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1. Abstract

Capacitive deionization (CDI) is a promising technology that has gained interest for the desalination of
brackish water. Hierarchically porous carbons are commonly used as electrodes for CDI due to their high
surface areas and controlled pore size distributions that maximize ion adsorption capacity and

rate. Electrospinning is an effective way of generating carbon nanofibers with high inter-fiber
macroporosity that can be further modified to improve surface area, total pore volume, and pore size
distribution. This work describes the use of sacrificial mesopore formers in tandem with a micropore
etching technique to induce hierarchical porosity in electrospun fibers. Mesopores are formed via the
dissolution of silica nanoparticles that are introduced into the fibers during the electrospinning step.
After mesopore formation, micropores are etched into the resulting surface through KOH impregnation
and thermal activation. This sequential technique creates a hierarchical network of pores from the

inherent macroporosity of the fiber network, to the mesopores, and finally micropores to



simultaneously maximize surface area and accessibility. Micropore formation is optimized to maximize
specific surface area while maintaining physical integrity of the fibers. The combination of mesopores
and micropores enables fast ion adsorption rates and capacity. Carbon fiber electrodes fabricated in this
method achieve specific surface areas exceeding 1400 m? g1, with pore volumes exceeding 1.0 cc g*.
The pore size distributions are highly controlled, with 80% of total pore volume coming from pores less
than 20 nm in radius. In 500 ppm constant voltage CDI tests, these fiber electrodes obtain a salt
adsorption capacity of over 14 mg g at a salt adsorption rate of ¥4 mg g* min, showcasing the high

capacity matched with high rate of these easily fabricated, inexpensive materials.

2. Introduction

Freshwater scarcity is a global problem that affects billions of people every year and is worsening as
industrial and agricultural growth exacerbate already limited supplies of fresh water.[1] Increasing
demand necessitates the development of new technologies to produce fresh water in cost-effective and
environmentally friendly ways. Desalination is one such technology, with current processes including
reverse osmosis (RO), electrodialysis, and multi-stage flash distillation (MSF). The majority of current
water desalination involves RO of seawater (>35,000 ppm TDS), accounting for nearly 70% of operating
seawater desalination plants.[2,3] One facet of desalination technology attracting more attention is
brackish water (<20,000 ppm TDS) desalination, which is relatively less expensive due to the lower energy
consumption required for desalination at lower salt concentration. Over the last 30 years, brackish water

desalination has increased to account for 20% of global desalination capacity.[3]

Capacitive deionization (CDI) has attracted increasing attention as a viable technology for brackish water
desalination.[4,5] CDI offers advantages of low voltage operation, low energy consumption, and high
energy recovery. High surface area carbon materials are used as capacitive electrodes to provide ample
sites for ion adsorption.[6—9] When voltage is applied, ions are adsorbed onto the electrode, yielding a
freshwater output stream. When the applied potential is removed, the ions desorb from the electrodes
to create a concentrated brine stream. Many different electrode materials have been used as CDI
electrodes, such as activated carbons, graphene, carbon nanotubes, carbon aerogels, and carbon
nanofibers.[10-16] Electrodes must be designed with high surface area, good conductivity, and fast ion

diffusion to achieve high salt adsorption capacities and rates. Carbon nanofibers are an attractive option



for CDI electrodes because their interconnected network of conductive fibers offers innate macroporosity,

surface area, and conductivity.[17]

Electrospinning is an effective way of producing carbon nanofibers (CNFs) suitable as CDI electrodes. The
most common polymer used as a CNF precursor is polyacrylonitrile (PAN) because it has a high carbon
yield while maintaining the fibrous structure post-carbonization.[18] The electrospinning process allows
for high tunability of the morphology of CNFs using additives. A common class of additives for electrospun
fibers are sacrificial pore formers that are removed after electrospinning or carbonization to introduce
intra-fiber mesoporosity, thus increasing surface area and facilitating ion diffusion. Such pore formers
include decomposable organics such as PMMA, PVP, B-cyclodextrin, and DMSO;[19-22] in addition to
inorganic compounds such as Ni(NOs), ZnCl,, Zn(Ac),, and Si0,.[23—27] These additives are optimized to
maximize surface area and diffusion characteristics without compromising the physical properties of the
resultant fibers, namely conductivity and mechanical strength. Inducing mesoporosity is helpful for
increasing ion transport but is not as effective at increasing surface area. To maximize surface area and
capacitance, microporosity must be created through treatments such as KOH etching.[28—31] However,
hierarchical porosity must be employed to increase surface area and capacitance (through microporosity)

while maintaining fast ion diffusion and salt adsorption rates (through mesoporosity).[32]

In this work, hierarchically porous CNFs were produced using SiO; as a mesopore former and KOH as a
micropore etching agent to improve pore volume and surface area, as shown in Figure 1. The SiO, was
added to the PAN precursor ink to be continuously distributed throughout the fibers during
electrospinning. After carbonization, the SiO, was dissolved out of the fibers without compromising the
fiber’s structure, yielding a highly monodisperse pore size distribution. Next, micropores were formed on
the already porous fibers, yielding fibers with hierarchical porosity. The resulting CNFs provide excellent
CDI performance due to their high porosity, high surface area, and good electrical conductivity. This
strategy is unique in its combined utilization of SiO,/KOH pore formation agents to create a new

hierarchically porous fiber electrode that features facile fabrication and tunable porosity. Additional



insight into the role of KOH treatment conditions on electrode performance and pore scale modeling of

various pore size distributions allow for these findings to be applied to other electrode systems.
3. Experimental

