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Abstract

Organic donor:acceptor semiconductor nanoparticles (NPs) formed through the miniemul-
sion method have been shown to be active photocatalysts. Here we report photocatalytic
hydrogen (Hs) evolution under sacrificial conditions with Pt as a co-catalyst by NPs com-
prising only the non-fullerene acceptor Y6, stabilized by either sodium dodecyl sulfate
(SDS) or the thiophene-containing surfactant 2-(3-thienyl)ethyloxybutylsulfonate sodium
salt (TEBS). Typically, changes in the photocatalytic activity of donor:acceptor NPs are
associated with differences in morphology due to the use of surfactants. However, as these
NPs are single-component, their photocatalytic activity has a significantly lower dependence
on morphology than two-component donor:acceptor NPs. Results from ultrafast transient
absorption spectroscopy show a minor difference between the photophysics of the TEBS-
and SDS-stabilized Y6 NPs, with free charges present with either surfactant. The similar
photophysics suggest that both TEBS- and SDS-stabilized Y6 NPs would be expected to
have similar rates of Hy evolution. However, the results from photocatalysis show that Y6
NPs stabilized by TEBS have a Hy evolution rate 21 times higher than that of the SDS-
stabilized NPs under broadband solar-like illumination (400-900 nm). Transmission electron
microscopy images of the Y6 NPs show effective photodeposition of Pt on the surface of the
TEBS-stabilized NPs. In contrast, photodeposition of Pt is inhibited when SDS is used.
Furthermore, the zeta potential of the NPs is higher in magnitude when SDS is present.
Hence, we hypothesize that SDS forms a dense, insulating layer on the NP surface which
hinders the photodeposition of Pt and reduces the rate of Hy evolution. This insulating
effect is absent for TEBS-stabilized Y6 NPs, allowing a high rate of Hy evolution. The
TEBS-stabilized Y6 NPs have a Hy evolution rate higher than most single-component or-
ganic photocatalysts, signaling the potential use of the Y-series acceptors for Hy evolution

in Z-scheme photocatalysis.



Introduction

Hydrogen (Hs) as a renewable fuel source is attracting significant attention, with many coun-
tries investing in Hy technology as a means to reach net zero carbon emission targets.' The
current methods of producing Hy are either non-renewable, in the case of steam methane
reforming, or expensive to implement, in the case of photovoltaic (PV) electrolysis.*® These
limitations have led to the popularization of Hy evolution via particulate photocatalysis. Pho-
tocatalysis offers significant cost reductions by integrating solar light-to-charge generation
with water electrolysis, resulting in an aqueous suspension of photocatalytic nanoparticles
(NPs) that absorbs light, generates charges, and drives water splitting in a single particulate
system. %7 Although NP photocatalysts offer the highest degree of integration of solar light
harvesting and Hy evolution, many photocatalysts are unable to function in the absence of a
co-catalyst, which is typically deposited on the NP surface.” The dependence on co-catalysts
is largely due to the recombination of free electrons and holes in the NP bulk before they can
participate in reduction and oxidation reactions. Co-catalysts, which are often noble met-
als, suppress this charge recombination by offering a surface site for charges to accumulate,
providing physical separation between free electrons and holes.®

Many of the highest performing photocatalysts currently used for Hy evolution are com-
prised of inorganic materials. Most inorganic materials only absorb UV light, limiting their
efficiency under solar illumination to ~2 %.° Organic materials have the potential to improve
on this efficiency limit due to their capacity to absorb and utilize visible light. Recently, or-
ganic donor:acceptor NPs have demonstrated high rates of Hy evolution under visible light
illumination. !*!2 Unfortunately, although this extended light absorption increases the num-
ber of absorbed photons, it can often lead to the loss of sufficient driving force for either
the reduction of H" or oxidation of water.® All donor:acceptor blends reported so far lack
the required electrochemical potentials to achieve oxidation of water. Therefore, a sacrificial
electron donor such as ascorbic acid has been used to study Hs evolution in donor:acceptor

NPs (Figure 1a).



A method of increasing visible light absorption while retaining a driving force for wa-
ter splitting is Z-scheme photocatalysis.'® Z-scheme photocatalysts use two catalysts, a
hydrogen-evolving photocatalyst (HEP) and an oxygen-evolving photocatalyst (OEP), tar-
geting the reduction of H" and the oxidation of H,O, respectively. The two catalysts are
coupled physically by a conductive medium that allows electrons to flow from the OEP to
the HEP, restoring charge neutrality in both materials. Since organic materials are largely
unable to facilitate HoO oxidation, but have high rates of Hy evolution, they have been iden-
tified as possible HEPs for Z-scheme photocatalysts.!*!4 However, organic photocatalysts
generally have a lower efficiency than inorganic photocatalysts.”'® Hence, further optimiza-
tion of organic materials is required if they are to be used in Z-scheme photocatalysts, and
it is critical to understand the factors that limit and enhance their photocatalytic activity.
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Figure 1: (a) Schematic of Hy evolution by a single-component NP under sacrificial con-
ditions. H, is evolved by reduction of H, facilitated by a Pt NP co-catalyst. In the
oxidation pathway, sacrificial reagent ascorbic acid (AA) is oxidized to dehydroascorbic
acid (DHA), producing H*. Chemical structures of (b) Y6, and (c) surfactants 2-(3-
thienyl)ethyloxybutylsulfonate sodium salt (TEBS) and sodium dodecyl sulfate (SDS).

