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Abstract

Aqueous nanoparticle dispersions were prepared from a conjugated polymer poly(2,5-
thiophene-alt-4,9-bis(2-hexyldecyl)-4,9-dihydrodithieno[3,2-c:3',2"-h][1,5]naphthyridine-
5,10-dione) (PTNT) and fullerene blend utilizing chloroform as well as a non-chlorinated and
environmentally benign solveri;xylene, as the miniemulsion dispersed phase solvent. The
nanoparticles (NPs) in the solid-state film were found to coalesce and offered a smooth
surface topography upon thermal annealing. Organic photovoltaics (OPVs) with photoactive
layer processed from the nanoparticle dispersions prepared using chloroform as the

miniemulsion dispersed phase solvent were found to have a power conversion efficiency
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(PCE) of 1.04%, which increased to 1.65% for devigtlizing NPs prepared fromxylene.
Physical, thermal and optical properties of NP$ared using both chloroform awoekylene
were systematically studied using dynamic mechénibarmal analysis (DMTA) and
photoluminescence (PL) spectroscopy and correlatdieir photovoltaic properties. The PL
results indicate different morphology of NPs in thaid state were achieved by varying

miniemulsion dispersed phase solvent.

Keywords

Nanoparticles; Organic photovoltaics; Green solvEntvironmentally friendly processing

1. Introduction

Ever increasing global energy consumption has ted ttremendous rise in fossil fuel
emissions, resulting in air pollution and global rming’ The urgent need for the
development of clean and renewable energy souesaitiracted immense attention of both
scientific and industrial researchérs.Undoubtedly, solar energy is one of the best
candidates to fulfil the current and future enermeds.® Organic photovoltaics (OPVs)
enjoy significant advantages over traditional sdchnology due to their lightweight,
flexibility, ease of manufacturing, scalability afmv cost®® Continued research into OPV
technology has led to significant improvements he tdevice performance with power
conversion efficiency (PCE) of up to 13% being mpa’° However, OPVs are commonly
prepared via spin-coating the active materials mallsindium tin oxide (ITO) coated glass

substrates from non-environmentally friendly hategfed solvents: which s

counterproductive to achieving scalable and enwiremtally friendly fabrication of OPVs.



In recent years a number of publications have feedison developing alternative OPV
fabrication methods, which are scalable at low casth as roll-to-roll printing® 14

Although remarkable success has been achievedhiingr OPVs on flexible substrates, most
of the best performing materials used for printiage still processed from chlorinated
solvents such a®rtho-dichlorobenzene okDCB).*® The large-scale use of chlorinated
solvents is harmful to human health and has ardetial impact on the environméefit.’

Moreover, the usage of chlorinated solvents in@gedle cost of large-scale fabrication of
OPVs, which results from expensive halogenatedeswliecovery systems. The harmfulness
and high cost of chlorinated solvents used for @gemg photoactive materials in OPV
fabrication is one of the main hurdles to be overedefore the knowhow of fabricating high
performing OPVs can be transferred from a lab-stmakn industrial scale fabrication. Thus,

it is of utmost importance to develop green depmsiimethods by utilizing benign and non-

chlorinated solvent€?°

OPVs with active layers processed from a watedaot®l based nanopatrticle dispersion has
been reported in recent yedt$* These nanoparticles are processed from donor-amcept
blends either through a miniemulsion process with presence of surfactant® or a
precipitation method™® ?° Furthermore, conjugated polymer nanoparticles ewalso
reported to be synthesized by direct Suzuki-Miyadispersion polymerizatioi:3? In the
miniemulsion method, the organic solvent utilizeddissolve the active materials should
ideally have high vapour pressure as well as beiscible with water. Most procedures
reported in the literature to date use harmful chéded solvents, such as chloroform
(CHCI5)?* # chlorobenzer® or 0-DCB?°. Compared to conventional bulk heterojunction
(BHJ) OPV fabrication, the NP method is still elmvimentally superior considering (a) the
volume of chlorinated solvents utilized is compé#ydess; (b) the roll-to-roll printing of solar

cells is free from chlorinated solvents as theylsamemoved in a closed loop system prior to



printing. Considering that the upscaling of OPV4hwNP active layers will lead to an
increase in the consumption of solvents used tpgseeNPs, it is timely to consider the use
of industrially relevant solvents during the preggemm of the NPs of the photoactive

materials in addition to the subsequent deposition.