3.1. PAN/SIiO; Ink Preparation

In a typical experiment to make 20% SiO; fibers, 0.148 g of SiO, (10 - 20 nm, Sigma Aldrich) was added to
6 g of DMF (>99.8%, ACS reagent, Sigma Aldrich) and probe sonicated for 24 hours (1s pulse, 4s off) to
disperse and break up the silica agglomerates. Different silica content fibers were made by varying the
added silica content relative to the PAN content. Then 0.593 g of Polyacrylonitrile (PAN, 150k MW, Sigma
Aldrich) was added to make a 9 wt.% solution, relative to DMF content, and stirred at 80°C overnight.

Fibers without SiO, added were made with a 10 wt.% PAN in DMF solution, stirred at 80°C overnight.
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Figure 1: Design of hierarchically porous CNFs for CDI application. A) Typical electrospinning
apparatus. B) Scanning electron micrograph of an electrospun fiber mat. C) Photograph of a free-
standing CNF electrode. D) Successive hierarchical pore formation experimental design.

3.2. Electrospinning of PAN/SiO; fibers

PAN/SiO, inks were electrospun using a Fluidnatek LE-50 electrospinning system onto a rotating drum
equipped with aluminum foil. The electrospinning parameters were as follows: -2 kV collector bias, ~13
kV applied voltage to needle, 1.0 mL hr! flow rate, 16 cm tip to collector distance, 200 rpm drum rotation,

22-gauge needle. The resulting polymer fiber mat was cut and stacked to increase mass loading and



thickness before heat treatment at 280°C, 1°C min™, for 2 hours in ambient air in a muffle furnace.
Activated PAN fibers were then carbonized in a tube furnace under N, flow at 800°C, with 5°C min? ramp
rate, for 2 hours. The carbonized PAN/SiO, fibers were then soaked in 3 M NaOH at room temperature
overnight to dissolve SiO,, and then soaked in water overnight to remove NaOH. SiO, removal was

evaluated by XRF measurement.

3.3. KOH Treatment of PAN/SiO, Fibers

The carbonized fibers were treated using KOH (90%, reagent grade flakes, Sigma Aldrich) in the following
procedure. Carbonized fibers were loaded with 0.8 M KOH solution, drop-wise, until 3x mass was achieved
(1:2 fibers:KOH). KOH loaded fibers were then thermally treated in a tube furnace under N; at varying
temperatures (700, 750, 800, 850°C) with 5°C min™! ramp rate for 2 hours. After treatment, the fibers were
washed in water, 1 M HCl, and then water again to remove any remaining KOH or treatment byproducts.
All fibers were dried (>80°C) before being tested. KOH treated fibers were named according to the silica

content in the PAN precursor and the KOH treatment temperature (e.g., 20% SiO,, 800°C).
3.4 Characterization

The morphology of the fibers was analyzed using field emission scanning electron microscopy
(Thermoscientific Quattro S) and transmission electron microscopy (ThermoFisher Titan 80-300, 300 kV).
Specific surface area and pore volumes were measured using N, adsorption/desorption isotherms at 77 K
using a Quantachrome Autosorb iQ,. X-ray photoelectron spectroscopy (XPS) measurements were
performed on a Kratos Ultra DLD spectrometer using a monochromatic Al Ka source operating at 150 W
and a pressure of 2 x 10 Torr. High resolution spectra were acquired at a pass energy of 20 eV and data
was processed using Casa XPS software. Raman measurements were performed using a Thermoscientific
DXR Raman Microscope (532 nm, mW laser). Thermogravimetric analysis (TGA) was performed using a TA
Instruments TGA Q50 using a 2°C min ramp to 120°C with a 10 minute hold to remove water, then a 10°C

mint ramp to 800°C.

3.5. Electrochemical Testing

Fiber electrodes were tested in a homemade electrochemical cell using a gold foil current collector in a 3-
electrode configuration against a graphite rod counter electrode and an Ag/AgCl reference electrode.
Measurements were taken using an SP-200 Biologic potentiostat. The electrolyte was 1 M NaCl in all
electrochemical measurements. Cyclic voltammetry (CV) was performed between 0.5 V and -0.5 V.

Electrochemical impedance spectroscopy (EIS) was performed at OCV with 10 mV amplitude between 1



MHz and 5 mHz. Galvanostatic charge discharge (GCD) was performed at varying current densities relative
to the dried mass of electrodes between -0.4 V and 0.6 V. Capacitance was evaluated using the following
equation:

lata
e &

Where |, is the applied current, tq is the discharge time, V is the voltage window of discharge, and m. is

the mass of the electrode.