The formation of organic donor:acceptor blend NPs is often achieved through the miniemul-
sion method, in which a surfactant is used to stabilize the NP dispersion in an aqueous
medium. ' In some high-performing donor:acceptor systems, changes in performance have
been attributed to differences in morphology arising from the use of different surfactants.!!

Previously, studies have shown that the commonly used surfactant SDS typically produces



NPs in which the donor and acceptor adopt a core—shell morphology, in which one compo-
nent forms a shell around a core of the other component.!” The use of the relatively new
thiophene-containing surfactant TEBS has been shown to produce NPs with an intermixed
morphology, in which donor and acceptor domains are small and evenly dispersed throughout
the NP. 11218 NPg with intermixed morphologies are expected to have higher photocatalytic
activity than those with core—shell morphologies for two reasons. First, for both the oxi-
dation and reduction reactions to occur, surface sites of both the donor and the acceptor
must be available to facilitate both reactions. Second, an intermixed morphology provides
a greater donor—acceptor interface area, increasing the efficiency of free charge generation.
So far, research on organic NP preparation using different surfactants has been focused on
the effect that the surfactant has on the morphology of the NP. However, there has been
less work on the effect of different surfactants on the surface reactions that are critical to
photocatalysis.

This article presents an investigation into how two surfactants affect photocatalytic H,
evolution in the absence of differences associated with core-shell or intermixed morphologies.
We produced NPs comprised of small-molecule organic semiconductor Y6 (Figure 1b) using
the miniemulsion method, stabilized by either TEBS or SDS (Figure 1c). The Y6 molecule
is part of a class of organic semiconductors known as non-fullerene acceptors (NFAs).19:20
NFAs have pushed the limits of efficiency in organic PV cells, with Y6 itself demonstrating
a unique packing structure and the ability to generate long-lived free charges in donor:Y6
thin films.?" 25 Y6 also has an exceptionally low exciton binding energy (< 0.15eV?%), and
has been shown to generate free charges even in the absence of an electron donor.?%2” Addi-
tionally, Y6 has a electron affinity of —4.10eV relative to the vacuum potential, appropriate
for the reduction of H" to Hy (Figure S1).2® Hence, Y6 NPs have significant potential for
photocatalytic Hy evolution. Indeed, Y6 NPs formed by the miniemulsion method using
TEBS have been shown to evolve Hy under sacrificial conditions.!'? In itself, this observa-

tion is somewhat unusual as high photocatalytic performance from single-component small-



molecule organic NPs is rarely demonstrated.

Here, we found that under sacrificial conditions with a Pt co-catalyst, TEBS-stabilized
Y6 NPs evolve H, at a rate of 4200 & 400 pmol h~! g¢=t. This H, evolution rate is higher than
most donor—acceptor co-polymer NPs.” Interestingly, we also observed that TEBS-stabilized
Y6 NPs evolve Hy at a rate 21 times higher than SDS-stabilized Y6 NPs. To rationalize the
difference in rate, we observed by transmission electron microscopy (TEM) that SDS inhibits
the photodeposition of the Pt co-catalyst on the NP surface. Additionally, we found that
the zeta potential is higher in magnitude in the NPs stabilized with SDS compared to those
stabilized with TEBS. This increase in zeta potential magnitude indicate that the surface
charge density of the NPs is higher when SDS is used. Hence, we propose that SDS may form
a denser layer of surfactant on the NP surface than TEBS, potentially hindering Pt photode-
position. Finally, using ultrafast transient absorption (TA) spectroscopy we confirmed that
there is a minor difference in the photophysics of the NPs prepared with the two surfactants;
in particular, free charges are formed in both SDS-stabilized and TEBS-stabilized Y6 NPs.
Hence, the overall results show that the low Hy evolution rates of the SDS-stabilized NPs
are likely due to SDS forming a dense, insulating layer on the NPs surface, which prevents
effective photodeposition of the Pt co-catalyst and hence reduces the Hy evolution rate. This
result indicates that the detrimental effects of SDS in donor:acceptor systems, in addition
to the previously noted promotion unfavorable core-shell morphologies, may be due SDS
inhibiting the photodeposition of co-catalysts. Furthermore, we demonstrate that the use of

TEBS as an alternative surfactant to SDS is beneficial even in single-component NP systems.



