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ABSTRACT

Typical organic semiconductors show a high trap density of states (106-10'® cm), providing a
large number of centers for charge-carrier recombination, thus hindering the development of
photocatalytic hydrogen evolution. Here, we introduce a strategy of designing and synthesizing two-
dimensional-polycyclic photovoltaic material, named as TPP, to reduce the trap density as low as 2.3
x10% cm, which is 1-3 orders of magnitudes lower than those of typical organic photovoltaic
semiconductors. Moreover, TPP exhibited broad and strong absorption, ordered molecular packing
with large crystalline coherence length and enhanced electron mobility. Then, the bulk heterojunction
nanoparticles (BHJ-NPs) based on the blend of polymer donor (PM6) and TPP, exhibited an average
hydrogen evolution rate (HER) of 72.75 mmol h'* g, which is higher than that of the control NPs
based on typical PM6:Y6 (62.67 mmol ht g1) tested under 330-1100 nm illumination with light

intensity of 198 mw cm,
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INTRODUCTION

Converting and storing solar energy as chemical energy, is one of the greatest available strategies
to utilize the renewable and clean energy to replace fossil fuel. Solar hydrogen (Hz), as one critical
green energy carriers, has high gravimetric energy density and does not generate contamination upon
utilization.l™ In addition to electrolytic water, photocatalysis has been another promising option for
hydrogen evolution directly from water, since water splitting using titanium oxides (TiO2) was
reported half one century ago.[l Relative to traditional wide-bandgap inorganic or carbon nitride
(CNxHy) photocatalysts, organic photocatalysts with facile tunable band gaps have been attracting
attention as alternative materials for water splitting under illumination at visible even near-infrared
(Vis-NIR) light.B However, organic photocatalysts, such as single semiconductor nanoparticles (NPs),
and covalent organic frameworks (COFs), suffered low efficiency of charge generation owing to their
short exciton diffusion length (typically 5-10 nm) [ and high exciton binding energy (typically >300
meV), B! limiting the efficiency enhancement of hydrogen evolution.

Polymer/organic semiconductor bulk heterojunction NPs (BHJ-NPs), in which an internal
donor/acceptor heterojunction within the same NP was formed by blending photovoltaic
polymer/molecule donors and acceptors, have been demonstrated to greatly enhance the efficiency of
photocatalytic hydrogen evolution.[®! However, to date, very few studies focused on BHJ-NPs for
hydrogen evolution, and only few photovoltaic acceptors in organic solar cells (OSCs), including
IDTO and IDTTE based molecules, and fullerene derivatives®!, have been introduced to fabricate
BHJ-NPs. McCulloch and coworkers have first shown that PTBT-Th/EH-IDTBR BHJ-NPs could
result in higher hydrogen evolution rate (HER) than those of their corresponding single-component

NPs.[58 Cooper and coworkers also obtained high HER using PCDTBT/PCesoBM heterojunction
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NPs.[1 Tian and coworkers introduced ternary BHJ-NPs consisting of two polymer donors and one
acceptor, showing a HER of 60.8 mmol h'* g%.[¢1 The limited study leaves a large room for exploring
how to improve the efficiency of hydrogen evolution by developing organic photovoltaic
semiconductors. To our knowledge, there is still no report on designing and synthesizing new
photovoltaic materials for high performance BHJ-NP photocatalytic hydrogen evolution.

Here, we designed and synthesized a two-dimensional (2D)-polycyclic photovoltaic molecule,
named as TPP (chemical structure seen in Scheme 1), which exhibited very strong absorption at Vis-
NIR range, ordered molecular packing, enhanced electron mobility and low trap density. The trap
density low to around 10%° cm™ of TPP, is 1-3 order of magnitudes lower than those (10 to 10*8 cm-
%) of typical organic photovoltaic semiconductors!”, and even lower than those of high-performance
inorganic counterparts, like 10'® cm™ for TiO2.[*! The BHJ-NPs based on the blend of PM6 and TPP,
with sodium 2-(3-thienyl) ethyloxybutylsulfonate (TEBS) as surfactant, exhibited an average HER of
72.75 mmol ht g under Vis-NIR (330 to 1100 nm, 198 mW cm) illumination for 10 h, which is
higher than that of the control NPs based typical PM6:Y6 (62.67 mmol h't g). Moreover, the average
HER of PM6: TPP is over 2-3 orders higher than those values of inorganic/hybrid photocatalyst, like
TiO2 (0.321 mmol h* g1l and CH3NHsPblz (0.057 mmol h't g™,