3.6. Capacitive Deionization Testing

Fiber electrode CDI performance was evaluated in a flow-through configuration using a compression cell
hardware with titanium flow fields, PTFE gaskets to achieve desired compression, and a paper filter
separator. All CDI experiments were performed in 500 ppm NaCl at a flow rate of 15 mL min™. Solution
conductivity was measured with a Horiba Laqua 3561 conductivity cell (0.1 cm™ cell constant). Fiber
electrodes were cut to 5 cm? before cell assembly, and solution was flowed for at least 24 hours to achieve
equilibrium before applying voltage. The 0% SiO, CNFs with no KOH treatment were tested at 0.9 V
constant voltage for 5 mins to adsorb ions, and then 0 V for 30 mins to desorb ions. KOH treated fibers
were tested at 1.2 V constant voltage for 5 mins followed by 0 V for 30 mins. The desorption step was
held longer than the adsorption step to cause full removal of salt, as it was observed that shorter
desorption steps resulted in diminished SAC. Different voltages were used to test SiO, CNFs with and
without KOH treatment due to higher SAC degradation in the non-KOH treated CNFs. This necessitated
use of lower voltages to maintain stable salt adsorption capacities during repeated cycling. Electrodes
prepared using the same technique (SiO; as a mesopore former, KOH micropore formation, or both) were
tested at the same applied potential for comparison. The SiO, CNFs with no KOH treatment were tested
at a different voltage because they degraded faster than the KOH treated CNFs, so lower voltages were
necessary to maintain stable salt adsorption capacities. CDI experiments were performed in a single-pass
method and SAC values (mg g) were obtained by integrating the ion adsorption peak, converting to ppm
from uS cm, multiplying by flow rate (mL s?), and dividing by combined electrode mass. SAR values were

obtained by dividing SAC values by the desorption time.
3.7. Pore Scale Modeling

Coupled ion transport and adsorption in a cross-section of a single porous fiber was simulated at the

pore scale. The diffusion of the ions is governed by the following equation:



ac
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Where C and D are ion concentration and diffusion coefficient, respectively. At the pore-carbon

interface, the following linear kinetics is considered for ion adsorption:

ac
% - kTCI (3)
where n denotes the unit normal perpendicular to the solid surface pointing toward the pore.

The lattice Boltzmann method (LBM) was used to solve Eq. (2), in which the ion diffusion is described by

the following equation:
gi(x + €8t t +6t) — gi(x,t) = —2(g:(x, ) — g{(x, t)), (4)

where g; is the distribution function along the i direction, gieq is the corresponding equilibrium

distribution function, 6t is the time increment, e; is the discrete lattice velocity, and 7 is the collision

time related to the diffusion coefficient. With an appropriate choice of e; and gfq, Eq. (4) can recover
Eqg. (2), with ion concentration and diffusion coefficient given by C = Y. g; and D = %(1 —Jo)(T —0.5),

respectively, where J; is a constant between 0 and 1.[33]

4. Results and Discussion



4.1. Morphology of Porous Electrospun Fibers

Figure 2: Scanning electron and transmission electron micrographs of CNFs. A) 0% SiO, CNFs. B) 20%

SiO; CNFs before SiO, dissolution. C) 20% SiO, CNFs after SiO, dissolution. D) 40% SiO, CNFs after SiO,

dissolution and KOH etching. E) TEM images of 20% SiO, CNFs after SiO, dissolution. F) TEM images

of 40% SiO, CNFs after SiO; dissolution.
Figure 2 shows SEM images of CNFs produced using electrospun PAN fiber precursors. Electrospun CNFs
produced without pore former showed uniform fiber formation, with an average fiber diameter of 400
nm (x 150 nm) and defect-free surfaces (Figure 2A). 20% SiO, CNFs prior to SiO, dissolution, shown in
Figure B, showed SiO; spread throughout the fibers in small chunks and aggregates. Porous CNFs produced
by dissolution of SiO, from 20% and 40% SiO, PAN CNFs are shown in Figures 2C and 2D, respectively.
Dissolution of SiO; yielded mesoporous CNFs with irregular morphology. Larger pores were formed on the

surfaces of the fibers in the 40% SiO> case, due to aggregation of SiO; at higher concentrations in the ink.



Despite aggregation, each fiber maintained its fibrous structure and showed even distributions of SiO;
throughout, leading to a consistent pore size distribution. The internal porosity of the fibers is visible in
TEM images of 20% SiO, and 40% SiO, CNFs, shown in Figure 2E and 2F, respectively. These images show
that electrospinning SiO into the PAN was effective at distributing the pore former, allowing for mesopore
formation throughout the fiber bulk. Removal of SiO, was evaluated using XRF, which confirmed 97-99%
SiO; loss after soaking in 3 M NaOH at room temperature, as shown in Table S2, indicating that the
dissolution procedure was effective at removing nearly all of the SiO,. Electrospun fibers were etched with
KOH after dissolving the SiO; pore former to create a hierarchically porous structure, shown in Figure 2D.
The SiO; content of the 0, 20, and 40 wt.% PAN fibers was confirmed using TGA, shown in Figure S1. Non-
water mass loss began at 270°C, in agreement with previous reports of PAN TGA, with plateaus at high
temperature indicating leftover SiO, content.[34] Mass loss was completed by 700°C, at which point the
remaining mass represented the SiO; content in the CNFs. Excluding water mass, the 20% SiO; fibers were
reduced to 19% remaining mass and the 40% SiO, fibers were reduced to 35% remaining mass. The

noticeable discrepancy between the expected and observed mass in the case of the 40% SiO, fibers was



attributed to the tendency of SiO; to settle in the high wt.% solutions and cling to the sides of the vial,

reducing the amount of SiO; introduced during electrospinning.
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Figure 3: Nitrogen adsorption/desorption isotherms and modeled pore size distributions for porous
CNFs after SiO; dissolution. A) BJH pore size distribution, inset of 3 — 20 nm pore sizes. B) Nitrogen
adsorption-desorption isotherms. C) Cumulative pore volume vs. pore size.