In this paper, we report for the first time the gaeation of water-dispersed nanoparticles
using a relatively benign and industrially relevaaivent,o-xylene, as the miniemulsion
dispersed phase solvent, and successfully demtmdtia fabrication of solar cells with
comparable device parameters to BHJ OP\VEhe nanoparticles were prepared from a wide
bandgap semicrystalline conjugated polymer namelply(B,5-thiophene-alt-5,10-
bis(octyloxy)dithieno[3,2-c:3',2"-h][1,5]naphthyiité-5,10-dione) (PTNTj and PG.BM
(phenyl G butyric acid methyl ester). PTNT polymer was chosge this study as it was
demonstrated to perform well in an active layeckhess of up to 400 nith which makes it a
relevant polymer for devices fabricated via prigtifo gain a better understanding of the
influence of the miniemulsion dispersed phase swlven the nanoparticle properties,
PTNT:PG:BM NPs prepared using chloroform as the miniemulglspersed phase solvent
were also studied. Size distribution, optical, themechanical and photovoltaic properties of
PTNT:PG:BM nanoparticles prepared usingxylene (NP-xylene) were systematically
studied and compared with those processed fronrafblon (NP-chloroform). A maximum
PCE of 1.65%, with a short circuit current dengityd) of 4.75 mA/cni was achieved from
nanoparticles prepared usirgxylene as the miniemulsion dispersed phase solasnt
compared to a 1.04% PCE and 2.84 mAlavh Jsc for the dispersions prepared using

chloroform as the miniemulsion dispersed phaseeslv



2. Experimental

2.1 PTNT synthesis

Polymer PTNT (Fig. 1) was synthesized by Stilleglowg copolymerisation from monomer
2,7-dibromo-5,10-bis(octyloxy)dithieno[3,2-¢3-h][1,5]naphthyridine-5,10-dione(NT) and
2,5-bis(trimethylstannyl)thiophene as previouslypared® The molecular weight was
measured by size exclusion chromatography (SEQ)244-trichlorobenzene (1,2,4-TCB) at
150 °C. Detailed synthetic procedure and SEC ope&at conditions are included in
Supplementary Information. M 55.7 kg/mol, M= 163.2 kg/mol were determined relative
to polystyrene standards. Through square wave matigtry, the HOMO and LUMO energy
levels of PTNT are estimated to be -5.9 and -3.6respectively” Bulk heterojunction (BHJ)
solar cells processed using PTNT7HM (1:2 weight ratio) processed fro;aDCB solution
have been reported to achieve a PCE of 5% in aettional configuratio?t and 5.1% in an

inverted structuré®

Fig. 1. Chemical structure of PTNT.



2.2 Nanoparticle preparation

PC;:.BM was purchased from Solenne BV. PTNT+HEM nanoparticles were prepared with
the weight ratio of 1:2 through the miniemulsionthoel®* 3’ The weight ratio was chosen
based on the best performance of BHJ devices fréthNiT:PG1BM blend without solvent
additive® 10-mg-of PTNT (10 mg) and-26-mg of RBM (20 mg) were dissolved in 540

of organic solvent (chloroform ar-xylene) at 35 °C with stirring at 500 rpm for 2uns.
Meanwhile the aqueous phase was prepared by disgé88-mg-of sodium dodecyl sulphate
(SDS) (33 mg) in 2.8 mL of MilliQ water. After ensng complete dissolution of PTNT and
PC;:BM, the aqueous phase was combined with the orgdrase under stirring at 1200 rpm.
A macroemulsion was then formed by stirring the tome at 1200 rpm at 30 °C for
approximately 1 hr. To generate the miniemulsioior&Cell ultrasonic processor VCX 750
with 1/8” stepped probe was introduced to ultraisae the macroemulsion at 30%
amplitude for 3 min. Then the miniemulsion was $farred immediately to a heating block
and stirred at 1200 rpm to form a stable watereatsipn of NPs after complete removal of
the residual organic solvent. For nanoparticlepgmred using chloroform, the miniemulsion
was heated at 60 °C for 3 hr to ensure the compéete®val of chloroform whereas in the
case of usingo-xylene, a NPs dispersion was achieved by heating5a°C for 6 hr.
Additional water was added every hour to compensatethe water loss, which—eeuld
otherwise results in aggregation of material anecipitation on the wall of the vials. To
minimise unwanted SDS from negatively impacting tevice performanéé centrifugal
dialysis was introduced to remove excess free cianfih in the dispersion as well as
concentrate the active materials in the water dsspe, giving the final dispersion a solids

content of 6 wt% in 0.5 mL water.