Experimental

Materials

Y6 (also known as BTP-4F) was purchased from Ossila and used without further purifica-
tion. TEBS and SDS were purchased from Solaris and Chem Supply respectively. Chloroform
(CHCl3) was purchased through Chem Supply. Water used was purified with an 18 MQ Mil-
lipore Milli-Q) reagent water system with a 0.45 pm filter. Photodeposition of platinum was
achieved using chloroplatanic acid hexahydrate (KoPtClg), purchased from Sigma Aldrich
(CAS no. 97-13-7), with sacrificial reagent L-ascorbic acid (99%) purchased from Chem

Supply.

Nanoparticle Preparation

The organic material Y6 (3mg) was added to 1.0 mL of CHCl;. An aqueous surfactant so-
lution was prepared by adding desired surfactant (33 mg) to 2.4 mL of water. Both solutions
were dissolved by stirring (500 rpm) at a constant temperature of 30°C for approximately
20h. The aqueous and organic solutions were then combined to form a macro-emulsion
through stirring (1200 rpm) for 1h at 60°C. A miniemulsion was formed through ultrason-
ication of the mixture with amplitude set to 30 % for three 1-minute intervals, cooling the
solution in an ice bath for ~20s between each interval. All miniemulsions were produced
using a Vibra-Cell ultrasonic processor VCX 750 with stepped probe (tip size 1/8"). After
ultrasonication, the miniemulsions were immediately transferred to a heating block where
CHCl3 was removed through evaporation at 60°C for 3h, stirring at 1200rpm. An addi-
tion of 1 mL of water after 1.5h countered any excess concentration of the NPs during the
solvent removal. Excess surfactant was removed through centrifugal dialysis, first for 7 min
at 4000 rpm, and then decreased to 6 min at 4000 rpm. The number of 6-minute dialysis
cycles varied with surfactant; TEBS samples required only a single 6-minute cycle, while

SDS samples required six 6-minute cycles.



Dynamic Light Scattering and Zeta Potential

All dynamic light scattering (DLS) and zeta potential measurements were conducted using
a Malvern Instruments ZetaSizer Nano S, using a wavelength of 633nm at a power output
of 10mW, with backscattering angle of 173°. For DLS, samples were diluted to 20 ppm
and loaded into disposable plastic cuvettes, with a path length of 1cm. For zeta poten-
tial measurements, 20 ppm NP suspensions were loaded in disposable folded capillary cells
(DTS1070), with cells having been flushed prior with methanol followed by Milli-QQ water to

facilitate wetting.

Steady-State Spectroscopy

Steady-state UV-visible absorption spectra were obtained using a Cary 1E UV-visible spec-

trophotometer in a 2-mm path length quartz cuvette (Starna cells, 21-Q-2).

Transmission Electron Microscopy

An FEI Tecnai G2 Spirit with an accelerating voltage of 120kV was used to collect TEM
images. To prepare samples for TEM, a small drop of NP suspension (30 ppm) was deposited
onto a continuous carbon/formvar grid and allowed to evaporate to dryness (~1h). The
grids were cleaned prior to deposition with a GATAN Solarus 950 Advanced Plasma Cleaner

(oxygen/hydrogen plasma, 10 W) for 15s.

Photodeposition of Platinum Co-Catalyst and

Photocatalytic Hy Evolution

Photocatalytic evolution of Hy by Y6 NPs was achieved using the sacrificial electron donor
ascorbic acid, and platinum (2wt%) as a co-catalyst. A suspension of NPs (0.225mg) in
water (3mL) with sacrificial reagent ascorbic acid (0.2M) and KyPtClg solution (8.6 pL,

1.33mg/mL) was added to a liquid batch reactor (13 mL volume, 1.77 cm? top-down illumi-



nation area, diagram shown in Supporting Information, Figure S4). Overhead illumination
of sample by a Xe arc lamp (300 W, Stryker X6000, spectrum in Figure S6) at solar intensity
(100mW /cm?), facilitated in-situ photodeposition of Pt and Hy evolution. Prior to each re-
action, air was evacuated and replaced with argon gas at atmospheric pressure. The reaction
was stirred continuously, and 500 pLL was sampled hourly with 400 nL. externally injected into

a gas chromatograph (Agilent 7890B GC, Argon carrier gas).
Quantum Efficiency Measurements
The external quantum efficiency (EQE) was determined through

2 nH2

EQE (%) = = x 100% (1)

where ny, is the number of moles of Hy produced per hour and I is the number of incident
photons over a 1-hour period, with the factor of 2 accounting for the number of electrons
required to produce one molecule of Hy. Note that when the sample absorbs the majority of
the incident light, the EQE is equivalent to the apparent quantum yield (AQY).? Aqueous
NP suspension, KoPtClg solution, and ascorbic acid were added to the liquid batch reactor
as previously described. Overhead illumination of the sample by a Xe arc lamp (300 W,
Stryker X6000) at solar intensity (100 mW /cm?), facilitated in-situ photodeposition of Pt
for 3h. After 3h, the reactor was purged and the internal gas was replaced with argon at
atmospheric pressure. The internal gas was then sampled to determine the level of residual
Hy. To calculate the EQE, the hydrogen production was measured for a further 4h un-
der illumination by 780nm light generated by a Thorlabs LED (M780L3) at 6.1 mW /cm?.