Results and Discussion
Synthesis and Characterization of TPP

Typical linear conjugated materials exhibit low mobility due to high structural disorder and high
concentrations of defect sites.[!”) However, the n-electrons of 2D conjugated materials can further
delocalize along the overlapped m-electron wave functions in the normal direction in addition to the

main chain direction, extending the area of conjugation, decreasing structural disorder and trap density,
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thus, facilitating charge carrier transport (Scheme 1).['Y1 The density functional theory (DFT) was
employed to evaluate the geometry conformation of TPP, one 2D polycyclic photovoltaic molecule
we designed here for BHJ-NP photocatalytic hydrogen evolution. To simplify the calculation, methyl
groups were used to replace all alkyl side chains, which has a negligible influence on the final
optimized geometry and electronic structures of molecular fused-ring skeleton. The TPP mainly
consists of two planes, with a dihedral angle of ca. 20° (Figure S1). Moreover, the simulated highest
occupied molecular orbital (HOMO) is distributed along the fused core, while the lowest unoccupied
molecular orbital (LUMO) is delocalized over the entire molecule (Figure S1). The highly delocalized
of m-electron of TPP is expected to behave good electron transporting.[*?

The detailed synthetic route for TPP is shown in Scheme S1 and all of the new compounds were
fully characterized by spectroscopic methods (Seen in Supporting Information (SI)). Phenazines
derivatives were generally obtained by a condensation reaction between diketones and diamines, and
diamines can be synthesized by reduction reaction (Figure S2).5¢ 131 However, the diamine compound
(Compound 3) for synthesizing TPP is easier to be obtained than diketone, and then, NHzs is removed
under acidic conditions and oxidized in air to obtain thieno[2’,3”:4,5]thieno[3,2-b]pyrrole-fused
phenazines (Compound 4, Figure S2). This route is a very effective method for the synthesis of
phenazines derivatives where diamines are easily available. Except for the synthesis of Compound 4,
the other synthesis steps for TPP are commonly used in the synthesis of non-fullerene acceptors, such
as formylated compound 5 was afforded via Vilsmeier-Haack reaction and the target molecular TPP
was obtained by Knoevenagel condensation reaction.

The photocatalytic activity is highly dependent on the light-harvesting ability of the photocatalyst,

especially in the Vis-NIR range where solar energy is most concentrated.™ TPP in chloroform

5

This article is protected by copyright. All rights reserved

11pU0D pUe sWwe | 8ulses Mu/ﬁ@uo Ariqi] auuuogu/\/\ ‘uo !QJJUI [EOIUYID L PUY I1JNUBIS JO 39140 A YEZYTTZOZ 3I1Ue/Z00T OT/I0p/W0d &3] 1M Afe.q1|BUIUO//SUIY WOI) POPROUMOQ ‘0T ‘2202 ‘€LLETZST

sUBD 1T SUOWIWOD BAIIR1D) a|gedl|dde auyy Ag pausenob afe sap e YO ‘asn Jo sajnJ 1oy Akeiqi]auluQ A3]1IM UO (SUO N} IPUOD-pUe-SWLB)L0D" A3 IM AReiq 1 BUI|UO//:



solution (10 M) exhibited a high maximum extinction coefficient of 3.42x10° M*cm™ at 731 nm,
which is twice that of the control Y6 (1.71x10° M-tcm™).[*®] Relative to its solution, the TPP film
exhibited red-shifted absorption with absorption edges of 859 nm, which correspond to the optical
bandgap of 1.44 eV (Figure 1a). The red-shift in TPP thin film can be attributed to strong n-n stacking
interaction(*®!, which is supported by the analysis of crystalline properties as below. The high
extinction coefficient and broad absorption range of TPP are conducive to the generation of a large
number of excitons under illumination.

