin phase/lignin
agglomerations.

As mentioned above, nanocomposites containing 15 mass % LMW and HMW lignins
demonstrated larger and more circular lignin aggregates when compared with samples
containing 5 mass % and 25 mass % lignin (see Figure 5). When these circular-like aggregates
are viewed under higher magnification (Figure 6¢), a “core-shell” structure can be observed,
where a dark black core (on the order 10 nm) is surrounded by a more diffuse, lighter grey shell
(total core-shell diameter on the order of 100 nm). An illustrative schematic of this lignin

aggregation phenomenon is presented in Figure 6d, where the abundant hydroxyl groups
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decorating the lignin form an outer hydrophilic shell, while the phenolic rings form an ites 5 osn
hydrophobic core. Note that in Figure 6d, the dashed red lines represent noncovalent = —
interactions, while the dashed blue lines represent H-bonding. This “nano-segregated”
hydrophilic-hydrophobic core-shell structure has been previously observed during the
preparation of lignin nanoparticles,?’-%%:¢ though this is the first time this type of core-shell
lignin structure has been observed within a solid polymer matrix.

To improve our understanding of the nanostructure of these membranes, and further
elucidate the interplay between structure and membrane performance properties, structural
characterization of the hydrated SPEEK-lignin composite membranes was carried out via
SANS. The results of this characterization are shown in Figure 7. Note, all membranes were
soaked in D,0 for at least 48 h prior to SANS experiments, and all SANS experiments were
performed at room temperature ( = 293 K). It should also be noted that while SANS and small-
angle X-ray scattering (SAXS) have been used to characterize the phase segregated structure
of SPEEK, the resulting scattering spectra are quite different.>*79-72 This difference is primarily

due to the different membrane preparation conditions, as well as the variety of fabrication

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

routes used to obtain SPEEK. For example, post sulfonation of PEEK and direct polymerization

Open Access Article. Published on 27 February 2025. Downloaded on 2/27/2025 10:40:00 PM.

of sulfonated monomers can result in SPEEK with different sulfonic acid groups distributions

(cc)

along the aromatic backbone, which can significantly alter the nanostructure of the sulfonated
ionomer, and ultimately, the final performance properties of the ionomer. This concept was
recently highlighted when researchers created both “random” and “blocky” SPEEK and
observed significantly higher proton conductivity, at the same sulfonic acid content, for their

block SPEEK membranes.°
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Figure 7. (a) SANS spectra of 3h SPEEK (closed gray circles) and SPEEK(72%) containing
5 mass % (closed orange squares), 15 mass % (closed red triangles), and 25 mass % (closed
blue diamonds) LMW lignin. (b) SANS spectrum of the high-q region for SPEEK(72%),
along with the Gaussian fitting of the ionomer peak (solid red line). (c) SANS spectrum of
the low-q region for SPEEK(72%). The solid black line indicates that as the intensity decays
following ¢*. (d) Illustrative schematic of hydrophilic domains of hydrated SPEEK
membrane, where only water molecules (blue dots) and sulfonic acid groups ( dots)
are shown.”® Note that the various shades of the blue dots have been employed to
demonstrate depth within the membrane.

The full SANS spectra of SPEEK(72%) and LMW lignin-containing composites are shown
in Figure 7a. As seen in Figure 7a, there are two distinct features present in all scattering curves:
(1) a scattering peak at highq (g~ 0.2 A—1) and (2) a low-q upturn, which have been
highlighted for 3h SPEEK in Figures 7b and 7c, respectively. We will discuss the low-q uptrun
behavior of the SANS data in more detail later in this section. For ionomer membranes, the

peak at high g has been assigned to the spacing between (center-to-center distance) hydrophilic
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domains in the hydrated membranes and is oftentimes referred to as the “ignomers oL s osin
“hydrophilic” peak.”%73 Note that the full collection of high-g SANS spectra (i.e., the ionomer
region) for both the SPEEK(72%) and SPEEK(80%) series can be found in Figure S9 in the
ESI. For ionomers, such as Nafion, distinct nanophase separation of the hydrophobic PTFE-
like backbone and the terminal hydrophilic sulfonic acid groups occurs upon hydration, leading
to locally-flat hydrophilic domains surrounded by a semi-crystalline polymer matrix.’*”>
However, unlike Nafion, the hydrophilic sulfonic acid groups in SPEEK are directly tethered
on the aromatic backbone, which can lead to weaker nanophase separation upon hydration.
That is, the interface between the ionic domains embedded in the hydrophobic matrix is less
distinct, a feature which has captured with computational modeling of ionomers with similar
architectures.’®’” This has been illustrated in the schematic shown in Figure 7d.