Incident photon calculations are given in the Supporting Information, Section S4.



Transient Absorption Spectroscopy

Time-resolved absorption experiments were performed using a home-built TA spectrometer.
Pump pulses at 808 nm with a ~230fs instrument response function were generated using
an optical parametric amplifier pumped with a 1030 nm pulsed laser with a repetition rate
of 5kHz (Light Conversion, Pharos). The probe was generated by focusing the 1030 nm
output onto a 12.5mm sapphire. The pump and probe were polarised at the magic angle
(54.7°) relative to each other. Spot sizes (full-width-at-half-maximum) were 93 9 pm for
the probe and 510+ 20pm for the pump. The signal was detected with a spectrograph
(Newport, 77400) and camera (Andor, Zyla sCMOS). TA measurements were taken with
samples at 30 ppm in 2-mm path-length quartz cuvettes (Starna Cells, 21-Q-2) and samples
were stirred continuously during the experiment. Minimal photo-degradation was observed
for all samples. Savitzky-Golay filtering® was applied to smooth the data, with a polynomial
order of two.

To prepare platinized Y6 NP for TA, TEBS-stabilized Y6 NP (0.315mg in 4.2mL) and
aqueous KyPtClg solution (12 pL, 1.33 mg/mL) were added to the liquid batch reactor and
platinized for 3 h under white-light illumination as described in the photocatalysis methods.
To prepared platinized NP with ascorbic acid, ascorbic acid (0.2 M) was also added to the
liquid batch reactor before the platinization. After platinization, the NPs were diluted to
30 ppm for TA experiments. In the Supporting Information, it is shown that the presence or
absence of ascorbic acid during the 3h illumination under white light had minimal impact
on the platinization (Figure S3) and the subsequent Hy evolution rate under 780 nm light

(Figure S5).
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Results and Discussion

Nanoparticle Characterization

The UV-visible absorption spectra of Y6 NPs prepared with either SDS or TEBS (Fig-
ure 2) show broad absorption from 600-850 nm, with three peaks. In chloroform solution,
time-dependent density functional theory has been used to assign the lowest-energy peak
(~815nm) and a shoulder at ~730 nm to the vibronic progression of the S — S; transition
and the 670 nm peak to the Sy — S, transition.?!32 In these NPs, the three peaks appear ap-
proximately in the same location as the corresponding peaks in Y6 films,?! with a significant
change in relative peak heights which results in a very broad, near-uniform absorption be-
tween 650 nm and 820 nm. The choice of surfactant has a negligible effect on the absorbance
of the NPs, with the only difference being a slightly lower amplitude of the ~820 nm peak
for the SDS-stabilized NPs. The broad absorption profile has been observed previously in
Y6 NPs prepared by re-precipitation.®® In comparison, the spectra in Figure 2 have a lower

relative amplitude of the 820 nm peak, likely due to the difference in preparation method.
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Figure 2: Normalized UV-visible absorption of Y6 NPs stabilized with SDS or TEBS.

DLS was used to measure the Z-average diameter and polydispersity index (PDI) of
the Y6 NPs. The NPs had a Z-average diameter of 78.3 £+ 0.5nm and 48.5 £+ 0.3nm for

TEBS- and SDS-stabilized NPs, respectively. Full intensity distributions can be found in
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the Supporting Information, Figure S2. The NPs prepared with SDS were somewhat more

polydisperse than those prepared with TEBS.

Table 1: Z-average diameter (Dz) and PDI of Y6 NPs.

Sample Dz (nm) | PDI
Y6 NPs TEBS | 78.3 &£ 0.5 | 0.235
Y6 NPs SDS | 48.5 + 0.3 | 0.302

Photocatalytic Hydrogen Evolution

Recent developments in photocatalytic Hy evolution by organic donor:acceptor blends have
involved polymeric donors paired with NFAs. Y6 is a small-molecule NFA which has been
shown to achieve high efficiency in organic PV cells,? and has also demonstrated the ability
to evolve Hs in the presence of sacrificial electron donor ascorbic acid.'? Work by Kosco
et al. demonstrated Hy evolution from Y6 NPs formed through the miniemulsion method
with TEBS as a stabilizing surfactant.!? Here we compare Y6 NPs prepared with both TEBS
and SDS surfactants and find a 21-fold difference in the rate of Hy evolution.