Crystallinity is of great significance in exciton separation and charge-carrier transport during
photocatalytic activity,'1 which are the dominant factors after the generation of excitons. The
molecular ordering and crystalline properties of neat TPP was investigated by grazing incidence wide-
angle X-way scattering (GIWAXS, Figure 1b, 1c). TPP film exhibits out-of-plane (OOP) =-n
diffraction peaks at q = 1.65 A (d ~ 3.81 A) with the crystalline coherence length (CCL) of 20.9 A
(calculated via Scherrer equation!*®!). Another OOP peak at 0.40 A (d ~ 15.82 A, CCL = 106.3 A)
indicates the presence of long-distance n-n stacking in TPP film, suggesting multiple molecules stack
regularly in the OOP direction.[**! Furthermore, TPP film displays regular molecular ordering in the
in-plane (1P) direction, as evidenced by the presence of lamellar peak (q = 0.28 A%, d ~22.43 A, CCL
=191.6 A). It is worth noting that there are two other diffraction peaks in the IP direction at q = 0.47
A1(d~13.37A)and q=0.56 A1 (d ~ 11.22 A), which is mostly likely to originate from the backbone
stacking.[*®] However, the d-spacing and CCL of Y6 are 3.63 A, CCL = 18.2 A in the OOP direction.
In the IP direction, the d-spacing of two diffraction peaks are 23.0 A and 15.7 A, and CCL of two
diffraction peaks are 43.2 A and 37.7 A, respectively.!*®! Relative to Y6, enhanced CCL of TPP implied

that TPP possessed stronger stacking propensity and crystallization tendency, which meant less grain
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boundaries, and benefited to reduce trap density and then facilitate intermolecular charge transport. In
addition, the crystallinity of TPP in powder state was investigated by X-ray diffraction (XRD, Figure
S3). The XRD patterns recorded for the TPP powder exhibited diffraction peaks at 20 = 3.99° (d =
22.16 A), 5.39° (d = 16.40 A), 6.62° (d = 13.36 A), 7.72° (d = 11.46 A) and 23.23° (d = 3.83 A), which
were very close to those diffraction peaks observed in the thin film (d = 22.43 A, 15.82 A, 13.37 A,
11.22 A and 3.81 A). The agreement between GIWAXS of thin film and XRD of powder indicated
that the crystalline nature of TPP was preserved in powder state.

The weak intermolecular interactions in organic semiconductors, especially at grain boundaries,
make them susceptible to defect formation.[?®! The defects in the photocatalyst are known to act as
electron-hole nonradiative recombination centers, which are unfavorable for improving the
photocatalytic efficiency.?! The thermal admittance spectroscopy (TAS) method is an effective
method to characterize trap density of varied energy depths in thin film and solar cell devices.[??l As
shown in Figure 1d, at energy depth of 0.15-0.2 eV, the trap density of states (tDOS) of TPP is low to
2.3x10% cm®, which is obviously lower than that of the control Y6 (1.1x10% c¢cm?)2% and 1-3
order of magnitudes lower than those (10°to 10 cm™®) of typical organic photovoltaic
semiconductors.l’l Compared with Y6 (4.73%), higher photoluminescence quantum yield (PLQY) of
6.69% of TPP thin film supported the less nonradiative recombination centers.*¥! Nonradiative
recombination centers are potential sites for charge carrier trapping. Then we estimated charge carrier
mobility of organic field-effect transistors (OFETS) based TPP and Y6. TPP-based OFETSs showed a
higher electron mobility (t&) of 5.4x102 cm? V-1 s (Figure 1e) than that of the Y6-based devices (2.7
x102 cm2V1s?, Figure S4), attributing to highly delocalized of n-electron and more order molecular

stacking of TPP. Moreover, TPP exhibited more balanced electron/hole mobility (t+/e=1.69, Figure
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le, 1f) than that of Y6 (uh/1.e=3.67, Figure S4). The decreased trap density and increased electron
mobility within TPP can be attributed to the enhanced molecular packing observed from GIWAXS and
reduced electron-hole nonradiative recombination centers.
Photocatalytic Hydrogen Evolution

Apart from the strong optical absorption ability and high carrier transport property, efficient
photogenerated exciton separation and suppression of charge carriers recombination are the overriding

factors for high efficiency hydrogen production.*”]

