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Encapsulation of Nanoparticle Organic Hybrid Materials
within Electrospun Hydrophobic Polymer/Ceramic Fibers
for Enhanced CO2 Capture

Kyle D. Kersey, Gahyun Annie Lee, Jeffrey H. Xu, Michelle K. Kidder,* Ah-Hyung A. Park,*
and Yong Lak Joo*

Liquid-like nanoparticle organic hybrid materials (NOHMs) consisting of a
silica core with ionically grafted branched polyethyleneimine chains (referred
to as NIPEI) are encapsulated within submicron-scale polyacrylonitrile
(PAN)/polymer-derived-ceramic electrospun fibers. The addition of a
room-temperature curable, liquid-phase organopolysilazane (OPSZ) ceramic
precursor to the PAN/NOHM solution enhances the internal dispersion of
NOHMs and forms a thin ceramic sheath layer on the fiber exterior, shielding
the hydrophilic NIPEI to produce near-superhydrophobic non-woven fiber
mats with contact angles exceeding 140°. 60:40 loadings of NOHMs to
PAN/OPSZ can be reliably achieved with low OPSZ percentages required, and
up to 4:1 NOHM:polymer loadings are possible before losing hydrophobicity.
These fibers demonstrate up to ≈2 mmol CO2 g

−1 fiber capture capacities in a
pure CO2 atmosphere through the nonwoven fibrous networks and the
permeability of the OPSZ shell. The hybrid fibers additionally show enhanced
capture kinetics under pure CO2 and 400 ppm CO2 conditions, indicating
their promising application as a direct air capture platform.

1. Introduction

With the growing emphasis on climate change and decarboniza-
tion, the development of easily scalable techniques to remove at-
mospheric carbon dioxide is of vital importance to slow planetary
greenhouse warming, an imperative heavily underscored by the
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recent release of the sixth Intergovernmen-
tal Panel on Climate Change Assessment
Report.[1] Carbon capture and sequestra-
tion technologies are an attainable solution
while renewable energy generation and
storage mature to the point of replacing
fossil fuel use, though issues of scalability
prevent widespread adoption on the mega-
to gigaton scale of CO2 removal. While
many technologies are under development
to take advantage of high-concentration
sources of carbon emissions from existing
sources (e.g., flue gases) using liquid-phase
amine solutions, solid-supported amines,
zeolites, and carbon nanotubes;[2–12]

metal-organic frameworks;[13] alkali metal
bases;[14–16] pressure/temperature-swing
adsorption processes;[17–20] etc., ambient-
air sequestration remains the greater
challenge. The low concentration of CO2
relative to other gases requires the pro-
cessing of extremely large volumes of
air to remove appreciable amounts of
CO2, which is highly energy intensive.

Additionally, the sorbent material must exhibit excellent selec-
tivity toward carbon dioxide. Amine-based sorbents are perhaps
widely used chemisorption capture agents due to the excellent
Lewis acid-base reactivity with carbon dioxide, forming an am-
monium carbamate (in dry conditions) and/or ammonium bi-
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carbonate (in wet conditions) to chemically bind CO2.
[2,21–26] Re-

generation is then achieved by raising the temperature of the ab-
sorbent, typically above 100 °C to decompose the carbamate back
to amine, liberating an equivalent of CO2 in the process. How-
ever, the hygroscopic or solution-phase nature of many amine
sorbents requires considerable energy to disrupt the strong hy-
drogen bonding network during regeneration.[27] Additionally,
amine sorbents tend to suffer from thermal and/or oxidative
degradation at regeneration temperatures, with primary amines
(the most reactive to CO2) being the most susceptible.[28–41]

Herein lie two crucial design criteria precluding the adoption of
a carbon capture solution: the technology must be able to selec-
tively reject water to avoid forming these intermolecular hydro-
gen bonds, and the pressure drop through the adsorbent must
be minimal while still maintaining high amine densities for effi-
cient capture.
Nanoparticle Organic Hybrid Materials (NOHMs) feature a

nanometer-scale core[42] (most often SiO2,
[43–49] though exam-

ples of 𝛾-Fe2O3,
[50,51] ZnO,[52] TiO2,

[53] platinum,[54] gold,[54]

palladium,[54] and rhodium[54] have been reported) with a poly-
meric corona grafted either by ionic or covalent linkages.[55] This
work makes use of NOHMs consisting of a silica core with
ionically grafted branched polyethyleneimine (PEI), NOHM-I-
PEI (referred to as NIPEI thereinafter), where an O− +NH3
ionic (I) linkage tethers the branched polyethyleneimine (PEI,
Mw = 2 kDa) to a 7 nm SiO2 core. The primary and secondary
amine groups within the PEI canopy provide a high density
of sites for CO2 adsorption while the oxide core provides ad-
ditional structural and thermal stability to the system due to
a compacted polymer structure and internal PEI crosslinking
at elevated temperatures, therefore resulting in a greater tem-
perature of degradation.[47] Additionally, CO2-induced structural
ordering of the polymeric canopy provides an entropic driving
force for binding, along with the enthalpic interactions with
polyethyleneimine.[56] However, NIPEI’s practical ability to cap-
ture CO2 without a supportingmatrix is considerably limited due
to the high viscosity of the bulk material. The formation of a pas-
sivating carbamate skin layer on the surface of NIPEI, along with
the transport limitations through the bulk medium, prevents ad-
equate permeability of CO2 through NIPEI.

