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Abstract
Electrospun photoactive nanofibers hold significant potential for enhanced photon absorption and charge transport in organic 
photovoltaics. However, electrospinning conjugated polymers with fiber diameters comparable to exciton diffusion lengths 
for efficient dissociation, is difficult. Previously, spinning sub-100 nm poly(3-hexylthiophene) (P3HT) fibers has required 
the auxiliary polymer, poly(ethylene oxide) (PEO), and large antisolvent additions. Therefore, its success differs considerably 
across donor polymers, due to variable antisolvent addition limits before precipitation. Herein, plasmonic nanoparticle infu-
sion into P3HT nanofibers is used to modulate viscosity and deliver a novel and unrivaled strategy to achieve reduced fiber 
diameters. Following PEO removal, the fibers measure 55 nm in diameter, 30% lower than any previous report – providing 
the shortest exciton diffusion pathways to the heterojunction upon electron acceptor infiltration. The nanoparticle-containing 
nanofibers present a 58% enhancement over their pristine thin-film counterparts. ~17% is ascribed to plasmonic effects, 
demonstrated in thin-films, and the remainder to along-fiber polymer chain alignment, introduced by electrospinning. The 
anisotropy of light absorbed when polarized parallel versus perpendicular to the fibers increases from 0.88 to 0.62, suggest-
ing the diameter reduction improves the alignment, resulting in greater electrospinning-induced enhancements. Controlled 
by the electrospinning behavior of PEO, our platform may be adapted to contemporary donor-acceptor systems.
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1  Introduction

Meeting the ever-expanding energy demand of society is 
among the greatest issues of our time. However, the most 
pressing concern is not our ability to harvest the energy to 
accommodate this, but to do so while limiting the environ-
mental impact. Photovoltaic (PV) technologies provide a 
renewable energy source to contribute towards this goal, 
and emerging thin-film photovoltaics, including organic 
photovoltaics (OPVs), offer a promising alternative to sili-
con devices - being low cost, lightweight, and compatible 
with flexible substrates.

The conventional bulk heterojunction (BHJ) OPV fea-
tures a blend of an electron-donating polymer and an elec-
tron acceptor which undergo nanoscale phase separation to 
produce a highly interconnected architecture with bicontinu-
ous pathways [1] For effective dissociation into free charge 
carriers, domains should be small enough so that excitons 
are formed within one exciton diffusion length of the het-
erojunction (~10 nm). Control over the thermodynamically 
unstable phase separation is limited beyond thermal [2–4] 
or solvent annealing, [5–7] and the BHJ morphology can 
suffer from isolated domains, [8] inefficient transport path-
ways, and a build-up of space charge due to charge mobility 
imbalance [9].

The BHJ is the dominant active layer architecture 
for polymer-based OPVs and typically exhibits optimal 
efficiency when 100 – 200 nm thick, due to the trade-
off between light harvesting and charge extraction [1, 9]. 
Whilst this figure is significantly larger than the optimal 
thickness presented by a simple bilayer junction, the BHJ 
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still contains insufficient material to harvest the full inten-
sity of incident light [9, 10]. Therefore, a major area of 
OPV research has focused on increasing optical absorption 
for the same volume of photoactive material.

One successful approach to increasing light harvesting 
is the electrospinning of photoactive polymer nanofib-
ers. Electrospinning is a facile and tuneable method of 
producing continuous nanofibers over a large area [11] 
(in our case, 100 – 200 cm2 with a single nozzle), with 
low material wastage, and potential compatibility with 
roll-to-roll processing [12, 13]. Electrospun photoactive 
nanofibers may be either incorporated into BHJ-OPV 
devices, [14, 15] or used to produce an alternative active 
layer architecture by infiltrating the interstitial space of 
the nanoweb with an electron acceptor [16–18]. The spin-
ning process induces polymer chain alignment along the 
fiber axis, which can template the formation of highly 
crystalline polymer [19]. In the nanoweb, the fibers lie 
flat on the collector which translates into an increased 
proportion of polymer chains orientated parallel to the 
substrate, promoting increased light harvesting [14, 15, 
20]. Extended conjugation lengths, resulting in a red-shift 
of the light absorption, are often reported to increase light 
absorption further, [14, 15, 19] and can provide improved 
overlap with solar emission [21]. Thirdly, the crystallinity 
and alignment could allow for greater hole mobility and 
therefore improved charge collection. Resultantly, there 
have been several instances of improved device efficiency 
upon nanofiber introduction [14–16].

Polymer entanglement is a prerequisite to effective elec-
trospinning, needed to provide sufficient viscosity to impede 
beading and produce uniform fiber morphologies. Conju-
gated polymers typically do not fulfill this requirement, due 
to their rigid-rod behavior in solution. Even so, the electro-
spinning of this class of polymers has been achieved using 
high concentrations or a solvent sheath [22, 23]. Alterna-
tively, fibers can be more easily electrospun through the 
addition of a ‘spinnable’ auxiliary polymer, such as high 
molecular weight poly(vinylpyrrolidone) (PVP), [24] PEO, 
[16–19, 21, 25–28] or poly(ε-caprolactone) (PCL) [14, 22]. 
These random-coil polymers may be either blended into 
the spinning solution alongside the conjugated polymer or 
used as the sheathing solution in a coaxial spinning set-up. 
However, the generated fibers are thick, measuring 200 nm 
to several microns in diameter, [14, 23, 24] and thus are ill-
suited for OPV applications. Within a nanofibrous active 
layer architecture, the diameter of the photoactive nanofibers 
is directly linked to the probability of exciton dissociation. 
Therefore, the second challenge is to spin ideally thin pho-
toactive nanofibers, with diameters comparable to twice the 
exciton diffusion length (~20 nm), or to produce a domain of 
this size following interdiffusion with the electron acceptor 
upon infiltration.

One successful strategy for reducing achievable diameters 
involves the addition of a polar co-solvent, of dimethylfor-
mamide (DMF):acetic acid [19]. The spinning solutions 
of conjugated polymers are typically non-conductive, and 
the solvent, often chloroform, possesses a low dielectric 
constant of 4.81. Therefore, co-solvent addition delivered 
a diameter reduction attributed to an increase in solution 
conductivity up to 0.35 μS cm−1, [19] which likely allowed 
the first onset of bending instability during spinning to 
occur closer to the needle [29, 30]. This approach was used 
to electrospin sub-100 nm P3HT nanofibers (80 nm), and 
the first instance of a photoactive nanofiber, in this case, 
poly[N-9′-hepta-decanyl-2,7-carbazole-alt-5,5-(4′,7′-di-2-
thienyl-2′,1′,3′-benzothiadiazole)] (PCDTBT), with a diam-
eter approximately twice that of the exciton diffusion length 
of the material, at 20 nm [16]. However, co-solvent addi-
tions were limited to 13.3 wt%, else the fibers became heav-
ily beaded, which would lead to excessive recombination. 
During replication studies, we found that similarly sourced 
P3HT precipitated significantly at additions above 5 wt% 
DMF, limiting the obtainable fiber diameter to >200 nm. 
Therefore, even with the same polymer, the success of this 
approach can vary considerably, and other donor polymers 
may be more intolerant of antisolvent addition, limiting its 
application.