However, single-component organic
semiconductor exhibited high exciton binding energy (typically >300 meV)!! and short exciton
diffusion length (typically 5-10 nm)!), leading to low efficiency of exciton separation and a large
number of charge carriers recombination. These disadvantages can alleviate by heterojunction
structures providing space for delocalization of photogenerated electrons and holes.!*! For
heterojunction photocatalyst, the HOMO and the LUMO levels of donors should be higher than the
corresponding levels of acceptors for efficient dissociation of excitons.[*) Then, Ultraviolet
photoelectron spectroscopy (UPS) and low-energy inverse photoemission spectroscopy (LEIPS) were
used to calculate the energy levels of TPP (Figure S5). As shown in Figure 2a, the TPP exhibits a higher
LUMO energy level (-3.89 eV) than that of Y6 (-4.03 eV)!*”], meaning that TPP has more sufficient
thermodynamic potential to reduce H* (-4.32 eV, calculation process seen in Sl) relative to Y6.['* Here,
polymer donor material PM6!*] (Figure S6) is suitable to construct the D/A heterojunction, due to its
lower HOMO energy level than the two-hole oxidation potential of ascorbic acid to dehydroascorbic
acid (DHA/AA) and higher LUMO energy level than TPP and Y6 to achieve exciton dissociation.

In view of strong optical absorption, good charge transport and appropriate energy levels, TPP is

expected to be promising for photocatalytic hydrogen evolution. To evaluate potential application of
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TPP in photocatalytic hydrogen evolution, NPs, incorporated an internal PM6/TPP heterojunction,
were prepared by the mini-emulsion process with TEBS as stabilizing surfactant.l””’ TEBS has been
demonstrated to optimize the morphology of D/A heterojunction from a core-shell structure to a
intermixed blend.!®*! The size distributions of NPs containing varying PM6: TPP weight ratios were
measured by dynamic light scattering (DLS) (Figure S7 and Figure 2b), which revealed that all NPs
composed of a series of PM6: TPP weight ratios have a unimodal size distribution with average
nanoparticle diameter at 80-130 nm. Then, we investigated the morphologies of PM6: TPP (3: 7, w/w)
NPs by cryo-transmission electron microscopy (cryo-TEM, Figure 2¢). PM6: TPP NPs are distributed
in the photocatalytic system with the size of 89.2+13.5 nm (Figure S8a). It can be clearly observed that
Pt was uniformly dispersed on the surface of the nanoparticles (Figure 2d) with size of 2.3+0.4 nm
(Figure S8Db), which is beneficial for electron transfer from the PM6: TPP NPs to H".?% Then, we
optimized the performance of hydrogen evolution by controlling donor/acceptor weight ratios, Pt ratio
loadings, sacrificial electron donors, and compared HERs under different light sources, such as AM1.5
G simulated sunlight, 400-800 nm visible light and 330-1100 nm visible-NIR light (Figure S9-S12),
and the details can be found in SI. The PM6: TPP (3: 7, w/w) based NPs achieved the optimized
average HER of 72.75 mmol h™! g'! (with maximum value of 82.49 mmol h'! g'!) at 20% Pt loading
for 10 h under 330 to 1100 nm illumination with light intensity of 198 mW cm (Figure 2¢). As shown
in Figure S13, the HER of PM6: TPP NPs is much higher than those of the control single-component
pure PM6 NPs (9.20 mmol h'! g'') or TPP NPs (29.86 mmol h'! g'!), under the same test condition.
The HER improvement is therefore attributed to enhanced charge generation in the PM6: TPP
heterojunction, where PM6 acts as an electron donor, absorbing short-wavelength light, and TPP as an

electron acceptor, absorbing long-wavelength light. The HER improvement of PM6: TPP
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heterojunction is also supported by photoluminescence (PL) quenching measurement. Compared to
pure PM6 NPs and pure TPP NPs, PM6: TPP heterojunction NPs show effective PL quenching yield
resulting from efficient charge transfer (Figure S14). These results are consistent with published
literatures.®!

