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toinduced carrier dynamics and
hydrogen evolution reaction of organic PM6/PCBM
heterojunctions†

Xiao-Ying Xie,*a Xiang-Yang Liu, b Wei-Hai Fang c and Ganglong Cui *c

Efficient spatial separation of photogenerated charge carriers across donor/acceptor interfaces has

stimulated intense research efforts in photocatalysis fields ascribed to distinctive electronic structure

properties of related constituents. Leveraging electronic structure calculations in combination with ab

initio-based non-adiabatic carrier dynamics simulations, this study reports ultrafast electron transfer and

suppressed nonradiative electron–hole recombination at the interface of PM6/PCBM organic

semiconductor heterojunctions, which leads to long-lived charges taking part in hydrogen evolution.

The photoinduced dynamical processes are dominantly influenced by energy gaps and non-adiabatic

couplings between frontier donor and acceptor states. In addition, hydrogen evolution sites at PM6/

PCBM heterojunctions are unveiled by means of first-principles calculations, which suggest that the

reaction activity heavily depends on H-adsorbed sites. The activity on the C atoms at the junction of

three benzene rings (C666) is much lower than that on the C atoms connected with one pentagon ring

and two benzene rings (C665). Nevertheless, the former can be significantly improved via pre-

hydrogenating the adjacent C665 atom. This work reveals new photophysical and photochemical

properties of PM6/PCBM heterojunctions in detail and provides useful perspectives for performance

improvements of photocatalytic materials based on organic donor–acceptor heterojunctions.
Introduction

Due to the grand challenge of climate change and depletion of
fossil resources, researchers are paying gradually increasing
attention to alternative renewable energy.1 Among them, solar
energy is one of main research subjects owing to its abundance
in nature.2 However, its wide application is greatly hindered by
low energy density, diffusion, and intermittency of radiant
sunlight. Alternatively, the storage of solar energy in chemical
bonds via efficient photocatalytic techniques is much more
practical and has sparked intense interest in various elds of
solar energy utilization.3 A typical example is solar-driven H2

generation,4–6 in which produced hydrogen fuel has been
regarded as one of the most appealing green energy carriers due
to its high energy capacity and combustion without bringing
extra environmental pollution.6–12 It should be noted that
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efficient photocatalysts are of great signicance in converting
solar to chemical energy.13–15

Conventional inorganic semiconductors, especially metal
oxides, have been employed in photocatalytic systems for
decades.13,16–21 Nevertheless, absorption of inorganic photo-
catalysts usually falls into UV regime ascribed to large intrinsic
band gaps, which signicantly reduces sunlight harvesting
capacity.16,22 Recently, organic semiconductor photocatalysts
have gained notable attention because their light absorption
and energy levels can be precisely modulated in synthetic
processes, thereby enabling excellent photo-response in solar
spectrum and high solar-to-hydrogen conversion efficiency.23 In
2009, Wang et al. reported that carbon nitride can be used for
hydrogen production by solar-driven water splitting.24 Subse-
quently, a variety of organic materials involving conjugated
microporous polymers (CMPs), covalent organic frameworks
(COFs), covalent triazine-based frameworks (CTFs), etc. are
explored as photocatalysts for hydrogen evolution.23,25–31

Considering a spectrum of organic building blocks and a variety
of synthetic techniques, there should be a wide range of
potential organic polymer photocatalysts with outstanding
photocatalytic hydrogen evolution performance. Bai and co-
workers have screened a large group of linear polymers by
means of high-throughput approaches to explore the correla-
tion between polymer structures and their photocatalytic
hydrogen evolution activities, which provides valuable insights
J. Mater. Chem. A, 2022, 10, 24529–24537 | 24529
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for future design and synthesis of photocatalysts with opti-
mized performances.25 Unfortunately, organic materials have
generally suffered from insufficient interfacial charge separa-
tion, impeding the improvement of their photocatalytic
activities.

The construction of donor/acceptor heterojunctions has
recently emerged as an ideal solution for enhancing charge
spatial separation at the interface and harvesting long-lived
charge carriers.32–37 Donor/acceptor heterojunctions with type
II energy level offset benet electron–hole pair dissociation into
free charge carriers, as shown in Fig. S1,† leading to good
charge separation. For example, upon excitation of the amoiety,
the hole within the amoiety can ow into the b one whereas the
photogenerated electron remains within the a domain. In
addition, the electron and hole are separately conned within
the two different components, thus the electron–hole recom-
bination is suppressed. For instance, a robust panchromatic
ternary polymer dots capable of producing hydrogen with
excellent and stable performances have been fabricated.38 High
external quantum efficiency for hydrogen evolution reduction
(HER) is inherently benecial from energy and charge transfer
from conjugated polymers (PFBT and PFODTBT) to ITIC mole-
cules on the time scale of sub-picosecond.38 Liu et al. have
designed two novel donor/acceptor conjugated polymers based
on dibenzothiophene-S,S-dioxide and thiophene derivatives.
The suitable band gaps and promoted charge separation effi-
ciencies result in an outstanding hydrogen generation rate.39