An alternative technique to increasing light harvesting 
involves the addition of noble metal nanoparticles (NPs). 
These nanostructures may enhance light harvesting through 
scattering, increasing the pathlength of light through the 
active layer, [31, 32] or, the local surface plasmon resonance 
(LSPR) effect, where the plasmonic near-field increases the 
effective absorption cross-section and exciton dissociation 
probability of the photoactive material [33, 34]. The nano-
particles can also create conduction pathways which can 
improve device efficiencies due to increased charge mobil-
ity [34, 35]. Interestingly, the addition of AgNO3 into aque-
ous PEO spinning solutions, and the subsequent reduction 
of Ag+ ions by PEO to produce AgNPs in situ, [36, 37] 
hereafter referred to as PEO-reduced AgNPs, is reported 
to lower the diameters of PEO nanofibers by 30%, ascribed 
to increased electrical conductivity of the spinning solu-
tion [36]. In another report, effective AuNP dispersion was 
demonstrated within 120 nm P3HT nanofibers, by coaxial 
electrospinning with a PMMA sheath for transistor applica-
tions [38].

Herein, we produce ultra-thin P3HT nanofibers by mon-
oaxial electrospinning in combination with PEO, and plas-
monic silver or gold nanoparticles. Revealed by Scanning 
Electron Microscopy (SEM) and Atomic Force Micros-
copy (AFM) studies, we describe an innovative nanopar- 
ticle-induced fiber diameter reduction capable of produc- 
ing 55 nm fibers, 30% lower in diameter than any prior 
report [19]. By investigating the influence of nanoparticles 
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within PEO electrospinning solutions and resulting 
nanofibers, we successfully elucidate the mechanism 
for achieving unparalleled fiber diameters. Driven by 
time-dependent modulation of the spinning solution, the 
nanoparticles induce diameter reductions by delivering a 
unique decrease in viscosity alongside increased electrical 
conductivity.

Through absorption spectroscopy, it is revealed that the 
light harvesting properties of the P3HT nanofiber-based 
films show strong dependence upon the fiber diameter. 
Evaluated by the absorption of parallel and perpendicularly 
polarized light, we ascribe this to the variable extent of poly-
mer alignment along the fiber axis. Through these relations, 
we provide deeper insight into the link between polymer 
processing, preferential orientation and photon absorption.

By comparing the absorptance of pristine and nanoparti-
cle-containing P3HT nanofibers and thin-films, we decon-
volute the relative contributions of electrospinning-induced 
polymer chain alignment, and plasmonic effects from the 
nanoparticles. Combined, these synergistic effects provide 
up to 1.58x superior light harvesting over conventional spin-
coated thin-films.

2 � Results and discussion

2.1 � Diameter‑dependent light harvesting

Figure 1a schematically presents the preparation of nanopar-
ticle-containing P3HT nanofibers by electrospinning P3HT/
PEO solutions. The digital photograph shows a dark purple 
mat of P3HT/PEO nanofibers, also in Fig. 1b, presenting 
their strong light harvesting ability and free-standing nature 
at this stage. The as-spun fibers are subsequently heated in 
isopropanol (IPA) to remove the insulating PEO. The result-
ant P3HT fibers in Fig. 1c-f, are highly textured, continuous 
for several microns, and apparently fused at the junctions 
between fibers. After PEO removal, the lowest achieved 
dimensions of these fibers were found to be 55 nm in height 
and 95 nm wide on the ITO-coated glass substrate. Thinner 
fibers should be capable of delivering more effective exciton 
dissociation after [6,6]-phenyl-C61-butyric-acid-methyl-ester 
(PCBM) infiltration, as excitons will be produced closer to 
the surface. Here, our fibers provide exciton diffusion path-
ways of ≤28 nm, even before interdiffusion is considered.

Due to strong light scattering by the nanoweb, opti-
cal absorptance was determined by measuring the total 
reflectance and transmittance using an integrating sphere. 
Combination of these measurements determines a near-
zero absorptance beyond 700 nm, indicating successful 
consideration of diffuse scattering in these measurements 
(see Fig. S1).

In Fig. 1g, SEM studies in conjunction with statistical 
analyses revealed a time-dependent reduction in the diame-
ters of P3HT/PEO fibers upon PEO-reduced AgNP introduc-
tion. The as-spun diameters drop from 240 nm to 100 nm, 
as the spinning solution was aged for up to 96 h prior to 
electrospinning. We later investigate the mechanism behind 
this reduction in depth using PEO nanofibers. Presented 
in Fig. 1h and S2a, after the nanoparticle introduction, the 
absorptance of the nanofiber-based films increases with the 
solution aging time before spinning. The absorptance peaks 
after 72 – 96 h, which correlates well with the minimum 
diameter of the spun fibers. Fibers electrospun immedi-
ately after nanoparticle addition to the spinning solution 
(0 h aging), offer a maximum light harvesting at 560 nm of 
45%. The same mass of thinner fibers spun after 72 – 96 h, 
delivers 83% absorptance at this wavelength. Beyond 96 h, 
we observe the onset of fiber beading, which coincides with 
the observed drop in absorption to 71% at 168 h.

The first reason for this time-dependent light harvest-
ing improvement can be attributed to the PEO-reduced 
AgNPs forming in solution over time, contributing to LSPR 
enhancements (see Fig. S2b). However, we also identify that 
the degree of electrospinning-induced polymer alignment 
is linked to the fiber diameter, which decreases with aging 
time of the nanoparticle-containing solution. The extent of 
polymer chain alignment was determined for fiber samples 
of varying diameters - pristine P3HT nanofibers, and PEO-
reduced AgNP-containing P3HT nanofibers electrospun 
after the spinning solution was aged for 24 and 96 h. Prior 
to PEO removal, these fibers possess diameters of 230 ± 56, 
162 ± 41, and 99 ± 27 nm, respectively. The fibers in each 
sample were orientated along a common axis using a rotat-
ing drum collector (see Fig. S1e).