Figure 3a shows the Hy evolved over time by Y6 NPs stabilized with TEBS and SDS,
with TEBS-stabilized Y6 NPs having a Hy evolution rate of 4200 4= 400 pmolh~! g=!. This
rate is ~1.5 times lower than the rate reported by Kosco et al. for TEBS-stabilized Y6 NPs.
A lower rate is expected here as a lower Pt loading was used in this work (2% compared
to 10 %).'? NPs stabilized with TEBS achieved an EQE of 0.054 4+ 0.001 % under 780 nm
illumination (Figure 3b—c). In contrast to TEBS-stabilized Y6 NPs, Y6 NPs stabilized with
SDS had a significantly lower H, evolution rate of 110 4= 20 pmol h~! ¢g=1. NPs stabilized with
SDS produced insufficient Hy under 780 nm illumination for detection by gas chromatogra-
phy. Samples of both TEBS- and SDS-stabilized Y6 NPs at the concentration used for Hy
evolution showed an absorbance above 1 in a 1-cm path length cuvette. The path length was
increased to 2.3 cm within the liquid batch reactor, which further increased the absorbance.

Due to this high light absorbance, both samples absorbed the majority of incident light.
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Therefore, the EQE can be treated as an AQY.?°
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Figure 3: (a) Average Hy evolution by Y6 NPs (0.225mg) stabilized by SDS or TEBS under
broadband illumination by 300 W Xe arc lamp (100 mW /cm?) with ascorbic acid (0.2 M)
as sacrificial electron donor and Pt co-catalyst (2% by mass). (b) Hay evolution by TEBS-
stabilized Y6 NPs under 780 nm illumination at intensity of 6.1 mW /cm?; SDS-stabilized
NPs produced no measurable Hy under same conditions. (c¢) EQE of 0.054 £ 0.001 % for
TEBS-stabilized Y6 at 780 nm, overlaid on the absorption spectrum of the NPs.

13



The rate of Hy evolution and EQE exhibited by the TEBS-stabilized Y6 NPs is signifi-
cantly lower than that of organic donor:NFA systems.!*'? However, this decrease in perfor-
mance for a single-component system is expected due to the loss of the bulk heterojunction
structure, which provides a driving force for the separation of electrons and holes. The
photocatalytic performance of Y6 NPs is more appropriately compared to the performance
of single-component donor-acceptor co-polymer NPs. Contrasting the TEBS-stabilized Y6
NPs to donor—acceptor co-polymers with similar weight loading of Pt co-catalyst, Y6 exhibits
a relatively low EQE but a rate of Hy evolution higher than most. %34 This low EQE is
likely due to the single-component nature of the NPs, in which there is a lower driving force
for charge separation when compared to a donor:acceptor heterojunction. In Y6 films, most

242735 indicating that the formation and

excited states are lost within ~100 ps of excitation,,
persistence of free charges may be limited by exciton—exciton and charge recombination in
the NP bulk. Y6 NPs have similarly short excited-state lifetimes, which are further dis-
cussed later in this article. However, despite the low EQE, Y6 NPs maintain a high rate of
Hy evolution per mass due to the strong and broad absorption of the NPs across the visible
spectrum and particularly towards the near-infrared.

Figure 3 shows that the difference in Hy evolution displayed by Y6 when stabilized by
SDS or TEBS is significant. To understand the reason for such a significant difference in
Hy evolution between Y6 NPs stabilized by TEBS and SDS, we considered how Y6 NPs are
able to evolve Hy. Studies of Y6, both on its own and in donor:Y6 blends, have suggested

that the unique packing of the material allows Y6 excitons to partially?* or fully 2627

sepa-
rate into free charges within Y6 domains, as well as at donor-Y6 interfacial sites. During
photocatalysis, the generation of separated charges should allow the material to form surface
deposits of Pt, through reduction of Pt cations by free electrons at the surface of the NP. The
presence and quantity of Pt deposits is a large factor in photocatalytic performance. Each
Pt deposit provides a surface site which is stable in a lower oxidation state, and promotes

the physical separation of free electrons from holes, which reduces charge recombination. 3¢

14



As the Pt co-catalyst is loaded through photodeposition, we can indirectly observe the rate
of Pt deposition, as the rate of Hy evolution exhibits a more exponential dependence on time
while Pt is depositing, transitioning to a linear dependence once deposition is complete. Fig-
ure 3 shows that Hy evolution by Y6 NPs stabilized by TEBS reaches the linear regime after
~3 hours, while SDS-stabilized NPs achieve linearity after ~5 hours. The additional time
required to complete Pt photodeposition could be an indication of charge trapping at the
NP surface in the SDS-stabilized NPs, or other surface effects lowering the ability of charges
to facilitate reduction of Pt cations. To clarify any differences in Pt deposition between NPs

formed with SDS or TEBS, the NPs were imaged by TEM.

Platinization of Y6 Nanoparticles

As discussed above, effective deposition of the Pt co-catalyst on the NP surface is critical
for photocatalytic performance.?” Pt deposits should be small to give a high surface-area-to-
volume ratio, and distributed across the NP surface. If the NP has multiple components, then
the Pt deposits should be located on the component that carries the free electron following
exciton separation. Photocatalytic Hy evolution is known to follow a volcano-type trend as
the Pt loading is increased, with evolution rates initially increasing as charge recombination
is suppressed, then decreasing as excessive Pt on the surface shields the NP from incident
light absorption.3® Pt photodeposition occurs through the reduction of Pt cations at the NP
surface by donation of electrons from the semiconductor NP.3” Hence, Pt deposition can be
influenced by both the photophysics and the morphology of the NP.