The role of SiO; content in controlling fiber morphology was determined through measurement of the

pore size distribution and the specific surface area using nitrogen adsorption-desorption isotherms, as
shown in Figure 3. The adsorption-desorption isotherms for the 0% SiO, CNFs showed low gas adsorption,
indicating a low surface area and lack of porosity (Figure 3B). In contrast, CNFs produced using 10-40%

SiO, pore former exhibited a typical Type IV(a) isotherm shape with a Type H1 hysteresis loop due to the

Table 1: Specific surface area and total pore volume of CNFs
produced from PAN with varying content of SiO, pore former.

Si0, Contentssa (m2 g1)Pore Volume (cc g)




40%Si0, 476 1.04

30% SiO, 474 0.79
20% SiO, 252 0.4
10% Sio, 305 0.26
0% Sio, 180 0.11

high mesoporosity present in the fibers after pore formation.[35-37] These CNFs showed a pore size
distribution with a peak at around 10 nm (Figure 3A), which resulted from the use of 10-20 nm diameter
SiO, particles as pore formers. Increasing SiO; content past 20% caused increased polydispersity,
particularly in the case of 40% SiO, content. The high SiO, content in the 40% SiO; electrospinning
precursor inks caused SiO, aggregation, resulting in increased presence of larger pores (Figure 3A). The
cumulative pore volume distribution (Figure 3C) revealed that lower SiO, contents were effective at
creating more defined pore size distributions, as sub-20 nm pores contributed 80% of the total porosity
in the 20% SiO, CNFs but only ~50% in the 40% SiO, CNFs. As SiO; content was increased, the total pore
volume increased from 0.11 cc g* in 0% SiO, CNFs to a maximum of 1.04 cc g in 40% SiO, CNFs, as shown
in Table 1. Specific surface area also tended to increase with increasing SiO, pore former content, from a
minimum SSA of 180 m? g in 0% SiO, CNFs to a maximum of 476 m? g™ in 40% SiO, CNFs. The SSA did not
match closely with the pore volume because increasing SiO, content tended to induce formation of large
pores, inflating the pore volume without greatly increasing SSA due to the lower surface area to volume

ratio associated with larger pores.

4.2. Electrochemical and CDI Performance of Mesoporous Fibers



Electrochemical measurements were performed to evaluate the resistance, capacitance, and rate
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Figure 4: Electrochemical measurements (performed in 1 M NaCl) and CDI measurements
(performed at 0.9 V in 500 ppm NaCl, 15 mL min flow rate) of mesoporous CNFs produced
using SiO, pore former. A) EIS spectra. B) Galvanostatic charge/discharge at 0.2 Ag*. C)
Capacitance versus current density obtained by GCD. D) SAC vs time obtained by constant
voltage desalination.

performance of the mesoporous CNFs in 1 M NaCl. Results of these measurements are compared
alongside CDI constant voltage desalination results for each SiO, content performed in 500 ppm NacCl at
0.9 V in Figure 4. All the CNFs prepared using SiO, pore former showed more capacitive behavior in EIS
experiments compared to 0% SiO, CNFs, as shown in Figure 4A, indicated by a steeper slope at low
frequencies.[38,39] The high-frequency resistances of the fibers were similar, showing that the mesopore
formation did not influence the equivalent series resistance significantly. The capacitance measured by
GCD was higher in the mesoporous CNFs produced using SiO, pore former compared to the 0% SiO;
sample, as shown in Figure 4B. The CNFs based on 40% SiO, pore former achieved the highest capacitance

(93 Fg') ata 0.2 A g™ charging rate, while the 0% SiO, CNFs only reached 45 F g*. The CNFs based on 10%,



20%, and 30% SiO; pore former reached capacitances of 54, 56, and 72 F g}, respectively. The 20% SiO>
fibers exhibited the lowest IR drop of 60 mV at 0.2 A g%, as shown in Table S3. The 0% SiO; fibers had more
than double the iR drop, with 140 mV at 0.2 A g*. These results indicate that mesopores formed from SiO,

pore former provided improved benefits to capacitance and resistance up to 20 wt.% SiO; content.

As current density was increased from 0.2 Aglto 1.0 Ag?, the iR drop increased significantly. The 0% SiO,
CNF sample had a 770 mV drop at 1.0 A g%, which represents almost the entire charging window. The CNF
based on 20% SiO; pore former had the lowest IR drop (280 mV) at 1.0 A g%, while the CNFs based on 10%,
30% and 40% SiO; pore former ranged from 340-580 mV. The measured CNF capacitance decreased as
current was increased from 0.2 Ag!to 1.0 A g, as shown in Figure 4C. The capacitance of all CNF samples
decreased at higher current densities due to the higher iR drop. This limited the potential window of
charging, thus lowering capacitance.[40] The lack of porosity in the 0% SiO. CNFs caused a complete loss
of capacitance at only 0.6 A g, showing how the addition of mesoporosity enhances rate capability

significantly.[41]