2.3 Nanoparticle characterization

Scanning electron microscopy (SEM) was performadguan ultra-high resolution field-
emission gun scanning electron microscope (Zeisdifjat an accelerating voltage of 2 kV
with magnification ranges of 50,000-150,000 X. S8EM samples were spin-coated (3000
rpm for 1 minute) from diluted nanoparticle watkspersion with 1wt% of solids content on
conductive silicon substrate. The size distributtdrPTNT:PG:BM (1:2 weight ratio) NPs
prepared from different organic solvents were cotier&zed from SEM images with a circular
Hough transform algorithri{.*® In the varied annealing temperature study, atigilere pre-
dried at 90 °C for 4 min immediately after spindtiog for consistency with device

fabrication.

The ultraviolet—visible (UV-vis) study was perforctheon a Perkin Elmer UV-vis-NIR

Lambda950 spectrophotometer. The photoluminesc@icemeasurements were performed
on a Varian Cary Eclipse fluorescence spectropheternat the excitation wavelength of 450
nm. The PL measurements of NP water dispersions werformed on diluted NP-xylene

and NP-chloroform dispersion with the same conegioin. Measurements of the solid state
were performed on spin coated NP films from origiHBR dispersion. It should be noted that
the study of absorbance change of NP film with eattiout annealing was measured on the

same area on the same film for comparison.

Dynamic mechanical thermal analysis (DMTA) samplese prepared by repeatedly drop-
casting the PTNT:P&BM NP water dispersion onto a 20-30 mm long, appnaxely 5 mm
wide piece of glass fiber mesh, as described elemihfollowed by drying under ambient
condition until a uniformly fully covered film orhé glass mesh was obtained. The samples
were stored in a desiccator overnight to removet mbthe water before performing DMTA

measurements. DMTA measurements were carried oud A Q800 DMA in strain-



controlled mode at a frequency of 1 Hz and an aogei of 5 um. The samples were
measured under a continuous flow of nitrogen gals avheating rate of 3 °C per minute. The
first run was performed from room temperature u@B@°C for further drying the sample,

followed by a second run from -110 °C to 200 °Ce Oata from the second run was utilized

to study thermomechanical properties of materrakhis study.
2.4 Device fabrication

Inverted solar cells with the structure ITO/ZnO/IN#SOs/Ag were fabricated using water
dispersed NPs to coat the active layer. Patteri€dcoated glass substrates (Q0sq,
purchased from Xin Yan Technology Ltd) were cleansihg the procedure described
elsewheré?® ITO-coated glass substrates were first cleaneddaking in a 5% detergent
solution (pyroneg from Johnson Diversey) at 90 W€ 20 minute and then rinsing in
deionized (DI) water, before sonicating in DI wateetone and isopropanol for 10 min each.
Substrates were then cleaned in UV-ozone for 2Qitairmmediately before spin coating the
ZnO layer. ZnO sol-g&1 on the cleaned ITO substrate was heated at 286r°T minute in

air to yield a 25 nm thick film. The PTNT:RBM (1:2 weight ratio) NP dispersion was
filtered through a PTFE membrane syringe filterrépsize of 0.45 um) prior to spin coating,
and resulted in approximate film thickness of 190. mThe NP films on ZnO/ITO glass
substrates were then dried at 90 °C for 4 minutarinbefore transferring to the glove box. It
should be noted that 4 minute thermal annealinglatC did not induce NPs sintering (see
Fig. S1), further supporting the first run of DMB&an did not alter the NP structure. The NP
films were thermally annealed at 160 °C for 4 minutside the glove box with nitrogen
atmosphere before a thin layer of Mp(A2 nm) was thermally evaporated on top of the
active layer to serve as a hole transporting lai/arally the Ag electrode (80 nm) was
deposited by thermally evaporating through a shadh@ask, which defined the active area to