We used TEM to image the NPs as prepared and after an 8 h photocatalysis experiment
with 2% Pt loading in the presence of sacrificial electron donor ascorbic acid (Figure 4).
Due to the high electron density of Pt deposits compared to the Y6 NPs, the Pt deposits
appear as small dark features on the surface and edges of the NPs. When the NPs are
stabilized with TEBS, after photocatalysis the NPs are clearly covered in a disperse layer of

small Pt deposits which appear to be distributed randomly across the NP surface (Figure
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4c). However, when SDS is used, the density of Pt deposits is greatly reduced, with only a
few Pt deposits found on each NP (Figure 4d). Poor Pt deposition inhibits the evolution
of Hy by the SDS-stabilized NPs, as shown in Figure 3a. This poor deposition may be due
to the difference in the two surfactants, for example if SDS packs on the surface of the NP
in such as way that it hinders the ability of Pt cations to reach the surface for deposition.
To investigate the packing of the surfactants on the NP surface, we used zeta potential
measurements to compare the surface charge density of the SDS- and TEBS-stabilized NPs.

TEBS SDS

Before photocatalysis

After photocatalysis

Figure 4: TEM images of Y6 NPs prepared with TEBS and SDS (a)—(b) before and (c)-
(d) after photodeposition of Pt and photocatalysis. The scale is consistent between all four
panels and the scale bar is given in the lower left corner of panel (c¢). Small nm-scale deposits
of the Pt co-catalyst on the Y6 NP surface are visible as small dark spots in panels (c) and

().

Zeta Potential

The low photocatalytic activity exhibited by SDS-stabilized Y6 NPs was further investigated
by measuring the zeta potential (¢) of both TEBS- and SDS-stabilized NPs. We found that

16



the zeta potential of SDS-stabilized Y6 NPs is —57 & 4mV, 1.4 times larger in magnitude
than the zeta potential of TEBS-stabilized Y6 NPs (( = —40 +£ 1mV). Under the assumption
that the similar preparation methods for the two NPs suspensions result in similar solvent
ionic strength, the difference in zeta potential is then equivalent to the difference in surface
charge density of the Y6 NPs. For this difference in surface charge density to represent
the difference in density of surfactant present over the surface of Y6 NPs, the extent of
dissociation of the head groups of SDS and TEBS would have to be similar. Given that
the zeta potential was measured in NP suspensions with a pH of 7, for this comparison to
be accurate the pK, of the acid equivalents of both surfactants would need to be similar,
or sufficiently lower than 7 such that complete dissociation of both surfactants could be
assumed. The pK, of the acid equivalent of SDS, dodecyl sulfuric acid, is 5.82.3® TEBS is a
relatively novel surfactant, and hence the pK, for its equivalent sulfonic acid is not known.
However, sulfonic acids typically have lower pK, values than their sulfuric acid counterparts.
Therefore, the sulfonic acid equivalent of TEBS likely to have a pK, value similar to other
sulfonic acids (=3 < pK, < 3%). Interestingly, during photocatalysis when ascorbic acid
was present, highly acidic conditions were expected to result in a greater dissociation of
TEBS than SDS due to the lower expected pK, of the sulfonic acid. Hence, the use of TEBS
potentially results in increased colloidal stability in acidic conditions.

As the equivalent acids for SDS and TEBS have pK, values lower than the pH of the
solvent, we assume both surfactants are essentially completely dissociated. Hence, the dif-
ference in surface charge density should be a good approximation of the difference in density
of surfactant over the NP surface. The finding that Y6 NPs stabilized with SDS have a
higher surface charge density than those stabilized with TEBS indicates a higher density of
surfactant on the surface of the SDS-stabilized NPs. This result is consistent with the work
by Cho et al.,*® who found that polymer NPs stabilized with SDS had a high surface charge
density and concluded that SDS likely formed a dense outer layer over the NP.4? Our results

follow the same trend, and lead to a similar conclusion: SDS likely forms a denser outer
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layer over the NP than TEBS does, leading to an insulating effect over the surface of the
SDS-stabilized NPs. To verify that this denser outer layer of SDS is the cause of decreased
Pt deposition and hence photocatalytic activity, the photophysics of both NP suspensions

were investigated using ultrafast TA spectroscopy.

Transient Absorption Spectroscopy

In the discussion above, we have shown that Y6 NPs stabilized with SDS have inferior Hy
evolution rates and poor Pt deposition compared to those stabilized with TEBS. Additionally,
the surface charge density of Y6 NPs with the two surfactants indicates that the density of
surfactant on the NP surface is higher when the NPs are stabilized with SDS. The increase
in surface charge density when SDS is used suggests that the poor platinization and hence
poor Hs evolution rates may be due to SDS forming an insulating layer over the surface
of the NPs and inhibiting Pt cations from reaching the surface and being reduced to Pt
metal. However, there remains the possibility that in the SDS-stabilized NPs free charges
are generated inefficiently, or are unable to effectively diffuse to the NP surface. To determine
if there is any difference in the photophysics of the NP stabilized with SDS and TEBS, we
used ultrafast TA spectroscopy to track the absorption of transient excited states on the
picosecond—nanosecond timescale.