The lower iR drop of the 20% SiO, fibers resulted in superior CDI performance, with a SAC of 4.2 mgg’;
the next closest was the 30% SiO, CNFs at 3.6 mg g* SAC, as shown in Figure 4D. The performance of the
20% SiO, CNFs, despite their lower capacitance and SSA compared to the CNFs based on higher SiO;
content, can be attributed to its narrower pore size distribution and lower iR drop. The 20% SiO, fibers
showed faster salt adsorption than the 30% and 40% SiO; fibers throughout the experiment. The 10%
SiO, content fibers showed even faster initial salt adsorption rates because of their lower porosity and
shorter diffusion pathways, but salt adsorption tapered off as the electrode became saturated more
quickly. The charge efficiency of these electrodes is shown in Table S2, where the 20% SiO, CNFs
obtained the highest charge efficiency of 0.44 at 0.9 V. The 20% SiO, CNFs consistently achieved
superior CDI performance. Therefore, we selected them for further improvement through micropore

etching to create hierarchically porous CNFs.
4.3. Characterization of Hierarchically Porous Nanofibers

The microporosity treatment with KOH was performed with a KOH to CNF mass loading of 2:1, and
treatment temperature was varied (700°C, 750°C, 800°C, and 850°C) to determine the optimal
conditions to improve electrochemical and CDI performance. Increasing mass loading past this 2:1 ratio
caused significant physical degradation of the fibers at the higher treatment temperatures (>750°C).

Raman and XPS spectra of various KOH-treated fibers and the micropore size distribution obtained by



DFT calculation (QSDFT adsorption) are shown in Figure 5. In all KOH-treated samples, the addition of
SiO; improved both SSA and pore volume when compared to KOH-treated 0% SiO; fibers. The
hierarchically porous fibers maintained a typical Type IV(A) isotherm, as shown in Figure S2, with
increased total gas adsorption for the KOH-treated samples. The SSA and pore volume of each sample is
shown in Table 2. The 0% SiO; fibers that were KOH treated at 800°C exhibited the lowest SSA at 1160
m? g, with a pore volume of only 0.20 cc g, compared to 1645 m? g* and 0.91 cc g* for the SiO,
mesoporous CNFs that were KOH treated at the same temperature. The 750°C KOH treatment
temperature provided the highest SSA of 1981 m? g*. Other KOH treatment temperatures provided
similar SSA, with 850°C being the lowest at 1423 m? g. Pore volume increased significantly in SiO, pore
formed fibers at treatment temperatures of 750°C and higher, exceeding the pore volumes obtained in
the previously shown mesoporous fibers by over two times. This increase is attributed to the increase in
microporosity along with the widening of the larger pores during the second thermal treatment. As
shown in Figure 5A, each KOH-treated sample exhibited significantly increased micropore volume
compared to the mesoporous non-treated samples and showed similar pore size distribution in the 1.0-
1.6 nm pore size range. At 800°C, all KOH-treated fibers showed a distinct increase in micropore volume
at 0.6 nm. The other KOH treatment temperatures yielded a peak shifted to ~0.8 nm. At 750°C, the KOH
treatment increased the pore volume between pore sizes of 0.8 and 2.0 nm. These differences in pore
formation account for the higher surface area obtained in the 750°C and 800°C cases. In the 850°C case,
lower micropore volume was observed at both 0.8 nm and 1.2 nm pore diameter, resulting in lower SSA

compared to the other treatment temperatures.



Raman spectroscopy was performed to determine the effect of the KOH treatment on the structural
properties of the carbon fibers, as shown in Figure 5B. The KOH-treated fibers showed a distinct D-band
at 1350 cm?, associated with defect sites, and a G-band at 1590 cm™, associated with ordered graphitic
phases.[42] The non-treated fibers showed less distinction between the D and G bands, implying a more
amorphous structure. The Ip/ls ratio, considered a measure of disorder in the graphitic lattice, was lower
in the KOH-treated fibers (In/ls = 0.83) than in the non-treated CNFs (Ip/lg = 1.01), indicating that the

thermal KOH treatment increased the degree of order in the fibers.[43] This increase in graphitization
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Figure 5: Characterization of KOH treated CNFs. A) DFT pore size distribution. B) Raman
spectra. C) XPS spectra. D) XPS O1s peak spectra.

Table 2: BET surface area and pore volume of KOH treated fibers measured using N, adsorption.

SSA Pore Volume
Silica ContentKOH Treatment Temperature(m?g?) (ccg?)




0% 800°C 1160 0.20

20% 700°C 1575 0.50
20% 750°C 1981 1.09
20% 800°C 1647 0.91
20% 850°C 1423 0.95

has been shown to increase electrical conductivity.[44] There was no significant difference in the Ip/lg

ratio between the different KOH treatment temperatures.

XPS analysis was performed to determine the effects of varying KOH treatment temperature on fiber
composition, shown in Figure 5C and Table 2, with the O1s peak analysis shown in Figure 5D. Oxygen
and nitrogen content were observed to decrease with increasing treatment temperature. Fibers
subjected to KOH treatment at 700°C maintained a high oxygen content of 17.27%, while the other
treatment temperatures caused a reduction in oxygen content to 8.0 — 9.5%. The oxygen content of the
700°C treated fibers was similar to that of the non-KOH treated fibers (17.44%), indicating that the
700°C treatment did not remove surface oxygen groups, leading to higher C-O bonding, as shown in
Figure 5D.[45] Carbon oxidation is a primary failure mechanism for CDI electrodes, and increased oxygen
content on carbon has been shown to reduce CDI performance.[46] Increased carbon oxidation can also
increase the rate at which further carbon oxidation occurs, further accelerating electrode degradation

Table 3: Carbon, nitrogen, and oxygen contents (atomic percentage) of
fibers after KOH treatment at various temperatures obtained via XPS.