be 0.1 cri. To achieve best performing devices, NP solasaeéire post-annealed (after the
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electrode deposition) for 4 minute in the glove @xX140 °C or 160 °C (as specified in the

discussion).
2.5 J-V characterization

I-V properties of solar cells were measured in aiamyriel solar simulator fitted with a 150
W xenon lamp (Newport), filtered to give an irraba of 100 mW/crh at AM1.5 and

calibrated using a silicon reference cell with NI8dceable certification. The photocurrent—
voltage (-V) characteristics of devices were measured thr@ukithley 2400 source meter
unit. External quantum efficiency (EQE) measuremmemere performed by a Cornerstone
260™ motorized 1/4 m monochromator (model 74125ypéat) and TracQ basic software

for data acquisition.

3. Results and discussion

3.1 Property of nanopatrticles

respectively. To evaluate the size of prepared ISE8] measurement was performed on NPs
in the solid state. SEM images presented in Fig.aBd b depict the PTNT:REBM
nanoparticulate films for NPs-spun prepared frotorctiorm ando-xylene, respectively. NPs
were as spun-{ro-thermal-treatment) from waterédasdloidal dispersions without further
treatment. The particulate shape of PTNT#BM™M NPs was found not to be completely
spherical, which is typical for NPs made of senstajline polymef> 2" *“*3The size

distribution of NPs (Fig. 2c) was measured by ajmglya circular Hough transform algorithm



to the SEM images of NP films. Since the circulaulgh transform algorithm is based on
circle calculation, the model resulted in sever@matches (see Fig. S2). Nevertheless the
mean diameter of PTNT:R@M NPs prepared using chloroform (NP-chloroform)swa
calculated to be 32 + 12 nm whereas the nanopasticbm theo-xylene batch (NP-xylene)
had a mean diameter of 27 £ 11 nm in the solidest@ompared to NP-chloroform, NP-
xylene resulted in a slightly narrower size disttibn with the presence of fewer large sized
NPs on the surface. This observation indicatestiieahigher temperature and the longer time
required to convert the NP-xylene miniemulsion moagueous dispersion does not result in

material aggregation or further increase in theig@arsize.

C
101 4 — NP-chloroform
i ---- NP-xylene
& 0.8}
C
7]
=
@ 0.6
o
]
N o4t
©
E
2 02p

100

Particle diameter (nm)

Fig. 2. SEM image of (a) NP-chloroform and (b) NP-xyler&ze distribution of NP-

chloroform and NP-xylene (c). Scale bars are 200 nm
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To achieve well performing solar devices using watispersed NPs, it is imperative to
achieve good morphology of the active la{&f Due to the particulate shape and the core-
shell structure of NPs prepared through miniemalsitethod> ¥’ the coalescing of NPs
could ideally tune the morphology of the activediagnd is thus desirable for better charge
transport and extractidi: *° To coalesce NPs without inducing defects in tha,fthermal-
annealing was introduced, which is widely appliedobth NP and BHJ solar devices to
improve the morphology of the active layer, therefeenhancing the performance of
devices’®*® The schematic shown in Fig. 3 depicts coalescehbéPs upon annealing in the
solid state. SEM and atomic force microscopy (ARSBe Sl varied annealing temperature
study) was thus used to systematically study tleagés induced in the surface topography of
the NP films as a function of annealing temperaur@nd to find the ideal annealing

temperature which resulted in best performing desuic

"o 0 Thermal annealing

Fig. 3. Schematic of NP coalescing upon thermal anne#birigrm continuous film.

The as spun film prepared from NP-chloroform (F2g) shows that the separate NPs are
clearly distinguishable. The near-edge X-ray altsamp fine structure (NEXAFS)
spectroscopy measurements (Fig. S3) and scan@ngniission X-ray microscopy (STXM)
results (Fig. S4) reveal the core-shell structufeP®NT:PG:BM NPs without thermal
annealing. Thermal annealing of NP-chloroform filatsL00 °C (see Fig. S5a) or 120 °C (Fig.
4a) was not found to make any significant changethe surface features of the films, as a
large degree of nanoparticulate structure wasaigkerved by SEM. The particles were found