To have a more quantitative analysis of the SANS curves, the ionomer peaks were fit to a
Gaussian function (see Section 4 in the ESI). Briefly, the Bragg approximation was used to
determine the location of the ionomer peak for each composite, where the wave vector of the

ionomer peak can be correlated to Bragg d-spacing via the equation: d-spacing ~ 2m/q.4%-787°

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

In addition to the periodic spacing between hydrophilic domains, the spread (or breadth) of the

Open Access Article. Published on 27 February 2025. Downloaded on 2/27/2025 10:40:00 PM.

ionomer peak was represented by the standard deviation of the Gaussian fitting (Gaussian root

(cc)

mean square width, ) for each sample. The results of this analysis are presented in Figure 8.
Note, the dashed line in each figure represents that respective value for neat SPEEK
membranes. As seen in Figures 8a and 8b, the d-spacing of SPEEK(72%) and SPEEK(80%)
are 3.3 nm and 3.3 nm, respectively, indicating that the spacing between hydrophilic domains
is quite similar for both SPEEK(72%) and SPEEK(80%) membranes. With respect to ion
transport, these similar d-spacing values are consistent with the proton conductivity data for
these two ionomers with similar proton conductivities ( &% 100 mS cm™'). Furthermore, the d-

spacing increased with increased lignin loading.
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Figure 8. d-spacing (in nm) for (a) SPEEK(72%) containing LMW and HMW lignin at 5
mass %, 15 mass % and 25 mass % loading; (b) SPEEK(80%) containing LMW and HMW
lignin at 5 mass %, 15 mass % and 25 mass % loading. Spread of the ionomer peak of (c)
SPEEK(72%) lignin containing films; and (d) SPEEK(80%) lignin containing films. The
spread of hydrophilic peak for each sample is represented by the standard deviation of the
Gaussian fitting (Gaussian root mean square width, o), and the dash line in each figure
represents the data of neat SPEEK films. The error bars in each figure were obtained from the

Gaussian regression.

The most pronounced increase in d-spacing observed for SPEEK membranes containing

25 mass % lignin (both LMW and HMW lignin). For example, from Figure 8a, the d-spacing

is seen to increase from approximately 3.4 nm (for SPEEK(72%)) to 4.9 nm (for 25LWM-

SPEEK(72%)), an over 40% increase in spacing of the hydrophilic domains. This increase in

d-spacing is more likely caused by an increase in the hydrophobic portion of the lignin-
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containing composite, which has been induced by the introduction of lignin, a (relativelyy s osin
hydrophobic polymer. This significant increase in d-spacing of the ionic domains may help
explain the approximate 25% reduction in proton conductivity measured for these membranes

(100 mS cm! vs. 75 mS cm!), as the spacing between proton ‘hopping’ sites has increased as

well as water uptake has been reduced with 25 mass % lignin incorporated, leading to reduced
proton transport via vehicular mechanism. However, as seen from Figures 2¢ and 2f, the proton
selectivities of all SPEEK-lignin composite ionomers were higher than that of both neat
SPEEK and Nafion. This result implies that changes to the nanostructure of the SPEEK with

the introduction of lignin have a greater impact on the vanadium ion permeability than on the
overall proton conductivity of these membranes.

We note that this result may also be related to the difference in the overall size of the
hydrated diffusants sizes as well. Vanadium ions exist in a hydrated form in aqueous solutions,
with an approximate size of 64, while the size of hydrated protons (i.e., hydronium ions) is
approximately 1A.8° In addition to the change in spacing of the ionic domains with the

introduction of lignin, the impact of lignin on the width of the ionomer peak is highlighted in

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Figures 8c and 8d for SPEEK(72%)-based and SPEEK(80%)-based ionomers, respectively.

Open Access Article. Published on 27 February 2025. Downloaded on 2/27/2025 10:40:00 PM.

Changes of peak width indicates the distribution in values of d-spacing of the ionic domains.