KOH Treatment Temp C% N% O %

None 77.272.4117.44
700°C 79.63 3.1 17.27
750°C 88.022.32 9.56
800°C 90.491.47 8.04
850°C 89.580.68 9.75

during CDI operation.[47] The other KOH treatment temperatures were sufficiently high to remove
surface oxygen groups and increase the total carbon percentage in the fibers, which has been shown to
increase conductivity.[45,48] These results are in good agreement with the observation of lower high
frequency resistance of the CNFs that were treated at higher temperature, as shown in Figure 6A. The

N1s, Ols, and Cls spectra for each treatment temperature are shown in Figures S4, S5, and S6.

4.4. Electrochemical Performance of Hierarchically Porous Fibers



The electrochemical performance of the CNFs prepared at various KOH treatment temperatures was
evaluated in 1 M NaCl using CV, GCD, and EIS, as shown in Figure 6. We compared KOH-treated samples
with and without SiO; pore former to evaluate the efficacy of the hierarchical porosity treatment. CNFs
that were KOH treated at temperatures above 700°C exhibited typical rectangular capacitive profiles at
2 mvstin CV, as shown in Figure 6B, while CNF that was KOH treated at 700°C showed a sloped shape,
indicating higher resistance and slower ion diffusion.[49,50] The double layer regions of the CNFs
treated at 750°C, 800°C, and 850°C were similar, with one difference being the slight rounding upon
sweep reversal in the 20% SiO,, 750°C and the 0% SiO, 800°C KOH treated samples. This slower
response is attributed to the higher resistance in both cases, limiting the ability of those electrodes to
respond to potential shifts.[49] The double layer capacitances of the 20% SiO,, 750°C and the 0% SiO,,
800°C were similar despite large differences in SSA, suggesting that part of the SSA measured in N,
adsorption was not accessible for ion adsorption. The resistance of each sample was evaluated using EIS,
as shown in Figure 6A. The high-frequency resistance, associated with the ohmic resistance of the
electrode, decreased with increasing treatment temperature from a high of 15 Q in the 700°C and 750°C
KOH treated sample to a low of 6 Q in the 850°C KOH treated sample. CNFs treated at higher
temperatures exhibited more capacitive behavior at low frequencies, evidenced by steeper slopes,
indicating that a minimum temperature of 800°C is necessary to optimize the conductivity and
capacitive response of the electrodes. The addition of mesopores formed from SiO; dissolution resulted

in a decrease in high-frequency resistance from 11.6 Q to 8.6 Q. Adding porosity through SiO, pore



formation improved capacitive behavior by facilitating ion transport, while also increasing fiber

flexibility, resulting in more uniform compression and reduced contact resistance.
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Figure 6: Electrochemical measurements in 1 M NaCl of CNFs prepared using various KOH
treatment temperatures. A) EIS spectra. B) Cyclic voltammetry (2 mv s). C) GCD curves at
0.2 Ag?.D) Capacitance versus current density obtained by GCD.

The capacitance of each sample was evaluated using GCD, as shown in Figure 6C and 6D. Aside from the
700°C KOH-treated sample, each sample showed a similar capacitance at 0.2 A g* of ~160 F g*. The high
microporosity produced by the KOH treatment resulted in a capacitance that was nearly 3x higher than
that of the non-KOH treated, 20% SiO, CNF samples (Figure 4C). The capacitance of the 0% SiO, CNFs at
0.2 A g'* was similar to that of the other KOH-treated samples despite the lower SSA, presumably due to
inaccessible SSA in the SiO; pore formed samples that inflated SSA but did not contribute to capacitance.
The iR drop of these electrodes at each current density is shown in Table S4, which reveals reduced iR
drop at higher KOH treatment temperatures. The 20% SiO, fibers treated at 800°C and 850°C exhibited
iR drops of 40 mV at 0.2 A gt and 400 mV at 2 A g1, while the other electrodes exhibited iR drops of 70-



80mVat0.2 Agtand 700-870 mV at 2 A g. CNFs KOH treated at 700°C performed marginally better in
GCD than the non-KOH treated, 20% SiO, samples at the higher rates, despite having greater than 6x the
SSA. The increase in microporosity and SSA was ineffective at increasing capacitance at higher rates
because a KOH treatment temperature of 700°C was insufficient to increase the conductivity of the
carbon fiber. This lower conductivity led to poor utilization of the high SSA, possibly due to electrical
isolation and slow transport of ions. The high oxygen content observed in XPS reflected the limited

conductivity of the fibers. [50]

Higher KOH treatment temperatures improved the rate performance of the CNFs by increasing
capacitance at higher current densities, measured by GCD shown in Figure 6D. The 20% SiO, samples
that were treated at 800°C and 850°C achieved the highest capacitance at high current densities due to
their higher conductivity and lower iR drops combined with high porosity. The 20% SiO,, 750°C KOH-
treated sample and the 0% SiO,, 800°C KOH-treated sample showed similar capacitances at current
densities from 0.2 to 1.0 A g'*. However, their capacitances diverged at higher current density due to the
lower electrical conductivity of the 20% SiO,, 750°C KOH treated sample, which prevented full ion
saturation in the micropores at high rates.[40] The 0% SiO,, 800°C KOH treated sample had lower
porosity, and thus slower ion transport, compared to the 20% SiO,, 800°C sample, which led to lower
capacitance at higher rates. The higher KOH treatment temperature mitigated this shortcoming by
inducing higher conductivity than the 750°C KOH treatment, resulting in similar capacitance for both
samples. A combination of higher KOH treatment temperature and mesopore formation was the most
effective strategy in optimizing electrochemical performance. Use of higher KOH treatment
temperatures resulted in lower high frequency resistance, while addition of mesoporosity resulted in

enhanced ion transport, enabling faster ion adsorption and greater high-rate capacitance.