to interconnect with each other (sinter) after W#&-chloroform film was annealed at 140 °C
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(Fig.4b), with some residual nanoparticles preskotethe surface. When thermally annealed
at 160 °C (Fig. 4c), NPs were sintered and thetively homogenous film was obtained,
which could improve the charge transfdrtand reduce the possibility of charge
recombination in the coalesced NP active layer RVEF' Upon annealing at 180 °C, large
aggregates in the NP-chloroform film were obseried. 4d), which was attributed to the
crystallization of PGBM.* The gross phase separation deteriorated the MRbrphology,
which is detrimental for the device performanceNst solar device® ** *°Thus, precise
control over the thermal annealing temperaturerigial to achieve a homogenous active
layer in OPVs as well as removing the moisture amdiding large phase separatin.
Similar behaviour was also found in the case ofX¥ylene films, when annealed at different
temperatures (Fig. 4e-h). Compared to the repd®&HdiT:PCBM NP3, which require lower
annealing temperature to form coalescent film, shghtly harsh annealing performed to
sinter PTNT:P@BM NPs could be explained by the difference in tiiniermal properties of
the polymers used to form NPs as P3HT is repoddtve a glass transition temperaturg (T

of 38°C*°,
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Fig. 4. SEM images of PTNT:PGBM (1:2) NP films cast from NP-chloroform (a-d) and

NP-xylene (e-h) thermally annealed at varied terajpee for 4 min. Scale bars are 200 nm.

To further probe the morphological changes and ntberechanical behaviour of
PTNT:PG1BM NP films, DMTA measurement§ were performed on thin films cast from

NP-xylene

6b) and
NP-chloroform as well as pure PTNT (Fig. 5). SilddTA measures the thermal properties
of materials with high sensitivity >*°3 it further compliments the SEM study which only
probes the surface topography. Fig. 5a shows tragg modulusH’) in the DMTA scan of
the NP-xylene sample—TFhe-storage-medudki$ Wwas found to drop around 100 °C with a
significant loss at 160 °C, indicating the softenof the amorphous part of the PTNT-rich
phase* Based on the STXM results (Fig. S4), it is knowattthe nanoparticles have a core-
shell structure with a PTNT-rich NP shell and a;f#8-rich NP core. As such, the
nanoparticles should start to coalesce only whelNTPih the polymer-rich shell reaches the
rubbery stat€ similarly to P3HT:PCBM NPS. Thus, the significant drop in ti# observed
using DMTA agrees well with the coalescence of nla@opatrticles in thin films observed
using SEM. Beyond 160 °C, the stiffne€s)(of the DMTA sample was again found to
increase, which is attributed to the crystallizatad PG,BM in the PG,BM-rich phase after
the coalescence of the NPs, revealing the maximampérature before detrimental
crystallization occurs. This behaviour was alsoepbsd in SEM as drastic phase separation

and coarsening of the film (Fig. 4h)}—Fhe BMTA-tesnpiure-scan-of the NPs-prepared-using

imilar

inerease—ofE—above160°C. The DMTA temperature scan of the NRgpared using

chloroform (Fig. 5b) shows a similar thermomechahlmehaviour, whereas the neat PTNT

DMTA scan (Fig. 5c¢) did not show the increaseebfabove 160 °C, which further confirms
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the increase in stiffness being attributed to the,;BM thermal transition. Since PTNT is a
conjugated polymer with large side chains and migid backbones than P3HT, the onset of
the decrease in storage modules at *€l&s attributed to the relaxation of the side chaire.

B transition. The highep transition temperature (lfof PTNT compared to the; P3HT® >
also indicates higherglof PTNT, which further supports the higher tempee required to

coalesce PTNT:PGBM NPs compared to the P3HT:PCBM NPs

a b
2400
1000 4
- 20001
a 35
8 s 1
w 2 1
% 16001
1
100+ , ; ; ; ; 1200 +— . . — . .
80 40 0 40 80 120 160 -80  -40 0 40 80 120 160
Temperature (°C) Temperature (°C)
C ——PTNT
S 1000

100 +— T T T T ‘ T
-80 -40 0 40 80 120 160
Temperature (°C)

Fig. 5. Storage modulugs() as a function of temperature in a DMTA tempermatsecan of (a)

NP-xylene, (b) NP-chloroform and (c) neat PTNT supgd by a glass fiber mesh.