The photophysics of neat Y6 is known to be relatively complex. In Y6 films, the formation
of long-lived triplets has been observed, which is characterized by a strong absorption around
1400 nm. #:3%4! Triplets can be formed by both intersystem crossing and by singlet fission,
where a highly excited singlet combines with a neighboring ground-state molecule to form
two triplets.*? Additionally, the initially excited Y6 singlet state has been observed to convert
rapidly to a charge-transfer-like state, which is thought to be an intermediate to hole transfer
in donor:Y6 blends.?**3 Finally, in a number of dimer configurations the binding energy of
Y6 excitons has been calculated to be very low (< 0.15e¢V?%), and free charge formation

has been demonstrated in which in neat Y6 films.?52” There are few studies on whether
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these species are also formed in Y6 NPs, which are likely to have morphological and hence
photophysical differences compared to Y6 films.

We first assigned the TA data of Y6 NPs stabilized with TEBS (Figure 5). At <1 ps, the
TA data (Figure 5a) have a strong ground-state bleach (GSB) signal from 620-880 nm, in the
same region as the steady-state absorption of Y6 (Figure 2). However, there is a mismatch
between the spectral shape of the GSB and steady-state absorption, where the steady-state
absorption in this region is relatively broad and uniform, while the GSB is weaker than
expected from 720 to 800 nm. This spectral feature is the result of a (positive) excited-state
absorption (ESA) that overlaps with the negative GSB in this region. Additional ESA signals
are observed in the <600 nm and >880 nm regions. Initially, Y6 is excited to the first singlet
state by the 808 nm pump, and hence the spectral shape at <1 ps, which is characterized
by an ESA peaking at ~915nm, is assigned to the TA of S;. By normalizing the data to
the GSB feature around 850 nm (Figure 5b), we show that the TA undergoes a continuous
change in spectral shape over 4ns. This shape change indicates that species other than the
initially excited S; state are formed in these NPs and continue to evolve over 4 ns.

The shape change appears to occur in two stages. First, over the first 100 ps, the inten-
sity of the GSB peak around 680 nm decreases relative to that of the 850 nm GSB peak, and
at 780 nm the signal becomes less negative and approaches zero. The ESA at <600nm is
red-shifted, and the prominent singlet absorption at 915nm is lost. Critically, the increase
in the 780 nm signal appears in the same place as the known absorption of the Y6 anion in
films.?? Hence, we assign this shape change to the formation of free polarons in the Y6 NPs.
The second stage of spectral change occurs on the nanosecond timescale, when the TA data
has low amplitude and most excited species have returned to the ground state. This shape
change is characterized primarily by a decrease in the signal at 780nm and an increase
in the >900nm ESA, particularly towards 1000 nm. This decrease of the 780nm feature
along with the decay of the spectrum overall is assigned to the decay of free polarons, likely

though charge recombination. The decay of free polarons leaves behind a small population
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of a residual species, which we assign to triplets, which may be formed through intersystem
crossing, singlet fission, or non-geminate charge recombination.?3?7354! Under excitation at
800 nm, triplet formation in Y6 has been reported to occur through singlet—singlet annihila-
tion, forming a highly-excited singlet state which subsequently undergoes singlet fission by
interacting with a ground-state molecular to form two triplets.® Alternatively, Price et al.
attributed the formation of triplets to non-geminate charge recombination.?” Triplet forma-
tion by singlet fission or charge recombination is feasible at this power as the TA kinetics
remain power-dependent (Figure S7), indicating that bi-molecular annihilation processes are
present.

Figure 5c shows the evolution of the TA data for Y6 NPs stabilized with TEBS at selected
wavelengths over time. Due to the significant spectral overlap between the absorption of
various excited-state species in this system and the GSB, finding wavelengths that represents
the kinetics of single species is challenging. Here, we have used the GSB signal at 655 nm to
approximate the decay of all excited-state species in the system, as this signal appears to have
the lowest overlap with the ESA from 680-800nm. This signal decays rapidly, with most
excited states lost within 100 fs of excitation. To represent the decay of the initially excited
singlet, we have used the ESA at 895nm, as this wavelength contains the minimal amount
of interference from the ESAs assigned to polarons and triplets at >900nm. This singlet
signal also decays rapidly, but it decays somewhat faster than the GSB signal, indicating
that while most singlet states decay rapidly to the ground state, a small population of
singlets is converted to triplets and free polarons. Finally, we have used the known Y6
anion absorption at 790 nm to represent the formation of free polarons. This signal has a
strong contribution from the overlapping GSB in this region and hence also decays rapidly.
However, by comparing the kinetics at 790 nm to those at 655 nm, we find that the 790 nm
signal decays faster than the GSB at 655 nm. This accelerated decay is due to the increasingly
positive component of the signal corresponding to the formation of Y6 anions. The lifetime

of the free polarons observed in these Y6 NPs is on the sub-nanosecond scale. This lifetime
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is rather short for free polarons; in PM6:Y6 blend NPs, free polarons are known to live for
up to 50 ps.'? However, this short lifetime is expected as these NPs are single-component
systems, and they lack the bulk heterojunction structure which helps to suppress electron—
hole recombination by separating holes and electrons into donor and acceptor domains,
respectively.