4.5. CDI Performance of Hierarchically Porous Fibers

Capacitive deionization performance of hierarchically porous fiber electrodes was tested using

symmetrical electrodes in single-pass, constant voltage experiments using 500 ppm NaClat 1.2V ata

flow rate of 15 mL min’, with results shown in Figure 7. The CDI performance of each sample is shown in

Table 4. Cycling behavior and the resulting SAC retention of 20% SiO,, 850°C KOH-treated fibers is shown

in Figure 7A. Desorption at 0 V was performed for 30 minutes and adsorption at 1.2 V was performed for

5 minutes. The desorption step was held longer to allow sufficient time for full desorption of adsorbed
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Figure 7: Constant voltage desalination of KOH treated CNFs performed in 500 ppm NaCl at 1.2 V, 15
mL min! flow rate. A) Conductivity vs time cycling data of 20% SiO, 850°C KOH treated fibers. Inset
shows SAC vs cycle number. B) SAC versus time and C) Ragone plot of KOH-treated CNF obtained by
constant voltage desalination.



salt. It was observed that shorter desorption steps resulted in diminished SAC, due to incomplete
desorption limiting the capacity of the next cycle. Adsorption capacities versus time for the highest
performing samples from each KOH treatment case are shown in Figure 7B, while average values are
summarized in Table 4. The 20% SiO,, 800°C KOH treated fibers achieved the highest SAC at 13.4 + 1.5
mg g1, while SACs of samples prepared under the other treatment conditions were lower. Higher KOH
treatment temperatures tended to yield higher SAC due to increased conductivity and high-rate
capacitance. The 0% SiO,, 800°C KOH-treated sample reached a peak SAC of 11.1 mg g*. While the
addition of SiO; improved total SAC, KOH treatment temperature was the most significant factor in
achieving high SAC due to its greater impact on the electrical conductivity of the CNFs. This effect was
apparent when comparing the 20% SiO,, 750°C KOH-treated CNFs to the 0% SiO,, 800°C KOH-treated
CNFs. The 20% SiO,, 750°C CNFs had higher SSA and pore volume, but lower conductivity and lower
capacitance at high current density, resulting in lower SAC. The charge efficiency of these electrodes is
shown in Table S2, where the 20% SiO,, 850°C KOH-treated CNFs obtained the highest charge efficiency
of 0.70 at 1.2 V. The durability of the nanofiber electrodes was evaluated by comparing the SAC of each
sample during the first cycle of operation versus the last (30%) cycle of operation. The 20% SiO,, 850°C
KOH-treated fibers obtained the highest durability at 91.5% SAC retention. Next was the 0% SiO,, 800°C
KOH-treated fibers at 88.2% SAC retention, then the 20% SiO,, 750°C KOH-treated fibers at 77.2% SAC
retention, and lastly the 20% SiO,, 800°C KOH-treated fibers at 73.4% SAC retention. The durability of
the 20% SiO,, 700°C KOH-treated fibers was not evaluated due to significant capacity fade that resulted
in negligible capacity after only 10 cycles. The average SAC over 30 cycles was measured to evaluate
average desalination output of the electrodes over a certain time, accounting for cycle-to-cycle SAC
variation. The 20% SiO,, 850°C KOH-treated fibers maintained an average of 12.6 mg g™ over 30 cycles
(88% of peak SAC). The 20% SiO,, 800°C KOH treated fibers performed similarly, averaging 12.2 mg g™
over 30 cycles (85% of peak SAC). The 0% SiO,, 800°C KOH treated fibers maintained an average of 10.5
mg g™ (95% of peak SAC). Side reactions involving carbon corrosion during voltage cycling are known to
cause loss of SAC, and thereby limit the effective voltage range.[47,51] Variations in pH at the electrodes
have been shown to facilitate these side reactions, causing increased degradation.[52,53] The CNFs with
lower KOH treatment temperatures had the largest decrease in average SAC versus peak, only
maintaining 68% of peak SAC in the 750°C KOH treatment case. This significant capacity fade was
presumably a result of the high oxygen content in these samples, leading to more rapid oxidation and
performance decay. The higher-temperature KOH treatment stabilized cycling performance, improving

durability over 30 cycles at 1.2 V.



Table 4: SAC (mg g) and SAR (mg g* min?) of hierarchically porous fibers with varying KOH treatment
temperatures, compared to a 0% SiO; pore former control.