(cc)

That is, an increase in the breadth of the ionomer peak would imply an increase in the spread
(or standard deviation) of the average value of d-spacing of the ionic domains. Similar to what
is observed with the d-spacing data, the breadth is seen to increase with increased lignin loading
for both SPEEK(72%)-based and SPEEK(80%)-based membranes, with the most noticeable
increase observed for ionomers containing 25 mass % LMW and HMW lignin.

The presence of a low-q upturn in the SANS data can provide information regarding the

impact of lignin on the interfacial properties of the hydrophobic and hydrophilic regions of the
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ionomer. The g-dependence of the low-q SANS data is shown in Figure 9. Specificdllyssoosin
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following power law equation was regressed to the low-q data

1(q) = (scale)q® + background (5)

where the scale and a, the power law exponent, are unitless fitting parameters. The background
was fixed to the value from the flat part of the scattering curve. As seen from Figures 9a and
9b, the values of the power law exponent for SPEEK(72%) and all SPEEK(72%) membranes
containing LMW lignin were either approximately —3 or —4. However, when looking at this
low-q behavior for SPEEK(80%) membranes (Figures 9c and 9d), we observe that the value
of power law exponent for all membranes was approximately —3. The first thing to note is that
this low-q upturn is present in ionomer membranes containing no lignin, indicating that this
behavior is inherent to the neat SPEEK and is not caused by the addition of lignin to the
ionomer. This low-q upturn behavior has been observed in the SAS data of several sulfonic
acid-based membranes, including both Nafion and SPEEK, where researchers have observed
exponents ranging from approximately —4 to —2.!7.708! While this g—* decay is observed at
lower wave vectors than those of the ionomer peak itself, the g—# upturn has been attributed
to sharp boundary between two immiscible phases,?# suggesting sharp interface between
hydrophobic and hydrophilic (water containing) domains.’*85 A transition from g—* to g3
behavior in this low-q region could be caused by several factors, such as rough or irregular
surfaces or long-range structural correlations. However, to date, this g=3 decay has been
attributed to rough interfaces (or less distinct phase separation) within nanophase segregated
ionomer membranes.?-8637 Of note, some researchers have overserved a g—2 dependence in

the low-q SAS data of SPEEK, which was attributed to the inherent lamellae structure of the
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SPEEK. However, as seen in Figure 9, this dependence in the low-q data was not ebseryed for 5 o5 m
any membranes in this study.”®

As seen in Figure 9, only neat SPEEK(72%) and SPEEK(72%) membranes containing
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Figure 9. Low-q region of SANS curves for SPEEK(72%) containing (a) 0 mass % (solid
gray circles), 5 mass % (solid orange squares), 15 mass % (solid red triangles), and 25 mass %
(solid blue diamonds) LMW lignin and (b) 0 mass % (solid gray circles), 5 mass % (solid
orange squares), 15 mass % (solid red triangles), and 25 mass % (solid blue diamonds) HMW
lignin. Low-q region of SANS curves for SPEEK(80%) containing (c) 0 mass % (solid gray
circles), 5 mass % (solid orange squares), 15 mass % (solid red triangles), and 25 mass %
(solid blue diamonds) LMW lignin and (d) 0 mass % (solid gray circles), 5 mass % (solid
orange squares), 15 mass % (solid red triangles), and 25 mass % (solid blue diamonds) HMW
lignin.
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q—* decrease in scattering intensity (Porod scattering) in this low-q regime of the SANS spectra,
suggesting that, in general, the SPEEK(72%)-based membranes containing LMW lignin
exhibited a sharp, distinct interface (or separation) between interconnected hydrophilic, ionic
domains and hydrophobic, aromatic domains. However, for 25LMW-SPEEK(72%) (Figure
9b), as well as for all HMW lignin concentrations (Figures 9c and 9d), a g~} decrease in the
low-q intensity was observed. When considered alongside the observed proton conductivity
(Figures 2b and 2e¢), the g3 is most likely representative of a rough interface, indicating less
distinct phase separation between the hydrophilic and hydrophobic domains of the ionomer.86-
8 Of note, the structure of hydrated SPEEK was recently investigated using SAXS, in which a
q—* behavior in the SANS data on the high-q side of the ionomer peak (q > 0.1 A-') was
observed.” However, due to the small change in scattering intensity of the SANS data over the
equivalent g regime, we were unable to obtain meaningful information from such an analysis.
There are several interesting insights that these results provide regarding the proton
conductivities of these membranes. First, the introduction of HMW lignin results in ionomer
composites with decreased phase separation, for both SPEEK(72%) and SPEEK(80%)
membranes. This is most notable for the SPEEK SPEEK(72%) series, as prior to the
introduction of HMW lignin, the 3h SPEEK membrane exhibited a g—* decrease in the low-q
SANS data (Figure 9b), which again, is indicative of a sharp, distinct interface between the
hydrophilic and hydrophobic domains within the nanophase segregated ionomer. However, as
seen in Figures 9c and 9d, the g—3 decrease in scattering intensity in this low-q regime of the
SANS spectra was seen for SPEEK SPEEK(80%) and SPEEK(80%) containing either LMW
and HMW lignin. Second, for the SPEEK(72%) series containing LMW lignin, a transition