[57] The hydrophilic-
ity of NIPEI also easily traps water, increasing the regeneration
penalty.
We sought to remedy these issues by dispersing and encapsu-

lating the bulk NIPEI in a hydrophobic fiber matrix. Gas-assisted
electrospinning (Figure 1) provides a highly tuneable platform to
fabricate sub-micron fibers from solution by synergistically com-
bining an electric field and high-speed air.[58–62] In this work, we
report the development of micron-scale composite polyacryloni-
trile(PAN)/ceramic/NIPEI electrospun fibers capable of demon-
strating excellent water rejection, enhanced CO2 capture capac-
ity, and fast absorption kinetics. While there are examples in
the literature[63–70] of electrospun fibers for CO2 capture, includ-
ing some using amine-based sorbents as the capture agent, our
unique incorporation of hydrophobic ceramic materials for en-
hanced water rejection addresses both of these issues simultane-
ously via encapsulation of an effective amine-based sorbentmate-
rial within highly hydrophobic electrospun polymer-ceramic hy-
brid fibers.

Figure 1. Cartoon schematic depicting the gas-assisted electrospinning
setup used in this work featuring an aluminum foil-covered copper collec-
tor plate, high voltage source, pressurized air stream, and syringe pump
(not shown). A cross-section of the polymer/ceramic/NIPEI fiber is pro-
vided for clarity, emphasizing the ceramic shell and internally dispersed
NIPEI microdomains.

2. Results and Discussion

To form the electrospun non-woven mats, we first chose to
blend PAN with an equal weight of NIPEI to allow for di-
rect comparison with previously published NIPEI-based DAC
assemblies.[57,71] To assess the performance of PAN as an en-
capsulation material for NIPEI, PAN/NIPEI hybrid fibers were
electrospun first. Despite the high viscosity of the pure liquid-
like NIPEI (>10 000 cP),[47] we observed a negligible viscosity
increase after NIPEI was added to the PAN/dimethylformamide
(DMF) mixtures. Imaging via optical and scanning electron mi-
croscopy (SEM) revealed a fiber diameter of 200 nm to 1 μm for
these hybrid fibers. In this work, we employed sessile drop con-
tact angle measurements as a proxy measurement for the bulk-
material water rejection potential.
Upon addition of an equal solid-phase loading of NIPEI

(50:50 wt.% of PAN:NIPEI), we observed that the highly hy-
drophobic 140.0 ± 5.9° contact angle associated with pure PAN
(Figure 2) immediately vanished, and PAN/NIPEI fibers ab-
sorbed the incident water droplet. This suggested that some sig-
nificant fraction of the NIPEI remained at the surface of the
fiber. Indeed, examination of the PAN/NIPEI fibers with phase-
mapping AC tapping-mode atomic force microscopy (AFM)
showed isolated NIPEI domains on the surface (Figure S4,
Supporting Information), which could interact with the water
droplet. To remedy this, we leveraged previous work by our
group in creating polymer-ceramic hybrid materials by blend-
ing a low molecular weight liquid-phase slow-curing function-
alized organopolysilazane (OPSZ) ceramic precursor with the
solution before electrospinning.[72,73] During the spinning pro-
cess, OPSZ migrated to the outer surface of the polymer jet be-
cause of its lower viscosity and surface tension. Subsequent reac-
tion with atmospheric water and oxygen cured and crosslinked
the OPSZ into a hydrophobic silica-based ceramic to form a
pseudo-coaxial fiber morphology.[72] Three different ceramic pre-
cursors (structures provided in Figure S11, Supporting Informa-
tion) were tested to examine their effects on fiber hydrophobic-
ity: a slow-curing OPSZ, a rapid-curing OPSZ, and a solid-phase
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Figure 2. Contact angles observed for PAN fibers (gray) versus 50:50 of NIPEI:(PAN + OPSZ) (red, blue, green) hybrid fibers showing a slight increase
in contact angle to nearly-superhydrophobic with at a 70:30 PAN:OPSZ ratio, even with the inclusion of hydrophilic NIPEI. Characteristic contact angle
droplets and SEM images are shown for pure PAN (The blue and grey borders are very hard to see left, gray border) and (PAN + OPSZ)/NIPEI (70:30
PAN:OPSZ, right, blue border).