For comparison, we measured the catalytic performance of PM6:Y6 (3: 7, w/w) based NPs which
showed average nanoparticle diameter of 67 nm (Figure S15). As shown in Figure S16, the optimized
PM6: TPP (3: 7, w/w) NPs showed stronger absorption (from 300 nm to 820 nm) than that of PM6: Y6
NPs at the same concentration, which is beneficial to utilize photon in the area of largest solar photon
flux.*!! The PM6: Y6 NPs show an average HER of 62.67 mmol h'! g'! (Figure S17a), which is lower
than that of PM6: TPP NPs (72.75 mmol h™! g'!), under 330 to 1100 nm illumination (198 mW cm?)
for 10 h. It should be noted here 330-1100 nm light was used because PM6: TPP NPs and PM6: Y6
NPs showed relatively broad absorption spectra to NIR range. Moreover, we also compared the
catalytic performance of PM6: TPP NPs we synthesized and PTB7-Th: EH-IDTBR NPs (10% Pt)
reported in the literature (absorption onset at 800 nm), % under 330 to 800 nm illumination (198 mwW
cm2). As shown in Figure S17b, the HER of PM6: TPP NPs reached to 86.31 mmol ht g for 10 h,
which is higher than that of PTB7-Th: EH-IDTBR NPs (69.75 mmol h* g1). These results support
PM6: TPP NPs have better photocatalytic performance for hydrogen evolution than PM6: Y6 NPs and
PTB7-Th: EH-IDTBR NPs. Furthermore, the average HER of PM6: TPP is over 2-3 orders higher than
those values of inorganic/hybrid photocatalyst, like TiO2 (0.321 mmol h** g™ and CHsNHzsPbls
(0.057 mmol ht g1l Additionally, the external quantum efficiency (EQE) of PM6: TPP NPs for
photocatalytic hydrogen evolution was measured (Figure 2f). Specifically, PM6: TPP NPs achieved

EQEs of higher than 7.9% at visible light wavelength of 500, 600 and 700 nm, and the EQE value can
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reach 8.55% at NIR wavelength of 800 nm. The EQEs of the PM6: TPP NPs at wavelengths =2 500 nm
are higher than PM6: Y6 NPs (Figure S18) and those reported for BHJ-NPs in literatures (Table S1).[%®
6c]
Nonradiative Recombination and Trap Density

Although heterojunction strategy is beneficial to exciton dissociation and suppression of carrier
recombination, photon energy loss is inevitable during internal conversion from light harvesting to
exciton separation, especially caused by nonradiative recombination.l*’), In order to compare the
nonradiative recombination of linear Y6 and 2D TPP when blending PM6 donor, we fabricated diode
devices with a widely-used device structure of ITO/PEDOT: PSS/PM6: TPP or Y6/PDINN/Ag, and
then studied their electroluminescence quantum efficiency (EQEEL). It should be noted here that the
device test is used to compare the intrinsic property of different donor/acceptor blend systems, which
should qualitatively reflect the nature difference within different blend nanoparticles. The device based
on PM6: TPP blend exhibits EQEEr of 1.84x10* (Figure 3a), which is higher than that of PM6: Y6-
based devices (1.43%x10™%). The higher EQEEr indicated the PM6: TPP blend had weaker nonradiative
recombination, relative to PM6:Y6 blend. Then, we studied the trap density of the PM6: TPP or Y6
blend films. Obviously, compared to control PM6: Y6-based devices, PM6: TPP-based devices
exhibited lower tDOS with the lowest value of 3.3x10* ¢cm™ (Figure 3b), which is in agreement with
the observed tendency of trap density in neat films of TPP and Y6. Thus, the reduced non-radiative of
PM6: TPP-based devices may be attributed to the low trap density of TPP. Relative to PM6: Y6 blend,
the weaker nonradiative recombination of PM6: TPP blend due to lower trap density, should contribute
to higher photocatalytic HER of PM6: TPP NPs.

Stability
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Finally, we studied the photocatalytic long-term stability of PM6: TPP (3:7, w/w) NPs for 64 h,
as shown in Figure S19a. After 40 h, the obvious decrease of photocatalytic reactivity is probably
attributed to the lack of ascorbic acid. Thus, the cycle stability was further studied by adding a certain
amount of ascorbic acid after every cycle (16 h for each cycle). As shown in Figure S19b, PM6: TPP
NPs exhibited excellent stability after three cycles. Then, the photocatalytic activity began to decay in
the fourth cycle, retaining 84% of the HER for the first cycle. The photocatalytic activity further
decreased to 65% in the fifth cycle. Then we purified the photocatalytic solution of the fifth cycle with
water (details are shown in Sl), and compared the absorption spectra and size of NPs before and after
stability test, to study the reasons for reduced photocatalytic activity of PM6: TPP NPs. As shown in
Figure S19c, PM6: TPP NPs after stability test exhibited a nearly identical spectrum to that of the as-
prepared NPs, indicating that there is no obvious material degradation of both PM6 and TPP.
Furthermore, the PM6: TPP NPs after stability test shows a larger size than that of as-prepared NPs
(Figure S19d), indicating the PM6: TPP NPs agglomerate after photoreaction, which may contribute
to HER decrease.