3.2-3-1 Optical properties of nanoparticles

To probe the optical properties of NPs preparediqugiifferent solvents, UV-vis and
photoluminescence (PL) measurements were carrigdoouNP films as well as NP

dispersions. Fig. 6 shows the UV-vis absorptioncspeof solid state films and PL spectra

14



from both batches of NPs. The broad absorption b@eybnd 400 nm is attributed to the
intramolecular charge transfer between donor amepor segments in the PTNT polymer
backbonesd® The absorption peak below 400 nm is primarilyilatited to the absorbance of
PC;:BM, while the vibronic peaks at 522 nm in the apsion spectra are attributed to the

n stacking of polymer backbotte(Fig. S6a). It can be observed that after thermmalealing
the absorbance of PTNT:P8M NP fiim was increased (Fig. 63,bThe increased
absorption upon annealing could be due to the asa@ crystallinity and enhanced ordering
of PTNT in the annealed filrs >’ which was also observed in annealed PTNT;B&
BHJ films (presented in Fig. S6b and c¢). The thémmaealing at 160 °C for 4 min did not
lead to blue-shifted onset or decrease of the hdpsbrbance of the PTNT:PB8M NP films,
revealing no thermal degradation of materials ia NP film during short-term thermal

annealing.

The PL spectra shown in Fig. 6¢c compare the quagobii PL signal in NP-chloroform and
NP-xylene water dispersion. A higher PL intensgyobserved for the NP-xylene dispersion
(Fig. 6¢), which was attributed to a higher degsedonor-acceptor material phase separation
within the NP$&* °° 8 suggesting that larger and/or purer polymer domaiready existed
post NP preparation. Similar to the result foundha PL of the aqueous dispersions, NP-
xylene film as spun (Fig. 6d) also shows lower Rieriching in the emission band of PTNT
compared to NP-chloroform film as spun, indicatihg difference in nanomorphology of the
NPs prepared from different solvents. However, ugf@rmal annealing a lower PL signal
was found in NP-xylene film compared to the anmald-chloroform film, indicating a
finer intermixed morphology was achieved. The iasein PL intensity of NP films after
annealing (Fig. 6d) indicates an increase in chysity of polymer domains or a higher
degree of phase separation, generated byBRC diffusion from amorphous PTNT-rich

domains, resulting in lower PL quenching of PTNTission upon annealint: *° It must be

15



noted that compared to the PL of PTNT pristine fiamnealed NP film shows high degree of
gquenched PL signal (Fig. S6d), indicating efficig@hioto-induced charge transfer between

PTNT and PGBM.%°

a b
1.0
w As spun As spun
...... Annealed at 160 °C i —— Annealed at 160 °C
08 7\.1\\
5 O
g 06l g
E k PEEN g
2
0.4
2 <
0.2
0.0 ; ‘ —— e 0.0 : : : e
300 400 500 600 700 800 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)
¢ d
—— NP-xylene as spun
80+ —— NP-xylene 300 P e NP-xylene annealed
______ NP-chlaroform = 4 % -=--- NP-chloroform as spun
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2 604 %
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C .
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c o
£ 40 ()
= X
©
y =
20 5
=z
0

550 600 650 700 750 800 R TR TR TR A
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Fig. 6. UV-vis absorption spectra of PTNT:P8M NP-chloroform film (a) and NP-xylene

film (b) as spun and thermally annealed at 1606CHmin. PL spectra of (c) NP-xylene and

NP-chloroform dispersions and (d) NP-xylene anddiroform films as spun and annealed

at 160 °C.
3.3-3-2 Photovoltaic characterizations

In order to test the photovoltaic properties of Nddar cells were fabricated and tested with
the active layer spin-coated from NP dispersioegented in Fig. S7) followed by annealing

at different temperatures. The device performanas found to be strongly dependant on the
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annealing temperature of the NP films (see Fig.Ta®le S2), with best performing devices
being the ones sintered at 160 °C which is in gagréement with the observations made in

the morphological studies with SEM and DMTA.