polysilsesquioxane (PSSQ). Only the slow-curing OPSZ yielded
hydrophobicity, whereas the rapid-curing OPSZ and PSSQ gave
contact angles of 55° and 0°, respectively (Figure S12, Support-
ing Information). We attributed these results to the formation
(or lack thereof) of the ceramic sheath layer on the fiber surface.
Both OPSZ materials migrated and cured into a ceramic shell,
whereas PSSQwas already a solid upon dissolution into the poly-
mer solution. Therefore, there was no surface tension driving
the PSSQ to the surface of the fiber – without sheath layer for-
mation, there was nothing to block the interaction between the
dispersed NIPEI and the incident water droplet. Comparing the
slow- versus rapid-curing OPSZs, we hypothesized that the lower
density of crosslinking groups in the rapid-curing OPSZwas pre-
venting the formation of an adequate hydrophobic layer. Thus,
in this manuscript, all future mentions of OPSZ are references
to the slow-curing material. It is particularly noteworthy here to
emphasize that the OPSZ curing process into its final ceramic
state occurs at room temperature, eliminating the need for any
heat treatment. Furthermore, the high surface area to volume ra-
tio due to the micron-scale diameter of the fibers, coupled with
the shallow thickness of the OPSZ shell, drastically speeds up the
curing process to achieve nearly complete curing on the electro-
spinning timescale.
We found that for the optimized PAN/NIPEI spinning con-

ditions, as little as 10% OPSZ (relative to the quantity of PAN)
was necessary to restore the hydrophobicity of the fibers back to
≈140° (140.9 ± 4.8°). Observation of the surface via AFM phase
mapping confirmed a smooth, uniform surface (Figures S5, S6,
Supporting Information). With the addition of OPSZ, we could
incorporate at least an equal weight percentage of an extremely
hydrophilic material (NIPEI) into our fibrous matrix without any
loss of water rejection potential. As the OPSZ concentration was
increased, we observed a slight but notable increase in the con-
tact angle, up to 149.8 ± 6.9° at 70:30 PAN:OPSZ, barely below
the 150° threshold for superhydrophobicity. We tested a 60:40 ra-
tio as well (not shown), but increasing the OPSZ content above

70:30 yielded poor fiber quality. We believe this is because in the
60:40 case, enough OPSZ built up on the fiber surface during
the migration process to induce noticeable beading as the OPSZ
coalesced into discrete droplets of ≈10 μm. Such beading of the
OPSZ would cause an uneven distribution of the ceramic pre-
cursor, which can negatively affect hydrophobicity (in areas of
relatively depleted OPSZ concentrations) and mass transport (in
beads with enrichedOPSZ concentration). As such, we examined
the fiber morphology and carbon dioxide capture performance
of PAN:OPSZ ratios of 90:10 (the minimum needed to maintain
hydrophobicity), 80:20, and 70:30, all with 50:50 solid-phase poly-
mer NIPEI:(PAN + OPSZ) loadings.
To visualize the spatial distribution of NIPEI within the fiber

matrix, we employed twomethods: fluorescent tagging and cross-
sectional transmission electron microscopy (TEM). The fluores-
cence visualization study was carried out by tagging the primary
amines in the NIPEI corona with a low-concentration solution of
fluorescein 5-isothiocyanate (FITC), a common biological tag for
visualizing peptides[74–76] (see Supporting Information for exper-
imental details). The tagged NIPEI particles were subsequently
encapsulated in the PAN/OPSZ matrix and electrospun, produc-
ing bright orange fibers. Imaging via fluorescent confocal mi-
croscopy at 488 nm showed excitation of the tagged NIPEI in-
side the fibers (Figure S2, Supporting Information). We noticed
slightly agglomerated areas of greater fluorescence intensity, with
the brightest excitation emanating from the fiber beads, indicat-
ing that the NIPEI incorporation was not entirely uniform.
To observe the NIPEI distribution in higher resolution, sam-

ples of electrospun fibers were embedded in epoxy resin (Em-
bed 812) and microtomed to 70–100 nm both axially and equa-
torially for TEM imaging. All samples were negatively stained
using a 1.5% aqueous solution of uranyl acetate, which is
well-known to selectively stain amines and other nucleophilic
groups and is particularly prevalent in the imaging of biolog-
ical materials.[77–79] This stain provides contrast because it se-
lectively complexes with the primary amine functional groups
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Figure 3. Cross-sectional TEM micrographs of equatorially- a–c) and axially-microtomed e,f) electrospun fibers. a) PAN:OPSZ = 70:30,
b,e) PAN:NIPEI = 50:50, c,f) NIPEI:(PAN + OPSZ) = 50:50, PAN:OPSZ = 70:30, d) cartoon of equatorial versus axial fiber planes. All samples were
negatively stained with 1.5% uranyl acetate solution for enhanced contrast. Enhanced NIPEI distribution is apparent upon the addition of the OPSZ
ceramic precursor.

in the PEI corona of the NIPEI. Figure 3 shows adjacent TEM
images of PAN/OPSZ fibers (Figure 3a), PAN/NIPEI fibers
(Figure 3b,e), and (PAN + OPSZ)/NIPEI fibers (Figure 3c,f).
In the polymer-ceramic fibers without the inclusion of NIPEI,
we saw distinct phase separation between the OPSZ ceramic
and the PAN encapsulation polymer, further confirmed by EDX
mapping (Figure S7, Supporting Information) showing the uni-
form presence of silicon within the cross-section. Along the
circumference of the fibers containing OPSZ (Figure 3a,c,f) a
very thin few-nanometer-thick sheath layer of cured OPSZ ce-
ramic was present around the edge of the fibers, consistent with
previously-reported work on polymer-ceramic hybrid fibers.[72]