It has been shown that TA spectroscopy of platinized organic semiconductor NPs in the
presence and absence of ascorbic acid can be used to demonstrate transfer of electrons to
Pt and quenching of the remaining holes by ascorbic acid.'? We performed TA spectroscopy
on TEBS-stabilized Y6 NPs platinized with and without ascorbic acid (Figure S10). We
observed a slightly faster decay of the kinetics at 655 nm, 790 nm, and 895 nm at times <10 ps
when the NPs are platinized compared to as-prepared NPs However, the spectral shapes of
the platinized NPs at these times are similar to the as-prepared NPs, indicating that the
presence of Pt has a minor impact on distribution of species in the system. Therefore, the
transfer of electrons to Pt and quenching of holes by ascorbic acid must either occur on a
longer timescale than the 8ns available here, or result in a change in the TA data that is
unresolvable at this noise level. The EQE of this system is <0.1 %, indicating that only a
very small proportional of Y6 excitations result in transfer of an electron to Pt. This small
change in excited-state populations may be within the noise of our TA data.

To determine the effect of the surfactant on the photophysics, we compared the TA data
for Y6 NPs prepared with SDS and TEBS. At early times, the spectral shape of TA data for
NPs stabilized with SDS (Figure S11) is similar to that of the NPs stabilized with TEBS,
and over time similar spectral shape changes are present in the data for both surfactants.
Hence, the choice of surfactant has a negligible influence on the excited-state species of
Y6 NPs. Furthermore, the kinetics at the three wavelengths described above are shown in
Figure 5c. In the SDS-stabilized NPs, the ground state and singlet excited state are slightly
longer lived than in the TEBS-stabilized NPs, particularly at intermediate times (10ps to

1ns). Additionally, the polaron ESA at 790 nm is more pronounced, increasing faster than
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the same signal in the TEBS-stabilized NPs and becoming positive from 100ps. These
observations appear to indicate that, in the SDS-stabilized NPs, free polaron formation is
more favorable than in the TEBS-stabilized NPs. Although free polarons are present in the
SDS-stabilized NPs, the poor platinization of these NPs severely limits electron transfer to
Pt. As a consequence, the SDS-stabilized NPs exhibit low Hs evolution rates. In contrast,
the effective platinization of the TEBS-stabilized NPs promotes efficient electron transfer

from Y6 to Pt and results in higher Hy evolution rates.
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Conclusions

Here, we show that Y6 NPs stabilized with the thiophene-containing surfactant TEBS are
effective HEPs with a Pt co-catalyst under sacrificial conditions, with a H, evolution rate
of 4200 4 400 pmolh~! ¢g=! under broadband illumination from 400nm to 900 nm. In con-
trast, Y6 NPs stabilized with SDS exhibit a rate of Hy evolution 21 times lower at 110 +
20 pmolh~! g=. TEM imaging of Y6 NPs reveals a lower amount of Pt co-catalyst deposited
over the NPs stabilized by SDS when contrasted to those stabilized by TEBS. Additionally,
the zeta potential of NPs stabilized by both surfactants indicates that the SDS-stabilized
NPs have a higher surface charge density than the TEBS-stabilized NPs. This higher surface
charge density may be attributed to a higher density of surfactant over the NPs surface when
SDS is used. Ultrafast TA data show that there is minimal difference between the photo-
physics of the Y6 NPs stabilized with SDS or TEBS. Hence, the use of SDS or TEBS has
a minor effect on the generation of free charges in the Y6 NPs. Rather, the formation of a
dense insulating layer of SDS on the NP surface prevents the deposition of the Pt co-catalyst
and hence reduces the Hy evolution rate. This work highlights the understudied influence
that surfactants can have over the surface reactions in NP photocatalysts, and encourages
the use of thiophene-containing surfactants such as TEBS, even in single-component systems.
Additionally, the reasonably high Hs evolution rate of the TEBS-stabilized Y6 NPs suggests

the potential use of the Y-series electron acceptors as HEPs in Z-scheme photocatalysts.
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Supporting Information Description

(1) Energy levels of Y6; (2) Full DLS size distributions; (3) TEM images of NPs platinized
in the presence and absence of ascorbic acid; (4) Further experimental details and data for

photocatalysis; and (5) further TA data including power-dependent kinetics, SDS-stabilized
NPs, and platinized NPs.
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