In Fig. 1i-j, the absorption by the samples was greater 
when the incident light was polarized along (parallel) versus 
polarized across (perpendicular to) the fiber axes. This ani-
sotropy indicates the chains are generally orientated along 
the axis of the nanofiber. This is because excitation of the 
polymer is dependent upon the orientation of the transition 
dipole moment with respect to the polarization of light, with 
a higher probability of absorption when the polymer back-
bone and the electric field of light are similarly orientated 
[18]. In Fig. 1i, aligned pristine P3HT nanofibers possess a 
0-1 transition (560 nm) absorptance (A) ratio with parallel 
(∥) and perpendicularly (⊥) polarized light of A⊥/A∥ = 0.88. 
The nanoparticle-containing fibers spun after 24 h of aging, 
with an intermediate diameter, gave a A⊥/A∥ = 0.79 (see Fig. 
S1c). Meanwhile, in Fig. 1j, the thinner PEO-reduced AgNP-
containing P3HT nanofibers spun after 96 h, showed greater 
polarization dependence, with a ratio of 0.62. In Fig. S1a, a 
randomly orientated fiber mat spun onto a static collector, 
showed no dependence with polarized light (A⊥/A∥ = 0.99).
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Fig. 1   a) Schematic of the preparation of NP-containing P3HT 
nanofibers, and structure of the proposed nanofiber-based OPV device.  
Inset: Optical photograph of a free-standing P3HT/PEO nanoweb. 
SEM micrographs of b) 100 nm NP-containing P3HT/PEO nanofib-
ers electrospun from a solution containing 0.35 wt% PEO, 0.25 wt% 
P3HT and 10  wt% AgNO3 (wrt PEO) in chloroform: DMF (95:5 
w/w) and c) the NP-containing P3HT nanofibers following PEO 
removal with hot IPA, revealing a final width of 95  nm (spinning 
solution contained 0.15 wt% P3HT). d) AFM image and e) extracted 
profiles of the washed fibers in (c) revealing a vertical dimension 
of 55  nm. f) TEM micrograph of the NP-containing P3HT nanofib-
ers, showing effective dispersion of the NPs. g) Reduction in P3HT/
PEO fiber diameters achieved by NP addition and aging of the spin-
ning solution (symbol without fill indicates a beaded fiber). h)  

Absorptance spectra of the PEO-reduced AgNP-containing P3HT 
nanofibers spun over time, showing an absorptance increase until 
72-96  h. Beaded fibers are spun beyond this stage, coinciding with 
decreased absorption. Polarized absorptance spectra of i) P3HT 
nanofibers and j) PEO-reduced AgNP-containing P3HT nanofib-
ers aligned using a drum collector, spun after 96 h aging, with light 
polarized along (parallel) and across (perpendicular) the fiber axes. 
Higher absorption of parallel-polarized light indicates that the poly- 
mer chains are aligned along the fiber, and that alignment improves 
with NP addition and the fiber diameter reduction. k) Schematic  
illustration of diameter-dependent polymer chain alignment along the 
fiber axis introduced by electrospinning, and the importance of thin 
fibers in providing short exciton diffusion pathways to the heterojunc-
tion upon electron acceptor infiltration



Advanced Composites and Hybrid Materials (2023) 6:229	

1 3

Page 5 of 16  229

These observations cannot be explained by differences 
in the extent of fiber orientation in a common direction by 
the rotating collector, as we would expect the thicker fib-
ers to be shorter for a given volume, and so better aligned 
under the same drum rotation speed. Instead, we reveal that 
polymer chain alignment along the fiber axis improves with 
a reduction in the fiber diameter. This is logical as lower 
diameter fibers will have undergone a greater degree of uni-
axial elongation during fiber flight to have reached this size, 
and similarly the polymer chains are stretched out in this 
direction, as communicated by Fig. 1k.

Along-fiber alignment leads to a greater degree of poly-
mer orientated parallel to the substrate upon fiber collection. 
This in-plane configuration delivers greater absorption, as 
more polymer is orientated so that the π-π* transition dipole 
moment (along the backbone) has an effective overlap with 
the electric-field vector of the incident light, approximately 
normal to the substrate [14, 15, 20] This, along with an 
increasing plasmonic intensity, and longer light pathlengths 
due to scattering by the larger fiber surface area, results in 
greater light harvesting by fibers spun from aged solutions. 
Further optical analysis is conducted to deconvolute plas-
monic and alignment-associated absorption enhancements 
as described later.

2.2 � Reducing achievable nanofiber diameters

Although polymer chain entanglement is essential for effec-
tive electrospinning, viscosity provides resistance to the 
elongation forces acting on the forming fiber, reducing the 
stretching and thinning of the jet. Therefore, one must use 
the lowest possible polymer concentration when attempt-
ing to produce the thinnest achievable nanofibers. However, 
when the concentration is too low, surface tension forces 
will dominate, leading to beading to minimize the surface 
energy, or the jet breaks into droplets, i.e., electrospraying. 
From a chloroform solution, the concentration of 900 kDa 
PEO must be greater than 0.50 wt% to avoid beading, yield-
ing approximately 500 nm fibers. In the presence of a polar 
co-solvent, the beading onset concentration is reduced to 
0.35 wt% [19]. Kim et al. suggested 100 nm fibers are spin-
nable with 9.4 wt% DMF and 3.9 wt% acetic acid. However, 
in Fig. 2a, the minimum PEO fiber diameter spun within 
this work in the absence of nanoparticles was 140 nm, using 
8 wt% DMF. Further additions of DMF, or acetic acid, were 
found to lead to beading (see Fig. S3).

Stable additions of up to 10 wt% AgNO3 wrt the PEO 
concentration could be made to 0.35 wt% PEO solutions 
in chloroform: DMF (92: 8 w/w) before aggregation. The 
DMF addition was used to solubilize the AgNO3. After 
reduction, and the formation of PEO-reduced AgNPs, we 
obtain a nanoparticle-containing spinning solution via a 
‘one-pot’ synthesis. Upon electrospinning, silver addition 

was demonstrated to reduce the diameter of PEO nanofib-
ers by over 40%, with our champion nanoweb possessing 
a diameter of 75 ± 17 nm, as shown in Fig. 2b and c. To 
the best of our knowledge, this presents the lowest diameter 
of PEO nanofibers spun from a chloroform-based solution. 
Diameter reductions were found to occur even with very low 
nanoparticle additions, although the reduction slowed above 
0.1 wt% AgNO3 wrt PEO.

In Fig. S4, the incorporation of nanoparticles was not 
found to induce any change in the surface tension of the 
spinning solution. However, the electrical conductivity of 
the solution in Fig. 2c was found to rise linearly with AgNO3 
addition, up to 10 μS cm−1. The contribution by the nanopar-
ticles towards greater conductivity has not been elucidated, 
however, we expect it can be largely ascribed to residual Ag+ 
and NO3

− ions as they possess higher mobility and charge 
density. Oleylamine-capped nanoparticles (OA-capped NPs) 
produced a significantly smaller enhancement in electri-
cal conductivity due to the lower concentration of residual 
ions, the larger nanoparticle size and hence lower mobility, 
and the insulating capping layer (see Fig. S5). However, in 
Fig. 3b, similar diameter reductions could be observed as a 
result of the presence of these nanoparticles, suggesting that 
the higher conductivity of the precursor solution is not the 
sole or primary reason for the decreasing diameter.