Within PAN/NIPEI fibers without the inclusion of OPSZ
(Figure 3b,e), we saw large isolated clusters of negatively stained
NIPEI non-uniformly dispersed in the fiber matrix. Solution-
phase mixing was able to disperse the bulk NIPEI down to sub-
micron-scale domains but was unable to achieve the uniform dis-
tribution desired to maximize the effectiveness of each NIPEI
particle. After OPSZ was added (70:30 PAN:OPSZ ratio) to the
PAN/NIPEI fibers, however, the distribution of stained NIPEI
appeared to be considerably more uniform throughout the fiber
cross-section in both the equatorial and axial slices (Figure 3c,f).
Given that the uncuredOPSZ and PEI corona are both comprised
of amine chains (functionalized -Si-N-Si-N- for OPSZ versus -
CH2-CH2-NH- for PEI), we hypothesized that the OPSZ acted
as a dispersing agent within the DMF solution during the mix-
ing process by interacting with the PEI corona of the nanoparti-
cles. This allowed for a greater degree of dispersion of the NIPEI
nanoparticles in the PAN/OPSZ composite matrix. Still, some
agglomerated sub-micron-scale domains remained, primarily in
the fiber beads, consistent with the images taken with confocal
fluorescence microscopy.

To quantify the amount of NIPEI present within the fibers
after electrospinning, we performed thermogravimetric analysis
(TGA, Figure S14, Supporting Information). As controls, we an-
alyzed samples of pure PEI, along with PAN/OPSZ fibers with
no NIPEI present. Upon combustion of the organic material,
we found that pure PEI showed a steady decline followed by a
steep fall until 360 °C, where the initial mass loss below 100 °C
is due to physisorbed water, and the loss between 100 to 270 °C
is the onset of decomposition of the PEI,[80] potentially due to
loss from volatility, NH3, and/or strongly bound water. A large
step of decomposition of PEI occurs roughly at 230–360 °C. In
the PAN/OPSZ fibers, no degradation was observed until a sharp
drop from ≈270 °C to 370 °C, which is attributed to the degrada-
tion of C–C bonds in PAN. Additionally, a second loss in mass
from 370–580 °C was observed due to the OPSZ additive, with
mass remaining from silica formation (which can be seen on the
TGA pan). However, upon the addition of NIPEI to the fiber, the
TGA curve loses 18 wt.% under 100 °C due to water and the elec-
trospinning solvent. More dramatically, there is a sharp decrease
in mass from 100–200 °C for the 80:20 and 70:30 PAN:OPSZ +
NIPEI, attributed to potential interactions between the blended
materials (such as hydrogen bonding) that weaken the bonds
within PEI and catalyze its degradation,[81] causing faster oxida-
tive degradation at a lower temperature than for pure PEI. Inter-
estingly, though, is that with a higher PAN:OPSZ ratio, the degra-
dation temperature onset is significantly lower: 160 °C versus
180 °C for the 80:20 versus 70:30 ratios, respectively. Though in
this work it is not aim to study the mechanism of decomposition
of these fiber blends, we found that we could reliably calculate the
PEI content within the fibers, and, given that NIPEI is composed
of 83% PEI and 17% SiO2, we were able to calculate the loadings
of NIPEI in the fibers to be 57.68% (90:10 PAN:OPSZ), 59.77%
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Figure 4. Contact angles for fixed 90:10 PAN:OPSZ ratio and fixed 9.75 wt.% solid content with the NIPEI loading partitioned between pure NIPEI and
pure PAN+OPSZ. Selected SEM images are shown for four given NIPEI:(PAN +OPSZ) ratios, highlighting pure PAN/OPSZ (0:100), pure NIPEI (100:0),
themaximum contact angle (40:60), and themaximumNIPEI loading whilemaintaining hydrophobicity (80:20). SEM images for all NIPEI:(PAN+OPSZ)
ratios tested are available in Figure S8 (Supporting Information).

(80:20 PAN:OPSZ), and 61.70% (70:30 PAN:OPSZ). These val-
ues were notably higher than the 50% solid-phase ratio loaded
into the fiber precursor solution, indicating enrichment of the
NIPEI content during electrospinning to achieve almost 1.5:1
NIPEI:(PAN + OPSZ) ratios in our fibers, despite the precursor
solutions loaded at a 1:1 ratio. Although all the mass left at the
end of the TGA experiment is SiO2, we were unable to deconvo-
lute the contributions from OPSZ and NIPEI and instead opted
to use the PEI degradation as a more reliable metric to quantify
the NIPEI loading.
Given the effectiveness of the PAN/OPSZ framework toward

containing the hydrophilic NIPEI, we sought to determine the
maximum loading of NIPEI possible within this matrix before
enough NIPEI would necessarily be present on the surface to de-
stroy the hydrophobicity. To this end, we fixed the total solids con-
centration (PAN + OPSZ + NIPEI) at 9.75% and the PAN:OPSZ
ratio at 90:10 based on our preliminary optimizations. The parti-
tion between PAN/OPSZ and NIPEI was then modulated from
100% PAN/OPSZ : 0% NIPEI to 0% PAN/OPSZ: 100% NIPEI
such that the PAN/OPSZ content would slowly be displaced by
the NIPEI, decreasing the percentage of PAN in solution and
degrading the fiber quality. In this study, we chose not to sim-
ply fix the PAN concentration and increase the NIPEI loading.
While this strategy would work for loadings slightly above 1:1
NIPEI:(PAN + OPSZ), we found that high relative loadings of
NIPEI quickly caused the solution to become too viscous for re-
liable fiber formation given the high viscosity of bulk NIPEI.
Hence, to ensure we could reliably generate all our precursor so-
lutions, we instead opted to fix the total solids concentration and
modulate the partition of PAN/OPSZ and NIPEI. Additionally,
we chose to fix the PAN:OPSZ ratio at 90:10 for all solutions to
minimize the addition of components of the system, as only a
90:10 ratio is required to maintain hydrophobicity.
After electrospinning fiber mats for each