from a sharp/smooth to rough interface between the hydrophilic and hydrophobic domains is
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observed when the LMW lignin concentration is increased from 15 mass % to 25 mass ¥ coosin
where a transition from g—*to g—3 behavior is observed.

This may help to explain why the proton conductivities of the 3h SPEEK-based membranes
were greater than or similar to that of their SPEEK(80%)-based counterparts, with the
exception of membranes containing 25 mass % LMW lignin (Figures 2b vs. 2e; 25LMW-
SPEEK(72%) vs. 25LMW-SPEEK(80%)). Theoretically, enhanced phase separation is
anticipated with increased content of charged groups. However, while the SPEEK(80%) had a
higher DS, the sulfonic acid groups were distributed along the aromatic backbone in such a
way that it resulted in similar phase separation with SPEEK(72%), and thus, conductivities that
were similar to the SPEEK(72%) membranes with a lower DS. Further, the sharp interface of
the SPEEK(72%)-based ionomers containing LMW lignin may also help to explain why the
proton selectivities of these membranes were higher than their SPEEK(80%)-based
counterparts, with again, the exception of those membranes containing 25 mass % LMW lignin
(Figures 2c vs. 2f; 25LMW-SPEEK(72%) vs. 2SLMW-SPEEK(80%)).

Based on the observe increased proton conductivity and simultaneous decrease in EWU

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

and IEC, along with the other results reported above, illustrative schematics of the ionic
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network for the neat SPEEK and SPEEK-lignin ionomer biocomposites, which demonstrated
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this improved performance, are provided in Figure 10. As seen in Figure 10, the higher values
of EWU and IEC with lower proton conductivity observed for neat SPEEK can be explained
by a larger concentration of “dead ends” or an increased tortuosity of the ionic channels, or
some combination of both. That is, while there is greater access to sulfonic acid groups, and
thus, higher values of water uptake (and higher values of IEC), the degree of percolation of
these ionic channels across the membrane is lower. However, with the introduction of lignin,
up to a concentration of 15 mass %, the hydrophilic channels for ion and water transport

become more interconnected, leading to a decrease in overall tortuosity of the ionic channels
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Figure 10. Illustrative schematic of the difference in ionic network structure (hydrophilic
channels) of neat SPEEK (/eff) vs. the SPEEK-lignin ionomer biocomposite (right)
membranes. Only water molecules (blue dots) and sulfonic acid groups ( dots) are
shown to show the hydrophilic channels for ions and water transport. Note that the various
shades of the blue dots have been employed to demonstrate depth within the membrane.

and a decrease in the overall concentration of ionic groups forming these ionic channels. This
provides a reasonable interpretation of the observed properties, that is, a simultaneous increase
in proton conductivity and decrease in EWU and IEC.

Finally, to test the viability of these SPEEK—lignin membranes as potential PEMs for
energy storage devices, such as the redox flow battery, routine battery testing was performed
on VRFBs with one SPEEK (SPEEK(72%)) and one SPEEK-lignin (15LMW-SPEEK(72%))
membrane. Charge-discharge cycling was performed at 20 mA cm over a voltage range of
1.0 to 1.8 V until the discharge curves stabilized. Next, polarization curves were developed on
fully charged RFBs with each membrane and the voltage and power density as a function of
current density are shown in Figures 11a and 11b, respectively. As shown in Figure 11a, the
discharge voltage (non iR-corrected) is similar for each RFB regardless of the membrane type,
and the voltage output increases with electrolyte flow rate through the cell. The increase in

discharge voltage at higher flow rates is typical for flow batteries because the electrode