Figure 2d also reveals the addition of nanoparticles has 
a considerable influence on the viscosity of a 1.5 wt% PEO 
solution, which correlates well with the decreasing diameter. 
We initially considered that this may be due to PEO adsorb-
ing to the nanoparticles, reducing the proportion of ‘free’ 
polymer contributing to the viscosity. However, OA-capped 
NPs also delivered a viscosity reduction despite their dense 
capping layer, (see Fig. S6) and upon isolating the nanopar-
ticles from the spinning solution after 48 h by centrifugation, 
we found no evidence of PEO capping or displacement of 
the oleylamine ligands, as investigated by Fourier Transform 
Infrared Spectroscopy (FTIR) in Fig. S7. Instead, there is 
evidence that sufficiently small gold nanoparticles can lead 
to bulk rheological changes in PEO melts [39, 40]. Within 
that study, nanoparticles smaller than the matrix entangle-
ment mesh size induced an increase in the reptation tube 
diameter of the polymer, reducing the viscosity of the com-
posite melt. Therefore, we suggest that a similar response 
occurs within semi-dilute PEO solutions with the addition 
of ≤10 nm nanoparticles.

Lower viscosity reduces the resistance to fiber stretching, 
whilst the higher charge density enhances the elongation 
forces from the applied electric field, [29, 36] allowing for 
the production of thinner nanofibers. Further, without nano-
particles, the tapered linear section of the electrospinning 
jet spans >5 cm of the 20 cm needle-collector separation. 
Due to the increased instability after nanoparticle addition, 
the whipping onset could be observed to occur closer to the 
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Fig. 2   SEM micrographs of a) PEO nanofibers and b) PEO-reduced 
AgNP-containing PEO nanofibers electrospun from solutions contain-
ing 0.35  wt% PEO, and in the latter case, 5  wt% (wrt PEO) AgNO3/
PEO-reduced AgNPs. c) Enhanced electrical conductivity and reduction  
in PEO nanofiber diameters upon AgNO3/ PEO-reduced AgNP addi-
tion to 0.35  wt% PEO solutions aged for 48  h. d) Viscosity and spun 
fiber reductions induced by AgNO3/ PEO-reduced AgNP addition  
to 1.5  wt% PEO solutions aged for 72  h. e) Digital photograph and  

diagram of the shorter linear jet section from NP addition, after which 
the majority of fiber elongation occurs, allowing for the electrospin- 
ning of thinner fibers. f) Example SEM micrographs of beaded and uniform  
PEO nanofibers, and corresponding schematics of the proposed mechanism 
for achieving uniform fiber morphologies from low viscosity NP-containing 
solutions – the fiber adopts a morphology with higher surface area to mini-
mize the repulsion between the higher density of charged species
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needle, within 3 cm, seen in Fig. 2e and S8. Initially, the 
electrospinning jet travels almost directly from the needle to 
the collector. Following the first coiling event, the trajectory 
of the jet has a significant outward component and travels 
approximately perpendicular to the previous linear jet sec-
tion [29]. The overall pathlength of the jet in flight increases 
exponentially with each successive bending instability, 

and therefore a majority of fiber stretching occurs after the 
first instability. By producing an earlier whipping onset, 
we suspect that the fiber pathlength increases further, and 
therefore nanoparticle addition can provide a longer time 
for elongation before either the solvent evaporates (which 
prevents further thinning), or the fibers are collected at the 
ground plate.

Fig. 3   a) Dynamic viscosity reduction of a 1.5  wt% PEO solu-
tion containing 2  wt% (wrt PEO) AgNO3/PEO-reduced AgNPs or 
OA-capped NPs. b) PEO and 5 wt% (wrt PEO) NP-containing PEO 
nanofiber diameters spun as the spinning solution ages, present-
ing time-dependent diameter reductions after NP addition (sym-
bols without fill indicate beaded fibers). c) Electrical conductivity 
of a 0.35 wt% PEO solution over time containing 5 wt% (wrt PEO) 
AgNO3/PEO-reduced AgNPs or OA-capped NPs. d) Histograms 

showing the diameter distribution of P3HT/PEO nanofibers contain-
ing 10  wt% (wrt PEO) nanoparticles, spun after 92  h aging. OA-
capped NP-containing fibers were spun in the absence of DMF addi-
tion to the spinning solution. SEM micrographs of e) P3HT/ PEO 
nanofibers and f) - j) PEO-reduced AgNP-containing P3HT/PEO 
nanofibers aged for f) 0 h, g) 24 h, h) 48 h, i) 72 h and j) 96 h. k) 
P3HT nanofibers and l) the NP-containing P3HT nanofibers after 
PEO removal (scale bars: 2 μm)
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The fiber uniformity was also improved with fewer beads 
observed. Whilst in the absence of nanoparticles, a PEO 
solution at this reduced viscosity would produce highly 
beaded fibers, the nanoparticles appear to impede beading 
[36]. We theorize that this may be attributed to a higher den-
sity of repulsive charges from residual ions and charges gen-
erated on the nanoparticles when the voltage bias is applied. 
As conveyed in Fig. 2f, this would favor the production of 
uniform fiber morphologies, which possess a higher surface 
area to volume ratio to minimize repulsion between charged 
species during fiber flight.

This reduction in viscosity is in fact a dynamic pro-
cess, with significant reductions measured beyond 24 h. In 
Fig. 3a, we present a continuous reduction in viscosity as 
the spinning solution ages. The spinning solution viscosity 
can reduce by >90%, producing thinner fibers as the solu-
tion ages, and beyond a critical aging time, the solution does 
not possess the necessary entanglement for uniform fiber 
formation, and beading begins to occur, as demonstrated 
in Fig. 3b. Later still, the solution is electrosprayed. The 
aging time required for this onset (typically 24 - 48 h) is 
dependent upon the type and loading of the nanoparticle, 
and initial viscosity of the solution. Until 24 h, the viscosity 
of the PEO-reduced AgNP-containing solution was stable 
due to the time taken for the reduction of the silver salt. 
With separately synthesized OA-capped NPs, the viscosity 
has already decreased significantly by 24 h. Interestingly, we 
found OA-capped AuNP addition provided a lesser reduc-
tion, which plateaued beyond 24 h.