NIPEI:(PAN + OPSZ) ratio, the resultant morphologies and
corresponding hydrophobicities were characterized by SEM

and contact angle measurements, respectively. We found the
average contact angle remained above 140° until a 2:3 ratio of
NIPEI:(PAN + OPSZ), after which the contact angle plateaus
≈115–120°. Increasing the relative loading past a 4:1 ratio of
NIPEI:(PAN + OPSZ), we observed a precipitous drop, eventu-
ally settling at the 15.4 ± 2.6° angle of pure NIPEI (Figure 4).
The quality of electrospun fibers was highly dependent on the
concentration of PAN in the solution, so the fiber diameter and
uniformity deteriorated with decreasing PANg/OPSZ percent-
age. As the relative amount of NIPEI increased, the decreased
percentage of PAN in solution resulted in the electrospun fiber
diameter decreasing by nearly two orders of magnitude, from
≈1 μm (pure PAN/OPSZ fibers) to only tens of nanometers (80%
NIPEI: 20% (PAN + OPSZ)) (Figure S8, Supporting Informa-
tion). At the threshold of 80% NIPEI (1.77 wt.% PAN in solution,
down from 7.5% with PAN/OPSZ only), we observed the fibers
to be heavily beaded and interrupted by spherical nodules of
the (PAN + OPSZ)/NIPEI bulk material. We interpreted this
80% loading to be the threshold at which point the volume to
the surface area was no longer high enough to encapsulate the
added NIPEI. This threshold was, however, considerably higher
than expected, indicating that we could incorporate as much as
4 times more NIPEI than the matrix and encapsulation material
without loss of hydrophobicity.
To understand the CO2 capture performance and capabilities

of this system, control samples of electrospun fibers contain-
ing only polymer and ceramic in the 90:10, 80:20, and 70:30
PAN:OPSZ ratios were degassed and pre-treated with N2 at
120 °C, then exposed to 99.9+% CO2 for five hours at 30 °C. In
each case, a nearly negligible quantity of CO2 was absorbed per
gram of sorbent material (Figure 5a). Given the absence of NIPEI
and the lack of nucleophilic functional groups in the PAN and
cured OPSZ ceramic, the encapsulationmatrix itself naturally ex-
hibited a very low affinity toward carbon dioxide. Fibers featuring
50–60% loadings of NIPEI by weight and the same PAN/OPSZ
ratios were then tested. Once NIPEI was introduced, we observed
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Figure 5. CO2 capture capacities for a) PAN/OPSZ fibers with and without incorporation of NIPEI in bone-dry pure CO2 (PCO2 = 1 atm), normalized by
NIPEI loading, emphasizing the requirement of NIPEI for CO2 uptake, b) (PAN + OPSZ)/NIPEI fibers capture capacities in pure (dashed lines) versus
400 ppm CO2 (solid lines) per gram fiber, c) comparison of (PAN +OPSZ)/NIPEI fibers with pure NIPEI and with SIPs (TEGO Rad 2650 polymer matrix,
49 wt.% loading)[57] in pure CO2, and d) (PAN + OPSZ)/NIPEI fibers with fixed solid content and NIPEI:(PAN + OPSZ) loading ramped from 0:100
(pure PAN + OPSZ) to 100:0 (pure NIPEI) at 400 ppm CO2 plotted alongside measured contact angles.

the CO2 uptake to increase dramatically to 1.17 mmol CO2 g
−1

fiber in the case of 90:10 PAN:OPSZ and 1.67 and 1.87 mmol
CO2 g

−1 fiber in the 80:20 and 70:30 samples, respectively. A
schematic for CO2 capture via carbamate formation is given in
Figure S16 (Supporting Information). Interestingly, we observed
an increase in the CO2 uptake with an increasing proportion of
OPSZ, despite the prior evidence that OPSZ is not participating
in the capture capacity. We hypothesized that this resulted from
two factors: the improved dispersion of NIPEI upon the addition
of OPSZ (Figure 3c,f) and the PAN/OPSZ phase separation cre-
ating enlarged internal surface area through increased tortuosity
(Figure S7a, Supporting Information).
Upon exposure of the same (PAN + OPSZ)/NIPEI fibers to

DAC conditions of 400 ppm dry CO2, balance N2 (Figure 5b),
we observed a noticeable decrease in the kinetics of the CO2 up-
take, with the 90:10 and 80:20 PAN:OPSZ ratios barely reach-
ing saturation after 5 h, and the 70:30 PAN:OPSZ fibers hav-
ing yet to reach full capacity. We attributed this to the consider-
ably diminished CO2 concentration gradient between the work-
ing gas and the sample. More interestingly, however, the pure
CO2 trend showing increased capacity with increasedOPSZ addi-
tion seemed to be reversed in the 400 ppm trials. Now, 90:10 PAN:
OPSZ gave the highest capacity at 0.69 mmol CO2 g