The device characteristics of solar cells fabridatéth NP-chloroform and NP-xylene films
annealed at 160 °C are listed in Table 1. NP-ofibom films after thermal annealing at
160 °C were found to result in solar cells with aximum PCE of 0.76%, asc of 2.60
mA/cn? and fill factor EF) of 32%. The PCE of these devices was furtheremsed up to
1.04% accompanied by slight increasddpto 2.84 mA/cr and a significant increase RF

to 43% upon post-annealing the complete devices6at°C. Thermal treatment after the
deposition of electrode is known to enhance théopmance of NP based solar célfs®
Although post-annealing at 160 °C resulted in ghgly higher PCE of 1.04% as compared to
the PCE of 0.98% when post-annealed at 140 °C,sthedard deviation in the device
characteristics in the case of devices post-andexl@60 °C was higher than that at 140 °C.
The increase in the standard deviation could besaltr of the uneven distribution of gross
phase separation happening during post-annealihglattemperature. The representative
V curves of NP-chloroform based devices with andheut post-annealing are shown in Fig.
7a. It must be noted that the open circuit volt@gs:) of these devices was found to be as
high as 0.90 V, which is comparable to their BHdirderparts processed from organic
solvents (see Table S%)* This suggests that the performance of PTNTiB® NP solar
cells is mainly limited by the lower current andvir FF, both of which can be highly
dependent on the NP film morphology and the natfréhe donor/acceptor interfaté.
Furthermore, compared to solution-processed BHat sell$°, the lower performance of NP
devices could be explained by the relatively isadapolymer and PEBM domains with
insufficient connection of fullerene-rich core, whiimpedes the charge separatfaas well

as increasing the possibility of non-geminate rewioatiorf°,
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OPVs fabricated from NP-xylene films thermally aaleel at 160 °C were found to have
higherJsc of 3.91 mA/cni and comparabl¥oc of 0.88 V, resulting in a PCE of 1.3%. Post-
annealing at 140 °C after the deposition of elerturther increased the PCE up to 1.65 %
with the highestlsc of 4.73 mA/cm, 0.89 V inVoc and 39 % inFF. Clearly, the higher
performance of the NP-xylene based devices as ammpa the NP-chloroform devices is
largely due to the higher current in these deviedsch is indicative of a relatively more
favourable donor-acceptor morphology of NP-xyleim fafter thermal annealing and is
consistent with the observation in the PL measunén¥éhe representativ®V curves of NP-
xylene based devices are presented in Fig. 7b.ri@ttguantum efficiency (EQE) of NP
device post-annealed at 140 °C was found to iner@aoth PTNT and PGBM photon
absorption range as compared to the non post-athdalices (Fig. 7c¢). This could possibly
be explained due to better exciton dissociatioreduced charge recombination resulted from
the phase separation between polymer and:BMC®* When a higher post-annealing
temperature (i.e. 160 °C) was applied to the de\acdecline in the mean value &fcwas
observed as well a¥oc compared to the device performance without posealing.
However, an improvement iIRF compensated the decreaselég andVoc, and resulted in
slightly improved efficiency, which is 1.33% on aage, compared to the values in device
without post-annealing. The EQE of NP-xylene bad®dce post-annealed at 160 °C showed
the contribution of photon harvesting property i€;fBM region (below 400 nm) was
increased compared to the contribution from PTNJiae (above 400 nm), which can be
revealed from the decline of EQE between 450 nG0® nm photon wavelength (Fig. 7c).
Considering 160 °C is approaching the crystallisatemperature of BgBM*°, the increase

in EQE in the wavelength below 400 nm could behaited to the crystallization appearing
in the pure P&BM domains, which also agrees with the storage nusdmcreasing beyond

160 °C (Fig. 5).
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Either with or without post-annealing, the NP salawvices fabricated frora-xylene batch
PTNT:PG1BM (1:2 weight ratio) NPs achieved high&c and efficiency compared to the
NP devices produced from NP-chloroform. Howeveereéhs no significant difference FF
andVoc between different batches of NPs as long as therg whermally treated in the same
way. The increase idscis attributed to a finer intermixed nanomorpholagyannealed NP-
xylene film, which is also suggested by the PL whealed NP films. The difference in the
morphology of NP active layer indicates that pasiparation of NPs, the internal
morphology of NPs was changed by altering the minision dispersed phase solvent from
chloroform too-xylene. The difference of the internal morpholdggtween NP-xylene and
NP-chloroform was revealed from the varied PL istgnobserved in different batches of NP

dispersions.