Electrical conductivity was also found to increase over 
time, aiding the production of thinner fibers. Figure 3c 
shows a 0.8 μS cm−1 increase in the PEO-reduced AgNP-
containing solution corresponding to a 27% change, while 
the relative increases in OA-capped NP solutions were 
50% and 120% for AgNP and AuNP analogues, or 0.2 
and 0.6 μS cm−1. Conductivity likely increases due to 
the reducing viscosity, which allows for higher mobil-
ity of charged ions and nanoparticles in solution. How-
ever, it should be noted the pristine PEO solution also 
increased from 0.2 to 0.4 μS cm−1 over 96 h, perhaps due 
to improved solvation, but fiber diameters were stable over 
this period. Furthermore, if conductivity were the major 
factor determining the fiber diameter, we would expect 
thinner fibers to be produced immediately after nanopar-
ticle addition (hour 0), as the electrical conductivity has 
already significantly increased.

We conclude that the mechanism for diameter reduction 
in PEO-based nanofibers upon nanoparticle addition, is pri-
marily due to a reduction in viscosity, and enhanced elec-
trical conductivity may act as a secondary factor, although 
perhaps necessary to maintain uniform fiber morphology.

2.3 � Towards ideal P3HT nanofibers

As PEO dominates the electrospinning behavior of P3HT/
PEO fibers, we find analogous diameter reductions upon 
P3HT addition. As previously described, in Figs. 1g and 3d-
l, the reduction in diameter is easily observed. At additions 
of 10 wt% AgNO3 wrt PEO, sub-100 nm nanofibers could 
be spun from a 0.35 wt% PEO/ 0.25 wt% P3HT spinning 
solution in chloroform: DMF (95: 5 w/w), when aged for 
96 h. It was necessary to limit DMF addition to 5 wt% to 
prevent beading and precipitation of P3HT, yielding a low-
est spinnable diameter of P3HT/PEO without nanoparticle 
addition of 220 nm.

The mechanism for diameter reduction is independent of 
DMF addition, yet it is still required to solubilize AgNO3. In 
contrast, when using separately synthesized OA-capped Ag 
and AuNPs, which have previously shown enhanced exci-
ton generation in plasmonic OPV devices, [41] we deliver a 
similar and significant diameter reduction in the absence of 
any antisolvent addition, as in Fig. 3d.

Due to P3HT addition and therefore higher initial vis-
cosity, the optimal aging time to produce the thinnest uni-
form fibers was extended until 96 h. Lowering the P3HT 
content reduced diameters further, and the optimal aging 
time decreased accordingly. At 0.15 wt%, 85 nm fibers were 
spun at 72 h, and at <0.10 wt% P3HT, 80 nm fibers were 
produced after 48 h (see Fig. S9).

Brunauer-Emmett-Teller (BET) analysis revealed that the 
specific surface area of the as-spun P3HT/PEO nanofibers 
doubled upon 10 wt% AgNO3 addition and 96 h aging, from 
5.55 ± 0.08 m2/g to 11.79 ± 0.13 m2/g, therefore indicating 
the potential for increased heterojunction surface area, and 
thus, exciton dissociation, upon backfilling the nanoweb 
with an electron acceptor (see Fig. S10).

Due to the insulating nature of PEO, if it is not effectively 
removed by selective dissolution in hot IPA, it would sig-
nificantly hamper exciton and charge carrier transport within 
the sample. Akin to previous works, [16, 19] a Thermogravi-
metric Analysis (TGA) isotherm at 370 °C under nitrogen 
was employed to determine that ~1.5% of PEO remains from 
the washing procedure (see Fig. S11). At this temperature, 
PEO is almost completely degraded, however, P3HT has 
negligible weight loss. In the X-ray Diffraction (XRD) trace 
in Fig. 5a, the presence of PEO in the as-spun fibers is indi-
cated by the peaks at 19.2° and 23.4° 2θ, indexed as the 
(120) and (112) reflections respectively, [42] which disap-
pear entirely upon washing.

The material cost of the nanoparticles is substantial, 
therefore if a large proportion is lost upon washing, this 
would be undesirable. Comparison of TGA residuals at 
900 °C of washed P3HT and PEO-reduced AgNP-containing 
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P3HT fibers (solution contained 0.35% PEO and 0.25% 
P3HT) provides an estimate for the Ag content, from which 
we determine that ~80% of the nanoparticle mass was 
retained (see Fig. S12 and Table S1). This analysis was con-
ducted in air to promote further degradation of the polymers 
than is possible under nitrogen, producing smaller, consist-
ent residuals. As 55% of the fiber by mass (PEO) is removed 
during washing, 80% retention is considered acceptable.

For facile removal of PEO, the phenomenon first reported 
by Kim et al., in which the polymers phase separate to form a 

P3HT core and PEO sheath, attributed to a difference in vis-
cosity, [19] is integral. The as-spun fibers herein also show a 
core-shell structure as in Fig. 4a. This favorable morphology 
avoids the production of isolated PEO domains which would 
be difficult to remove by solvent. Energy-dispersive X-ray 
spectroscopy (EDX) line scans across the P3HT/PEO fib-
ers in Fig. 4b-c, show that nanoparticles do not prevent the 
migration of PEO towards the fiber surface, as indicated by 
the higher intensity of oxygen atoms for ~20 nm at the exte-
rior of the fiber. Meanwhile, the sulfur count, proportional to 

Fig. 4   a) Schematic of the as-spun and NP-containing P3HT nanofiber 
after PEO removal. b) – c) EDX line scan of an as-spun NP-containing 
P3HT/PEO nanofiber, showing phase separation between the O-rich 
polymer, PEO, and S-rich P3HT, producing a core-sheath structure. d) 
– e) EDX line scan of nanofiber after PEO removal. f) AFM scan and 
g) extracted height profiles of the as-spun fibers, revealing a vertical 
dimension of ~100 nm, consistent with SEM analysis. h) AFM scan 

and i) extracted profiles of the washed fibers, revealing a reduction of 
the fiber height to 75 nm (spinning solution contained 0.25% P3HT). 
j, l, n) Bright field (BF) TEM and k, m, o) Annular Dark Field (ADF) 
Scanning TEM (STEM) micrographs of P3HT nanofibers containing 
effective dispersions of j, k) PEO-reduced AgNPs, l, m) OA-capped 
AgNPs and n, o) OA-capped AuNPs (scale bars: 50 nm)
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the P3HT content, is absent for 10 nm, beyond which the sul-
fur count increases to a maximum towards the fiber core, as 
expected. EDX scans in Fig. 4d-e of the fiber post washing 
support the selective dissolution of the auxiliary polymer.