−1 fiber, with
80:20 and 70:30 showing comparable 0.54 mmol CO2 g

−1 fiber
and 0.60 mmol CO2 g

−1 fiber, respectively. Looking at the shape

of these uptake curves, the 90:10 trace showed the highest curva-
ture and the 70:30 the lowest (i.e., themost linear). Since the CO2
must pass through the ceramic shell to interact with the NIPEI,
we hypothesized that under 400 ppm conditions, the thickness
of this shell now played a crucial role in the transport of CO2
into the fiber interior. Previous studies[72] of PAN/OPSZ fibers
showed that in the 90:10 ratio, this ceramic shell was ≈3 nm in
thickness but was increased to ≈6 nm in the 70:30 ratio. Because
the concentration gradient of CO2 was now no longer sufficient
to overcome this transport resistance, the effect of only a few
nanometers became noticeably present, with transport into the
fiber much faster at low OPSZ loadings. Thus, while high OPSZ
ratios were ideal for a CO2-rich gas stream, under atmospheric
concentrations, low OPSZ loadings were crucial to achieving
good kinetic performance over multiple adsorption/desorption
cycles. Although the kinetics of the uptake changed significantly
when the CO2 in the process gas was decreased, we observed that
the total capture capacities maintained the same order of magni-
tude. Despite the reduction in the partial pressure of CO2 by a
factor of 2500 (1 atm to 0.0004 atm), the measured capacity only
dropped by a factor of between 1.5 and 3, indicating consistent
performance under a more realistic DAC environment.
The electrospun fibers developed in this work also exhibited

enhanced CO2 capture kinetics when compared with similar en-
capsulated NIPEI systems previously reported. For example, the
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fibers demonstrated faster initial CO2 capture than Solvent Im-
pregnated Polymers (SIPs), which have a similar membrane-like
geometry that is composed of encapsulated solventmicrodroplets
within a CO2-permeable crosslinked polymer network.[71] While
SIPs can support higher NIPEI loadings and therefore yield
higher total capacities,[4] our fibers exhibited more rapid CO2
uptake due to the nonwoven morphology (Figure 5c,c inset),
which reduces the pressure drop and increases the surface area
available to bulk airflow via the through-pores of the nonwo-
ven mat (size distributions shown in Figures S9–S11, Support-
ing Information). Additionally, micron-scale fiber diameters that
enable microdispersions of NIPEI collectively reduce the dis-
tance required for the CO2 to diffuse through the OPSZ sheath
layer into the PAN/OPSZ matrix to interact with the embedded
NIPEI.
Finally, samples of the fibers containing a fixed 90:10

PAN:OPSZ composition (since this was the minimum OPSZ
concentration required to achieve hydrophobicity) and modu-
lated NIPEI:(PAN + OPSZ) ratios (contact angles shown in Fig-
ure 4) were tested for their CO2 capture capabilities in 400 ppm
CO2 and ambient temperatures. We observed that the capture ca-
pacity increased with increasing NIPEI incorporation at a con-
stant PAN:OPSZ ratio, peaking at a NIPEI:(PAN + OPSZ) ra-
tio of 6:4 with a capacity of 1.16 mmol CO2 g

−1 fiber, then de-
creasing back down slightly to 1.04 mmol CO2 g

−1 fiber at 8:2
NIPEI:(PAN + OPSZ) before reaching effectively negligible ca-
pacity in the absence of a supporting fibrous matrix. When we
normalized these capacities per gram of encapsulated NIPEI, we
found the maximum to shift toward lower NIPEI loadings, with
the peak now at 4:6 NIPEI:(PAN + OPSZ) (0.83 mmol CO2 g

−1

fiber or 2.03 mmol CO2 g
−1 NIPEI), very closely followed by the

6:4 ratio (1.16 mmol CO2 g
−1 fiber or 1.93 mmol CO2 g

−1 NIPEI),
indicating the 4:6 ratio was slightly more efficient with the en-
capsulated amine. Given that a pure NIPEI film was quite poor
at capturing CO2 as discussed previously, it was expected that
the CO2 uptake of these films would not always increase with
increasing relative NIPEI loading. Instead, there was an appar-
ent balancing act between two competing factors. Enough NIPEI
must have been present in the fiber matrix to make full use of the
advantages of fibrous encapsulation. However, adding too much
NIPEI caused the concentration of PAN in the solution to drop
to a percentage below which reliable fibers failed to form, and
there was not enough encapsulation medium to contain and dis-
perse the high loadings of NIPEI, which is the same factor result-
ing in the sharp drop in contact angle above 80% relative NIPEI
in Figure 4. The peak at 6:4 NIPEI:(PAN + OPSZ) (per g fiber)
was slightly lower than our bulk contact angle measurements,
where we saw a loss of hydrophobicity at higher loadings than the
8:2 ratio (114.9 ± 7.7°). By crossing this threshold, some NIPEI
was inherently on the surface of the thin fibers once the diame-
ters were on the order of tens of nanometers. However, we have
demonstrated optimization of our CO2 capture by incorporating
four times greater loading of NIPEI with respect to encapsulation
polymer.