BHJ solar cells were also fabricated from PTNTBM (1:2 weight ratio) blends using
chloroform andb-xylene as the processing solvents, with the saewee geometry. The BHJ
devices gave highest PCE of 1.20% with chloroforrd 8.84% using-xylene (see Table
S3), due to the unfavourable film quality inducedthbe processing solvents. The NP-OPVs
based on aqueous NP-xylene achieved comparablevatiatic performance without using
any harmful solvent during the device fabricatitmugh the efficiency of PTNT:P¢BM

BHJ devices could be improved by altering the pssirey solvent and using additiv&®

Table 1 PTNT:PG:BM (1:2 weight ratio) NP device characteristics st devices for
varied post-annealing condition, with average ind#md deviations over 8 devices in

parentheses. (All the NP films were thermally amedat 160 °C before the deposition of

electrode.)
Active Annealing Jsc . ,
layer condition (mA/cm?) FF (%) Voc (V) PCE (%)
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No post- 2.60 32 0.90 0.76
annealing  (2.48+0.10) (33+2) (0.88+0.03) (0.73 +0.01)
NP- 140 °C post- 2.75 39 0.90 0.98
chloroform annealing (2.72+£0.10) (39+1) (0.88+0.01) (0.94 +0.02)
160 °C post- 2.84 43 0.86 1.04
annealing  (2.59+0.23) (42+1) (0.86+0.02) (0.93 +0.09)
No post- 4.00 36 0.89 1.30
annealing (3.91+£0.13) (36+1) (0.88+0.02) (1.24 +0.05)
NP-xviene 140 °C post- 4.73 39 0.89 1.65
y annealing  (4.58+0.13) (39+1) (0.87+0.02) (1.56 +0.06)
160 °C post- 4.15 42 0.86 1.51
annealing (3.76 £0.22) (42+1) (0.84+£0.02) (1.33+0.10)
a b 1
~ NP-chloroform /éﬁ o 1 NP-xylene /
E - Tagl
5] =
< S M
V% o222 1@ 3_-
E * —=— No post-annealing E —47-"—-:"—"'.—' No post-annealing
G -5- —=— 140 °C post-annealing S 5, aa="] —— 140 °C post-annealing
—— 160 °C post-annealing ] —~— 160 °C post-annealing

-0.2

0.0 0.2 0.4

0.6

0.8 1.0

T T T T
0.2 0.4 0.6 0.8

0.2 0.0 1.0
Voltage (V) Voltage (V)
C
204 NP-xylene

EQE (%)
3

No post-annealing
—— 140 °C post-annealing
—— 160 °C post-annealing

400 500 600
Wavelength (nm)

20

700



Fig. 7. Representative J-V curves of devices based on RagiNbroform and (b) NP-xylene
without post-annealing and post-annealed at diftetemperatures. (c) EQE of NP-xylene

devices without post-annealing and post-annealddfatent temperatures.

4. Conclusions

Water-dispersed NPs have been prepared from thegaied polymer PTNT for the first
time and non-chlorinated solverd;xylene, has been used in the miniemulsion metiood t
prepare photoactive NPs for the first time in the-QPV research. The NP solar devices
fabricated from aqueous PTNT:RBM nanoparticles using-xylene as the miniemulsion
dispersed phase solvent achieved higher PCE of%d.&8ter optimal thermal-annealing
conditions were applied to both the NP layer anel ¢tbmplete device, compared to the
chloroform batch counterparts. By introducioigylene as the miniemulsion dispersed phase
solvent to prepare nanoparticles, a water dispenmsimimized the amount of organic solvent
required in device fabrication and eliminated thikzation of harmful chlorinated solvents in
the solar cell ink preparation. The study of PTNJz{BM NPs can potentially be beneficial
for the up-scaling of OPV fabrication in future. rthermore, the preparation procedure
presented opens the possibility of using other renment-friendly solvents to achieve

agueous NPs for OPVs.
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Water-dispersed PTNT:PC;:BM NPs prepared using a non-chlorinated solvent, o-xylene.
Using o-xylene leads to higher photovoltaic performance compared to using chloroform.
DMTA probes morphological change of NP film as afunction of annealing temperature.

Thermal annealing to the compl ete device improves the device performance.