37


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5su00031a

Page 39 of 50 RSC Sustainability

View Article Online
DOI: 10.1039/D5SUO0031A

60 mL min™

1
- -
o N
o o

T T

—_

O

S

1

Voltage [V]
3

o
o
———

N
o

10 mL min™

Power Density [mW cm'2]
3

-
30 mL min

OF 30 mL min™’ 7 0

0 50 700 150 200 0 50 700 150 200
Current Density [mA cm'z] Current Density [mA cm'2]

Figure 11. Electrochemical performance of VRFBS with SPEEK(72%) (open circles) and
I1SLMW-SPEEK(72%) (filled squares) membranes. (a) Polarization curves, voltage output
with increasing current density, for electrolyte flow rates of 10 mL min-! (red), 30 mL min™!
(orange), and 60 mL min! (blue) and (b) corresponding power density vs. current density.
Note that the voltage outputs are not iR-corrected and the electrolyte is 1.0 M V in 3.0 M
H,SO,.

channels maintain a higher concentration of active species. A similar concentration polarization

resistance (rapid decrease in voltage at high current density) is observed as the electrodes and

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

electrolyte are the same in each cell. Importantly, the ohmic polarization, which determines the

Open Access Article. Published on 27 February 2025. Downloaded on 2/27/2025 10:40:00 PM.

linear drop (slope of the plateau) in the discharge curve, is identical in each cell. As this is a

(cc)

function of the electrical and ionic resistance, and the electrical resistance is small (also
equivalent across cells), the ionic resistance/transport through each membrane must also be
equal. This result is consistent with the proton conductivity measured for each membrane,
where, as seen in Figure 2b, there is no measurable difference in this value between the neat
SPEEK and that containing 15 mass % LMW lignin (both were ~100 mS cm'). The slight
difference in polarization curves can then be attributed to a slight change in activation
polarization. However, this small difference may also be a result of simple experimental

variation.

38


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5su00031a

Open Access Article. Published on 27 February 2025. Downloaded on 2/27/2025 10:40:00 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Sustainability

Page 40 of 50

Finally, Figure 11b shows the power density, which is the product of the currgnt deniSity s osin

and voltage output, as a function of current density for various electrolyte flow rates. As seen
from this figure, at a given electrolyte flow rate, the performance of each membrane is similar.
This is expected given the similarities in the polarization curves observed in Figure 11a. The
peak power density of 107 mW cm in cells with SPEEK is only slightly higher than that with
ISLMW-SPEEK(72%) (102 mW cm?). However, we note that these values of the peak power
density are both notably lower than a RFB operated with the benchmark ionomer, Nafion 117
(~140 mW cm?). Further, the authors note that a more comprehensive investigation on the RFB
performance of these membranes, including characterizing their oxidative stability, is needed
and is currently the focus of ongoing work. Nonetheless, these results suggest that more
sustainable, lignin-containing ionomer composites may provide suitable membranes for large-

scale redox flow batteries.

4. Conclusions

In summary, we have reported a series of sulfonated ionomer nanocomposites containing
cleaned and fractionated lignin, of both low and high MWs, that demonstrated significantly
reduced vanadium ion permeability, and in some cases, enhanced proton conductivities,
leading to markedly improved proton selectivity of our SPEEK—lignin hybrid composites. Most
notably, IS HMW-SPEEK(80%) exhibited proton selectivities that were an order of magnitude
higher than neat SPEEK and approximately six-fold higher than the current benchmark
ionomer, Nafion. Further, analysis of the SANS spectra of the ionomer composites indicated
that the degree of phase separation was dictated by both the DS of the SPEEK and the MW of
the lignin. When employed in VRFBs, 15LMW-SPEEK(72%) demonstrates a sustainable
alternative to traditional ionomer membranes, with a peak power over 100 mW cm? at

discharge currents above 130 mA cm2. When compared to Nafion, the current benchmark
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ionomer membrane for VRFBs, a notebook sheet-sized membrane of our SPEEK-IigHid s o5

composite is over an order of magnitude cheaper (~$120 vs. ~$5), all while replacing 25% of
the petroleum-based SPEEK with biorenewable lignin. Despite the concise and straightforward
membrane fabrication process for these nanocomposite membranes, the demonstrated
approach of using renewably processed and fractionated lignin in conjunction with a cost-
effective sulfonated ionomer provides insight for designing proton exchange membranes with
better performance properties and at a lower cost, improving the viability of wide-scale

adoption of grid-scale energy storage technologies like the redox flow battery.
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