3. Conclusion

Diffusion limitations through bulk NIPEI, formation of a
passivating carbamate skin layer, and high affinity for wa-

ter prevent neat NIPEI from reaching its full potential as
a carbon capture agent. We sought to remedy these draw-
backs by dispersing NIPEI via encapsulation within submicron-
scale polyacrylonitrile(PAN)/polymer-derived-ceramic electro-
spun fibers. The addition of a room-temperature curable, liquid-
phase organopolysilazane (OPSZ) ceramic precursor to the
PAN/NIPEI solution enhanced the internal dispersion of NIPEI,
producing a near-uniform distribution throughout the fiber
cross-section. The low surface tension and viscosity of OPSZ fa-
cilitated its migration to the fiber surface during electrospinning,
forming a few-nanometer-thick exterior shell. Upon curing into
a hydrophobic ceramic, this layer shielded the NIPEI from ex-
ternal water to produce near-superhydrophobic non-woven fiber
mats with contact angles exceeding 140°. 1:1–1.5:1 loadings of
NIPEI:(PAN + OPSZ) can be reliably achieved with low OPSZ
loadings, and up to 4:1 NIPEI:(PAN + OPSZ) loadings are pos-
sible before loss of hydrophobicity. These fibers demonstrated
high capture capacities of up to 1.87 mmol CO2 g

−1 fiber in a
pure CO2 atmosphere with excellent kinetics due to enhanced
surface interactions within the non-woven fiber network to over-
come diffusion limitations. The fibers additionally showed excel-
lent performance retention under 400 ppm CO2 direct air cap-
ture conditions with only a 1.5–3x drop in capture capacity, high-
lighting the selectivity of the system toward CO2 over other gases.
Ramping the NIPEI concentration from 0 to 100% showed peak
CO2 capacity at a 4:6 ratio of NIPEI:(PAN + OPSZ) (0.83 mmol
CO2 g

−1 fiber = 2.03 mmol CO2 g
−1 NIPEI), with capacity above

1 mmol CO2 g
−1 fiber extending to the hydrophobicity edge of

8:2 NIPEI:(PAN + OPSZ). Future work on these fibers is fo-
cused on examining their cycling stability and performance in
400 ppm CO2 environments under variable temperatures and
humidity levels to understand their applicability to global DAC
installations.

4. Experimental Section
Materials: Polyacrylonitrile (PAN, Mw = 200 kDa, Polysciences, Inc.)

was purchased as a fine powder and used without further purification.
Dimethylformamide (Sigma Aldrich) was used as received in the elec-
trospinning process without further drying. NOHM-I-PEI was prepared
as in ref. [57]. The NIPEI was dried under vacuum at 80 °C for three
hours prior to use in electrospun hybrid fibers to remove residual wa-
ter from the synthesis process. Durazane 1500 Slow Cure and Durazane
1500 Rapid Cure organopolysilazane (OPSZ) liquid ceramic precursors
were purchased from durXtreme GmbH and stored at room tempera-
ture. Acrylate-terminated ladder-structure polysilsesquioxane (PSSQ) was
received from DJ Semichem. FITC was purchased from Sigma Aldrich,
stored at 0 °C, and used as received. Pure CO2, argon and 400 ppm CO2
in N2 were purchased from Airgas.

Preparation of Polymer Solutions: Solid precursors NIPEI and PAN
were loaded into a 20mL scintillation vial, followed by liquid organopolysi-
lazane. DMF was added, and the solution was left to stir at room tempera-
ture until homogenization was observed, at aminimumovernight. All con-
centrations in this manuscript were reported as the weight of the compo-
nent per total weight of the solution. As an example, a PAN/OPSZ/NIPEI
solution with 70:30 PAN:OPSZ ratio and 50% relative NIPEI loading with
7 wt.% PAN will contain 7 wt.% PAN, 3 wt.% OPSZ (70:30 concentration
ratio), and 10 wt.% NIPEI (50% of total dissolved solids are NIPEI). The
remaining 80 wt.% (i.e., 100% − 7% − 3% − 10%) of the solution was
composed of the DMF solvent.
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Electrospinning: Polymer solutions were loaded into a plastic syringe
(BD Plastic-Pak, 5mL) fitted with a custom three-way Luer-Lock fitting with
an inner 16-gauge extrusion needle. The syringe was placed into a syringe
pump (Ph.D. Ultra, Harvard Apparatus) 15 cm from a stationary grounded
copper collector plate covered in aluminum foil. A voltage of 20 kV was ap-
plied between the needle and the grounding plate, and the polymer solu-
tion was extruded at a fixed flow rate of 0.025 mLmin−1 (1.5 mL hr−1). For
polymer fibers spun at low PAN concentrations that proved too fragile to
spin directly onto aluminum, a layer of coarse polyethylene terephthalate
(PET) filter media (SNT Inc., Korea, 30 g m−2 areal mass) was attached
to the aluminum foil with conductive carbon tape, and the fibers were de-
posited onto this PET backing. Relative humidity was controlled via a small
humidifier placed inside the enclosure. The humidifier was allowed to run
until the relative humidity in the chamber reached the upper bound of the
desirable window (25–35%), then the electrospinning was performed. It
was found that the quality of the fibers was not heavily dependent on flow
rate, voltage bias, or collector distance, and single- or few-micron mor-
phologies could be maintained with some variability of these factors (e.g.,
±0.025 mL min−1, ±5 kV, and ±2.5–5 cm). However, the morphology was
very susceptible to the relative humidity. At relative humidities greater than
30–35%, the diameters were very inconsistent, the fiber mat had trouble
adhering to the collector plate, and the surface of the mat was highly un-
even.