An uninterrupted P3HT core is equally important as it 
allows fibers to retain continuity as the PEO is dissolved. 
Prior to washing, the fibers were cylindrical, measuring 
99 ± 33 nm in width and 98 ± 25 nm in height, as deter-
mined by SEM in Fig. 3j and AFM in Fig. 4f-g, respectively. 
During the washing procedure, the fibers ‘slump’, becom-
ing 116 ± 33 nm wide and 73 ± 25 nm high, presented in 

Figs. 3l and 4h-i. Lowering the P3HT content from 0.25 wt% 
to 0.15 wt% produced our smallest, optimized nanofibers as 
presented in Fig. 1c-f, at 96 ± 27 nm wide and 55 ± 13 nm 
high. Below 0.15 wt%, fibers became increasingly discon-
tinuous upon PEO removal.

In Fig. 4j-o, Transmission Electron Microscopy (TEM) 
analysis shows an effective dispersion of nanoparticles 
along the length of the fiber. This is achieved due to the 
stability of nanoparticles in the spinning solution, and the 
surface charge of these particles providing repulsion dur-
ing fiber formation.

Fig. 5   XRD traces of a) the as-spun, washed and annealed PEO-
reduced AgNP-containing P3HT nanofibers and b) P3HT films, 
and washed P3HT nanofibers and NP-containing P3HT nanofib-
ers. c) Depiction of an ideal P3HT crystal showing diffraction axes. 
Absorptance spectra of d) electrospun P3HT nanofibers and spin-
coated films, and NP-containing e) nanofibers and f) films, present-

ing dual absorption enhancement modes from electrospinning and 
plasmonic effects. Change in the absorptance spectra upon g) elec-
trospinning P3HT in comparison to a spin-coated film, and upon NP 
addition to h) nanofibers and i) films compared to their pristine coun-
terparts
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2.4 � Photoactive nanofiber performance

The lamellar spacing and size of crystallites was extracted 
from XRD traces to investigate the influence of electrospin-
ning and nanoparticle presence (full details in Table S3). In 
Fig. 5a, the (100) reflection of P3HT manifests as a strong, 
broad peak at 5.51° 2θ in the diffractogram of as-spun PEO-
reduced AgNP-containing P3HT/PEO nanofibers. From this, 
we can calculate a lamellar P3HT d-spacing of 1.70 nm and 
a crystallite size of 7 nm (estimated by applying the Scherrer 
equation). Upon washing, the crystallite size rises to 10 nm, 
due to the elevated temperature. Annealing at 120 °C for 
20 minutes leads to a further increase, to 12 nm. However, 
we see no evidence that the extent of crystallinity, propor-
tional to the peak area, is increased by the post-processing 
steps. In contrast, the aromatic π-π stacking or (010) peak 
was only very weakly detected at ~24° 2θ.

Equivalent washed P3HT nanofibers without particles 
(Fig. S13a) possess a smaller d-spacing (1.63 nm) and larger 
crystallite size (12 nm). This suggests that PEO-reduced 
AgNPs may disrupt the stacking and interdigitation of the 
alkyl side chains, resulting in larger d-spacing and smaller 
crystallites. However, OA-capped NP-containing nanofibers 
in Fig. 5b presented more encouraging results, with greater 
crystallite sizes (15 nm and 13 nm for the Ag and Au ana-
logues respectively) and the expected d-spacing (1.62 nm). 
Therefore, we do not find that the presence of nanoparticles 
systematically affects the nature of the crystallites.

Films spin-coated from a P3HT solution (in chloroform) 
and the PEO-reduced AgNP-containing spinning solution 
(Fig. S13b), produced similar d-spacings and crystallite 
sizes to the corresponding fibers. This is despite the greater 
size confinement and faster solvent evaporation rate during 
fiber formation over spin-coating. We envisage that poly-
mer alignment prior to crystallization provides a templating 
effect for crystallite formation which can offset any disrup-
tion caused by the presence of the nanoparticles or the elec-
trospinning process.

Comparison of the extent of crystallinity between each 
sample is not reliable, as the peak intensities will be affected 
by differences in crystallite orientations between samples. 
Thin-films will often adopt an ‘edge-on’ conformation, pre-
senting the alkyl sidechains at the film-substrate and film-air 
interfaces, [43] whilst we anticipate that crystallites may be 
aligned along our fibers, giving rise to both ‘edge-on’ and 
‘face-on’ configurations.

Revisiting the optical properties, we observe a change 
in the shape of the spectral absorptance upon electro-
spinning. Akin to previous reports with electrospun or 
self-assembled nanofibers of P3HT, [19, 44–46] the ratio 
between the first two vibronic peak intensities (0-0 /0-1 at 
~615 nm and ~ 560 nm respectively) is enhanced relative 
to thin films, as in Fig. 5d. This is indicative of increased 

J-aggregate behavior as described by Spano et al. [47, 48]. 
In thin films, P3HT usually possesses H-aggregate charac-
teristics. The co-facial stacking favors interchain interac-
tions, and excitons are delocalized between neighboring 
molecules. In this regime, the 0-0 transition is dipole for-
bidden, only allowed by thermal excitation or defects, and 
as a result, thin films have a 0-0/0-1 transition absorbance 
ratio of ~0.5 – 0.8. This aggregate type dominates due to 
amorphous chains reducing the polymer chain planarity 
and consequently, conjugation lengths. Electrospinning 
produces aggregates with greater J-type character, where 
the 0-0 transition is allowed, and in Fig. 5d, we observe a 
relative intensity of ~0.9 in absorptance between the two 
transitions. Here, the polymer chain backbones are more 
planarized with less perturbance from amorphous chains, 
leading to increased intrachain interactions.

Analysis of the spinning solution reveals that DMF 
addition, a non-solvent for P3HT, begins to induce the 
precipitation of aggregates, as the orange, translucent 
P3HT solution in chloroform, becomes an opaque, dark 
red/purple. In Fig. S15, vibronic peaks, associated with 
solid phase P3HT, appear alongside the π-π* transition at 
451 nm of the well-dissolved polymer. In fact, controlled 
use of an antisolvent is a known method for the production 
of self-assembled P3HT nanofibers [45]. Therefore, nano-
structures have already begun to form even before electro-
spinning. Upon spin-coating these solutions, we notice the 
0-0/0-1 peak ratio is similar for films cast with or without 
the non-solvent, retaining dominant H-aggregate behavior. 
This suggests the self-assembled nanostructures are either 
H-aggregates and electrospinning is required to introduce 
J-type features, or that the aggregate density is too high to 
detect them. Previous studies have shown J-aggregates to 
appear as H-type aggregates in concentrated solutions or 
dense films, as the sidechains can attenuate the intrachain 
order of surrounding aggregates [44].