CONCLUSION

In summary, we developed a two-dimensional-polycyclic photovoltaic material with reduced trap
density due to ordered molecular packing. Compared to the control high performance photovoltaic
materials (linear Y6, 1.1x10'® cm), 2D TPP exhibited much lower trap density of 2.3x10% cm,
which is also 1-3 orders of magnitudes lower than those of typical organic photovoltaic
semiconductors (10'6-10'® cm). Then, TPP showed strong absorption at visible to NIR range and
enhanced electron mobility. These optical and electrical properties of TPP contributed to higher HER

of PM6: TPP NPs under illumination than those of the control NPs based on typical PM6:Y6 or PTB7-
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Th: EH-IDTBR. The HER of PM6: TPP NPs is also over 2-3 orders higher than those values of typical
inorganic/hybrid photocatalyst in literature, such as TiO2 and CH3sNH3sPbls. These results reveal that
two-dimensional-polycyclic photovoltaic material is promising to reduce the trap density and boost
the development of photocatalytic hydrogen evolution from organic semiconductors.
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Scheme 1. The diagram of the motivation to study 2D conjugated materials. Relative to linear
conjugated materials, the 2D conjugated materials exhibit lower structural disorder and trap density,
which benefit higher charge carrier transport. The green line stands for linear conjugated materials,
and the green rectangle stands for 2D conjugated materials. The blue and orange curves stand for trap

state.
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Figure 1. (a) Absorption spectra of TPP in chloroform solution and the absorption spectra of TPP film.
Two-dimensional GIWAXS patterns (b) and profiles (c) of neat TPP film. (d) Trap density of states

spectra of TPP based devices. Transfer characteristics of n-channel OFET (e) and p-channel OFET (f)

with TPP.
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Figure 2. (a) Energy levels of PM6 and TPP compared to the proton reduction potential (H"/Hz2) and

the calculated potential (DHA/AA) at pH=2 (the pH of 0.2 mol L' AA).[% (b) DLS size distributions

by intensity of PM6: TPP NPs (3: 7, w/w). (c) Cryo-TEM of PM6: TPP NPs without Pt loading. Inset

show the zoom-in single NP image. (d) Cryo-TEM of PM6: TPP NPs with 20% Pt loading. The black

dots are Pt. (e) H2 evolution versus time of PM6: TPP NPs (3: 7, w/w) under 330 to 1100 nm

illumination with light intensity of 198 mW cm2. (f) EQE at 500, 600, 700 and 800 nm and absorption

20

This article is protected by copyright. All rights reserved

51801 SUOWILIOD SAIIERID) 8[Ged1dde aU) AQ PoLBAOB 812 SO WO ‘35N J0 S9N 10} AIRIG1T BUIIUO A3 IO (SUO 1 PUOO-PUE-SLLBILOY 3| 1M ARJq Ul |u0//sénu) SUOTIPUOD PUE SWIB] a1 89S * szozme@ 0 ARIAT BU!IUOgI!M ‘o !]UJ:JOJUtI 0148 | pUY 91J1IUBIS JO 301440 Ad YEZYTTZ0Z @IUE/Z00T OT/10p/LI00 B | 1w ATRIq1PUIUO//'SANY W1} PAPEO|UMOQ ‘0T ‘Z20Z '€4.ETZGT



spectrum of PM6: TPP NPs (3: 7, w/w) photocatalysts.
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Compared to typical linear conjugated materials (Y6), two-dimensional-polycyclic material (TPP)
designed and synthesized here exhibit much lower trap density. The bulk heterojunction nanoparticles
based on the blend of polymer donor and TPP, exhibited an enhanced average hydrogen evolution rate

of 72.75 mmol h'* g under 330 to 1100 nm illumination, which is 2-3 orders higher than those values
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