Microscopy Characterization: Electrospun fibers were initially charac-
terized via optical microscopy (AmScope) Sections of the fiber mat were
removed with tweezers, mounted onto a glass slide, and covered with a
plastic cover slip. Sections of the electrospun fiber mat still on the alu-
minum foil collector material were cut out and mounted on aluminum
stubs with conductive carbon tape. All samples were sputter coated with
a thin layer of Au/Pd alloy to enhance conductivity and mitigate charg-
ing. Images were taken using either an LEO 1550 FESEM or Zeiss Gemini
500 SEM using a 2 kV extraction voltage. Fiber samples were first embed-
ded in epoxy resin (Embed 812) and cured at 80 °C for a minimum of
12 h. Embedded samples were microtomed to 70–100 nm (Leica Ultracut
UCT Ultramicrotome). Negative staining with uranyl acetate (UA) was car-
ried out with a 1.5% aqueous solution of UA. Microtomed samples were
exposed for 15 min, then washed three times with distilled water before
drying and imaging. Bright-field transmission electronmicroscopy images
were taken on an FEI F20 TEM STEM at 200 kV extraction voltage using
a 50 μm aperture, spot size 3. Caution: Uranium (natural isotope 238U)
is an 𝛼-emitter with a half-life of 4.463 × 109 years and a decay energy of
4.187 MeV.[82] Manipulations were performed in a fume hood equipped
with appropriate radioactivity-sensing equipment. AFM samples were pre-
pared by spinning a thin layer of the fibrous material onto aluminum foil
attached to a glass microscope slide by conductive carbon tape. Images
were taken on an AsylumMFP-3D instrument using AC air topography op-
erated in tapping mode at −5% of the cantilevered resonance frequency.
The acquisition was performed with a scanning rate of 0.2–0.5 μm s−1 and
a resolution of 256 points and lines. A sample of fluorescent-tagged fibers
was loaded onto a glass microscope slide, wetted with silicon oil (Sigma
Aldrich), and covered with a #1.5 glass cover slip. The slide was placed on
the stage of a 3i Marianas confocal microscope and excited with a laser
wavelength of 488 nm. Z-stack images were collected within Slidebook
software.

Contact Angle: The hydrophobicity of the fiber mats was probed via
sessile drop contact angle measurements (Theta Lite Optical Tensiome-
ter, Biolin Scientific) using DI water as the liquid phase. A sample of the
fiber mat with foil backing was attached to a plastic coverslip with double-
sided tape, and a droplet of water (≈10 μL) was deposited via a gas-tight
syringe fitted with a Vernier plunger. For hydrophobic samples, contact an-
gles were taken for a minimum of 60 s to ensure the stability of the angle,
for hydrophilic samples, 180 to 300 s recording times were used to reach
the steady value. Angles on the left and right sides of the water droplet
were collected and averaged to give the value for each trial. Five to six con-
tact measurements were recorded and averaged for each fiber mat to give
the final reported value.

Thermogravimetric Analysis (TGA): Both a Discovery 5500 TA Instru-
ments TGA and a LABSYS evo, Setaram was used for gravimetric pseudo-

equilibrium carbon adsorption capacity measurements and thermal de-
composition. Thermal decomposition was conducted under air at 10 °C
perminute up to 600 and 700 °C products of decomposition were analyzed
by an in-line Cirrus 3 Mass Spectrometer. Pseudo-equilibrium capacities
were conducted at 30 °C using a mixture of 400 ppm CO2 balanced with
nitrogen or 99.9+% CO2. Samples were first dried and pre-treated in the
TGA under a flow of argon at 90 °C at a ramp rate of 10 °C min−1 and
held for 2 h. The temperature was rapidly cooled to 30 °C and equilibrated
for 30 min, followed by switching the gas flow to the 400 ppm CO2/N2
mix or CO2 and held for up to 6 h. Regeneration was conducted between
each adsorption cycle, with initial conditions of 90 °C for 2 h in argon and
repeating the cycles.

Capillary Flow Porometry: Through-pores were measured via capillary
flow porometry (CFP-1100-AEHXL, Porous Materials Inc.). Circular sam-
plesmeasuring one inch in diameter were cut from the electrospun fibrous
mat, peeled from the aluminum foil backing, and loaded into the instru-
ment. A dry run with increasing incident airflow was first performed with
no wetting liquid, then the sample was saturated with silicone oil (SilWick,
surface tension = 20.1 dyne cm−1) before the following wet run was per-
formed under identical conditions.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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