Additionally, a red-shift was seen (0-0: 607 nm → 613 nm, 
and 0-1: 556 nm → 563 nm) in the absorptance traces in 
Fig. 5d upon electrospinning compared to thin-films cast 
by spin-coating. This shift arises as the spinning process 
elongates and planarizes the polymer backbone, increasing 
the conjugation length. With films, this is only achieved by 
energy-intensive thermal annealing processes. Due to the 
differences between the absorptance trace shapes, light har-
vesting was determined by integration of the absorptance 
area between 350 and 800 nm. This red-shift and enhanced 
0-0 transition results in a lower energy absorption onset 
and thus greater harvesting by nanofibers between 550 and 
650 nm, in comparison to the equivalent film, shown in 
Fig. 5g. This, and a higher absorption ‘tail’ below 450 nm, 
led to a 1.14x improvement in light harvesting of the P3HT 
fibers over the thin-film, rising from 31.2% to 36.6% (details 
in Fig. S16 and Table S4).
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More significant enhancements were observed from 
the introduction of nanoparticles in Fig. 5e and h. Incor-
porated into electrospun P3HT fibers, the addition of 
PEO-reduced AgNPs and OA-capped AuNPs delivered 
a strong broadband enhancement across the entire vis-
ible light region versus pristine nanofibers, of 1.30x and 
1.38x, respectively, however no evident enhancement was 
observed from OA-capped AgNPs (1.04x). Compared 
to the pristine P3HT films, the PEO-reduced AgNP and 
OA-capped AuNP-containing P3HT nanofibers provide an 
enhancement of 1.48x and 1.58x, respectively.

Diffuse reflectance spectroscopy of nanoparticle-
containing PEO nanofibers revealed that the plasmonic 
absorbance for each nanoparticle type was retained upon 
electrospinning, indicating the potential to harness the 
LSPR effect. However, OA-capped NPs are more intensely 
plasmonic than PEO-reduced AgNPs (see Fig. S17c). It 
was therefore initially surprising to see PEO-reduced 
AgNPs deliver strong enhancement, given that we see no 
influence with OA-capped AgNPs. Due to their size, the 
nanoparticles do not scatter efficiently, [49] whilst, as the 
smallest, PEO-reduced AgNPs scatter the least. Therefore, 
we attempt to explain these observations with the longer 
wavelength, broad plasmon resonances of PEO-reduced 
AgNPs and OA-capped AuNPs, in comparison to OA-
capped AgNPs. This provides a greater spectral overlap 
with the donor polymer, resulting in a stronger LSPR 
effect and superior absorption enhancement [50].

The peak position of plasmonic absorption is strongly 
dependent upon the refractive environment as shown by 
Finite-Difference Time-Domain (FDTD) simulations, 
used to solve the absorption and scattering spectra of the 
nanoparticles within the P3HT matrix (refractive index 
approximated to 1.95 [51, 52]). In Fig. S18, the plasmonic 
absorption of OA-capped AgNPs is expected at 480 nm, 
presenting a modest spectral overlap with the semicon-
ductor. Meanwhile, the OA-capped AuNPs plasmon 
resonance is centered at 580 nm, overlapping well with 
the maximum absorption of the semiconductor. We also 
estimate that PEO-reduced AgNPs possess a greater spec-
tral overlap with the surface plasmon resonance found at 
520 nm within this refractive environment, calculated by 
blue shifting the OA-capped AgNP simulated spectra by 
40 nm as observed when dispersed in chloroform.

Figure 5f and i shows that OA-capped AuNP infusion 
produced similar but lesser broadband enhancements 
within thin-films, whilst OA-AgNPs again had no influ-
ence. This disparity between the enhancement observed 
in fibers (1.38x) and in films (1.17x) (Fig. S16b-c) allows 
us to deconvolute the contributions of LSPR and electro-
spinning. The enhancement seen in thin films is assumed 
to originate only from plasmonic effects, meaning the 

difference between the enhancement in fibers and films 
can be ascribed to the additional electrospinning-induced 
polymer alignment from the nanoparticle-driven diameter 
reductions. Therefore, we find that the photon absorp-
tion enhancement from the combination of these two 
approaches – electrospinning photoactive nanofibers and 
noble metal nanoparticle introduction, is synergistic, pro-
viding a greater joint enhancement than the sum of their 
individual parts.

3 � Conclusions

We present a reduction of electrospun P3HT fiber diam-
eters through nanoparticle-driven modulation of the vis-
cosity and conductivity of the spinning solution. As a 
time-dependent process, we can control the fiber diameter 
by the age of the spinning solution, making it possible 
to identify the optimal time to produce the thinnest pos-
sible nanofibers. After removal of the sacrificial polymer, 
we achieve nanofiber diameters of 55 nm - the thinnest 
reported in the literature by 30%. Our fibers therefore offer 
the shortest diffusion pathways of excitons to the fiber 
surface, or heterojunction upon acceptor infiltration, and 
offer a crucial advancement towards achieving the ideal 
P3HT nanofiber for photovoltaic applications.

A dual-mode enhancement in light harvesting is identi-
fied from electrospinning-induced polymer chain alignment, 
and plasmonic effects from the nanoparticles, combining to 
provide a 1.58x integrated absorptance enhancement over 
the equivalent-volume pristine P3HT thin-films produced 
by spin-coating. We also reveal that the extent of polymer 
alignment is inversely proportional to the fiber diameter, 
which in turn increases photon absorption. The absorptance 
maximum increases by up to 1.84x from 45% to 83% upon 
nanoparticle-induced diameter reductions.

Whilst this work focuses on the well-studied polymer, 
P3HT, our system may be adapted to many donor-acceptor 
systems. The interplay between PEO and the nanoparticles 
dominates the electrospinning behavior, dictating the fiber 
diameter reductions and the resultant absorption enhance-
ments. When using separately synthesized OA-capped 
NPs, the orthogonal solvent, DMF, can be omitted entirely 
with equal success. Therefore, the photoactive polymer 
may be switched out with other donor materials with the 
expectation of analogous results. The practical application 
of this strategy with these alternate systems should be the 
focus of future work to demonstrate this universality.

Additionally, the fibers shall be incorporated 
within active layers in order to translate the enhance-
ment in absorption reported here into device efficiency 
improvements.
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4 � Experimental section/methods

This section describes the necessary materials and proto-
col to synthesize the lowest reported dimension of P3HT 
nanofibers to date. It covers the preparation of suitable 
nanoparticles for incorporation into ultra-thin nanofibers, 
the preparation of the spinning solution, the electrospin-
ning process, and the post-processing PEO removal step. 
Details of how these nanofibers were characterized follows 
this protocol.