The Ragone plot in

Silica Content Treatment SAC Average SAC SAR i 2¢ sh SAR
(wt.%)  Temperature(mg g?) (n=3) (30 cycles) (mggiminl)(n=3) lgure /% shows
0% 800°C  9.9%17 10.5 2.9+0.2 versus SAC of the CNF
20% 700°C  6.1%0.5 N/A 32413 samples, with the
SAR of 3
20% 750°C  8.320.9 6.3 3.7+06 average >An
experiments shown in
20% 800°C 134+15 12.2 4.1+0.7 )
Table 4. The 20% SiO,,
20% 850°C 12.8+1.5 12.6 49+0.7

850°C KOH treated
fibers reached the highest average SAR at 4.9 + 0.7 mg g* min’%, while the samples prepared under other
treatment conditions exhibited lower SAR. The increased mesoporosity of the CNFs prepared using SiO,
pore former allowed for fast ion transport and increased SAR relative to the 0% SiO,, 800°C KOH treated
sample, which exhibited the lowest SAR of 2.9 + 0.2 mg g min™. The 800°C and 850°C KOH treated, SiO>
fiber electrodes outperformed the 0% SiO; fibers in SAC and SAR, further showing how hierarchical
porosity improved performance and allowed for improved ion transport and increased SSA by building
micropores on existing mesopores. The low SAC of the samples that were KOH treated at 750°C and
700°C highlights the need for higher temperature KOH treatments to improve the electrical properties
of the fibers. The high microporosity generated by these lower temperature treatments did not increase
performance enough to offset the high resistance and low capacitance at high current densities. The SAC
versus capacitance of fibers developed in this work is compared to other carbon-based CDI electrodes in
Figure S7. These fibers exhibit superior, or comparable, SACs to most other electrospun CF-based CDI
electrodes. The work presented here obtains comparable SAC to other high-performance electrodes,
including those that use composites of activated carbon, graphene, or carbon nanotubes. The
capacitance of these hierarchically porous fibers is not as high as one might expect given the large
surface areas obtained. Improvements can be made to increase the surface area utilization of these

electrodes and thereby maximize their capacitance.



4.6 Modeling of Hierarchically Porous Fiber Systems
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Figure 8: Pore scale modeling results of fibers with varying adsorption rate constant and
mesopore/micropore ratio, where total porosity is fixed. Total adsorption sites versus micropore
content for each adsorption rate constant is shown on the right. Adsorption sites are normalized at
each adsorption rate.
To further evaluate the effect of mixed mesoporosity and microporosity on ion adsorption kinetics, pore
scale modeling was performed, shown in Figure 8. With the total porosity fixed at 0.5, the ratio of
mesopores to micropores was varied along with the ion adsorption rate constants to determine how
different pore structures affect the total available adsorption sites at steady state. At the lower
adsorption rate constants, the total number of adsorption sites was found to increase with increasing
microporosity. This is expected because at low adsorption rates, diffusion is fast compared to
adsorption. As a result, ions have sufficient time to diffuse into the micropores deep in the core (which
are more difficult to reach) and contact more carbon surface, resulting in more adsorption. As the rate

constant increases, adsorption becomes fast compared to diffusion and the latter becomes the limiting



factor of the reaction-adsorption process. lons are quickly adsorbed at the pore walls near the fiber
surface and are not able to diffuse into pores deep in the fiber core. Consequently, mesopores near the
fiber surface contribute to most of the adsorption as they facilitate ion transport, while the majority of
the inner pores are ineffective. In this case, the maximum adsorption is achieved at a balanced
mesoporosity and microporosity. This modeling result is reflected in the experimental data, wherein
hierarchically porous CNFs with mixed meso- and microporosity outperformed predominantly-
microporous CNFs. This model focused on the meso/micropore ratio in the fibers, but other factors such
as pore distribution, connectivity, and tortuosity play critical roles in determining ion transport. Future
models should include consideration of these more complicated metrics to further understand how

porosity affects ion adsorption.
5. Conclusion

In conclusion, we have fabricated hierarchically porous CNFs using electrospun PAN precursor with
inclusion of SiO, pore former for mesopore generation, followed by carbonization, SiO, dissolution, and
high-temperature KOH etching for micropore formation. The mesoporosity of the CNFs was controlled
by varying the amount of SiO, pore former, obtaining a controlled pore size distribution. The addition of
mesoporosity improved electrochemical and CDI performance compared to non-porous CNFs. An
optimal loading of 20% SiO, pore former provided maximum CDI performance. High-temperature KOH
treatment was used to further improve CDI performance by adding microporosity to the mesoporous
fibers, yielding a hierarchical pore structure. The KOH treatment temperature was varied between 700°C
and 850°C to examine its impact on CNF morphology and electrochemical/CDI performance. Treatment
temperatures of at least 800°C were the most effective at increasing electrochemical and CDI
performance. Hierarchically porous CNFs prepared using SiO; pore former to impart mesoporosity and
high-temperature KOH treatment to impart microporosity outperformed purely microporous fibers
(prepared without SiO; pore former) in high-rate capacitance, SAC, and SAR. A mixture of meso- and
microporosity was found to provide optimal CNF performance. This observation was confirmed using
pore-scale modeling to determine optimal mesopore/micropore ratios at various adsorption rates,
showing that as adsorption rate increases there is a greater need for balanced meso- and microporosity.
The best performing hierarchically-porous fibers achieved peak SAC of > 14 mg g, peak SAR of ~3.7-4
mg g min?, and average SAC >85% of peak SAC over 30 cycles. This work demonstrates the viability of

tailoring hierarchical porosity to improve CDI performance with carbon-based electrodes.
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