4.1 � Chemicals and materials

Poly(3-hexylthiophene-2,5-diyl) (P3HT, Mw 50,000) was 
obtained from Rieke Metals. Poly(ethylene oxide) (PEO, Mw 
900,000), chloroform, N-N′-dimethylformamide (DMF), iso-
propanol (IPA), silver nitrate (AgNO3), tetrachloroauric(III) 
acid trihydrate (HAuCl4.3H2O), oleylamine (OA, technical 
grade 70%), and methanol, were all obtained from Sigma 
Aldrich. Solvents were dried using molecular sieves and 
dissolved oxygen was removed by the freeze-pump-thaw 
method using a Schlenk line. Materials and samples were 
stored within a nitrogen-filled glovebox and protected from 
exposure to light where necessary.

4.2 � Nanoparticle synthesis

OA-capped silver nanoparticles were produced by a modified 
‘solvent free’ approach to the protocol outlined by Hiramatsu 
and Osterloh [53]. A solution of AgNO3 (100 mg, 0.6 mmol) 
in oleylamine (2 mL, 4.2 mmol) was rapidly injected into 
additional oleylamine (15 mL, 32 mmol) heated to 175 °C in 
a round bottom flask. The color of the solution quickly turned 
yellow, and eventually to black. The solution was vigorously 
stirred for 10 minutes, and then allowed to cool to room tem-
perature. Methanol (50 mL) was then added to precipitate 
the product. The particles were isolated by centrifugation 
and washed with methanol three times, before redispersion 
in chloroform. The synthesis was conducted under a nitrogen 
environment using a Schlenk line. Analogously, OA-capped 
gold nanoparticles could be obtained by using tetrachlo-
roauric acid (100 mg, 0.3 mmol). TEM revealed that the 
OA-capped AgNP cores were 9.1 ± 2.7 nm, and OA-capped 
AuNPs were 10.4 ± 2.5 in diameter (see Fig. S19).

PEO-reduced AgNPs were prepared in-situ by direct 
addition of the silver salt dissolved in DMF to the spinning 
solution, following by heating at 40 °C for up to 96 h.

4.3 � Electrospinning

In a typical experiment, the spinning solution was pre-
pared by dissolving the photoactive polymer, P3HT (0.15 
- 0.25 wt%), and auxiliary polymer, PEO (0.35 wt%), in 

chloroform at 40 °C for 1 h. Following complete dissolution, 
AgNO3 dissolved in DMF, or DMF and OA-capped NPs, 
were added dropwise to the polymer solution under vigorous 
stirring to prevent precipitation. The resultant chloroform: 
DMF solvent mixture contained 95:5 w/w. The spinning 
solution was then stirred for up to 96 h at 40 °C. AgNO3 or 
OA-capped NP concentrations are typically given in weight 
percent with respect to the PEO concentration. The solution 
was drawn into a syringe and fed through a flat tip needle at 
1 mL h −1 (27-gauge) at 20 - 22 °C. A bias voltage of 23 kV 
was then applied between the stainless steel needle and a 
grounded plate collector at a separation of 20 cm. The as-
spun nanofibers were then washed in IPA at 70 °C for 1 h to 
remove PEO, yielding dark-purple nanoparticle-containing 
P3HT nanofibers. All work was carried out within a nitrogen 
environment in a glovebox, however the nanofibers could 
also be prepared in air given a relative humidity of <20%.

Unless specified otherwise, nanoparticle additions of 
5 wt% wrt PEO (of either AgNO3 or OA-capped NPs) were 
made to 0.35 wt% PEO spinning solutions, 2 wt% wrt PEO 
additions to 1.5 wt% PEO solutions, and 10 wt% wrt PEO 
for P3HT/PEO solutions.

4.4 � Characterization of nanofibers

Nanofiber morphology was analyzed using a Zeiss Mer-
lin and JEOL JSM-840F SEM under an operating voltage 
of 4 kV. Specimens were sputter coated in 6 nm Pt prior 
to imaging. The nanofiber width, (fiber diameter parallel 
with the substrate) including coating, was determined from 
at least 100 unbiased counts from SEM micrographs using 
ImageJ software. Nanofiber height (fiber diameter normal 
to the substrate) was determined from vertical displace-
ment profiles extracted from AFM images collected with 
an Agilent 5400 AFM. Nanoparticles, and the dispersion of 
nanoparticles within nanofibers, were examined on JEOL 
3000F TEM at an accelerating voltage of 200 kV, fitted with 
a STEM unit ADF detector and Oxford Instruments EDX. 
BET analysis was carried out using a Micromeritics Gemini 
VII BET surface area analyzer using a N2 absorptive. Sam-
ples were degassed under vacuum for 10 h before analysis.

The viscosity of spinning solutions was investigated using 
a Brookfield DV2T viscometer with a HA torque spring and 
CP4-41Z cone spindle, rotated at 30 rpm or 60 s−1 shear 
rate. Electrical conductivity of solutions was found using an 
Oakton CON 550 Benchtop Conductivity Meter fitted with 
a K = 0.1 cell at ambient conditions (20 ± 0.5 °C). Surface 
tension measurements were obtained using the pendant drop 
technique with an Ossila Contact Angle Goniometer under 
ambient conditions.

TGA was employed using a Perkin Elmer TGA 
8000. Nanofiber samples were heated in air to 900 °C 
at 10 °C min−1 to quantify nanoparticle retention upon 
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washing, or held at a 370 °C isotherm for 1 h under nitro-
gen to investigate PEO removal. FTIR attenuated total 
reflection (ATR) spectroscopy was recorded on a Varian 
Excalibur FTS 3500 FT-IR spectrometer. Due to strong 
light scattering of the nanomaterials, absorptance was 
determined by recording combined total transmittance and 
reflectance spectra using an Ocean Optics Flame Minia-
ture Spectrometer equipped with DH-2000-BAL UV-VIS-
NIR light source and ISP-50-8-R-GT Integrating Sphere. 
Thick P3HT films were spin-coated onto indium tin oxide 
(ITO) coated glass substrates, and nanofibers were pre-
pared to the equivalent mass. The processed absorptance 
spectra were then smoothed using a Savitzky Golay Fil-
ter. Polarized absorption spectroscopy was employed by 
placing a Thorlabs film polarizer between the incumbent 
light and the fibers which were aligned using a rotat-
ing drum collector. The film was orientated so that the 
impinging light was polarized parallel and perpendicular 
to the fiber axes. The expected absorption and scattering 
spectra of nanoparticles dispersed within a P3HT medium 
were solved using Lumerical FDTD simulation software. 
XRD diffractograms were carried out using a Bruker D8 
ADVANCE Eco diffractometer in reflection mode using a 
Ni-filtered Cu Kα radiation. Again, films and fibers were 
prepared to the equivalent mass (~2 mg) by spin-coating 
or electrospinning directly onto a zero-background Si 
substrate. The background was removed, and peaks fitted 
using a Pearson VII function.
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