Kosco and co-workers have exploited organic heterojunctions
composed of polymer PTB7-Th and non-fullerene EH-IDTBR as
hydrogen generation photocatalysts, which exhibit greatly
increased photocatalytic activities when varying nano-
morphology from a core–shell structure to an inter-mixed
donor/acceptor blend.32 Just recently, they have further assem-
bled conjugated polymer PBDB-T-2F (PM6) and electron
acceptor fullerene [6,6]-phenyl C71 butyric acid methyl ester
(PCBM) to form an organic semiconductor heterojunction,
which can effectively drive photocatalytic hydrogen evolution.40

The excellent photocatalytic performance is dominantly bene-
cial from intrinsically long-lived charges. Generally, photo-
catalytic materials used in experiments are rather complicated
and it is thus difficult to explore their structure–activity rela-
tionships in detail.

The underlying photo-physical and -chemical properties in
organic donor/acceptor semiconductor heterojunctions are
desirable to be thoroughly understood for further improving
photocatalytic hydrogen evolution activities. To address these
issues in organic PM6/PCBM heterojunctions, we rstly explore
photoinduced charge carrier dynamics with the aid of static
electronic structure calculations and our recently developed
non-adiabatic molecular dynamics simulations. The results
conrm an ultrafast electron transfer from the light harvester
PM6 to the electron acceptor PCBM leading to long-lived charge
separated states in PM6/PCBM. In addition, atomic-level
insights into the photoinduced charge relaxation dynamics at
the donor/acceptor interface are complemented. The PM6/
PCBM heterojunctions are found can be used for photo-
catalytic hydrogen production, yet the hydrogen generation
24530 | J. Mater. Chem. A, 2022, 10, 24529–24537
mechanism is still missing. Hence, we also study the hydrogen
evolution mechanism in PM6/PCBM heterojunction and reveal
the preferable reaction sites. Our present work provides
a comprehensive understanding on the excellent photocatalytic
hydrogen evolution activity of PM6/PCBM, which may aid the
rational design of organic photocatalysts for hydrogen
production.
Simulation methods
Nonadiabatic dynamics methods

Nonadiabatic carrier transfer dynamics simulations are per-
formed employing Tully's fewest-switches surface-hopping
(FSSH) methods on the basis of density functional theory.41–44

An interacting many-body system can be mapped to a system of
noninteracting particles with equal electron density based on
time-dependent density functional theory in Kohn–Sham
framework. In result, time-dependent charge density r(r, t) of an
interacting system is acquired from a set of time-dependent
Kohn–Sham orbitals jp(r, t)45–49

rðr; tÞ ¼
XNe

p¼1

��jpðr; tÞ
��2

Electron density evolution eventually results in a set of
single-electron equations for evolution of Kohn–Sham orbitals
jp(r, t)50–54

iħ
vjpðr; tÞ

vt
¼ Ĥðr;RÞjpðr; tÞ p ¼ 1; 2;.;Ne

If expanding time-dependent electron or hole wavefunction
jp(r, t) in terms of interested unoccupied or occupied adiabatic
Kohn–Sham orbitals fk(r, t) calculated from density functional
theory calculations along adiabatic molecular dynamics
trajectories

jpðr; tÞ ¼
X
k

ckðtÞfkðr;RÞ

one can obtain a set of equations of motion for expanding
coefficients cj(t)

iħ
vcjðtÞ
vt

¼
X
k

ckðtÞ
�
3kdjk � iħdjk

�

the energy of the kth adiabatic state (3k) can be directly ob-
tained from density functional theory calculations and the
nonadiabatic coupling between adiabatic states j and k (djk) can
be calculated numerically through nite difference methods as
overlaps of adiabatic states at times t and t + Dt:

djk ¼
�
fjðr;RÞj

vfkðr;RÞ
vt

�

z

�
fjðtÞjfkðtþ DtÞ�� �fjðtþ DtÞjfkðtÞ

�
2Dt
This journal is © The Royal Society of Chemistry 2022
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In which fj(t) and fk(t + Dt) are wave functions of adiabatic
states j and k at times t and t + Dt, respectively. Previous algo-
rithms are primarily implemented with plane wave basis
sets.55,56 Recently, we have implemented this nonadiabatic
carrier dynamics method with Gaussian basis sets with CP2K57

and have widely applied to study the photoinduced carrier
dynamics of a series of periodic systems.57–65
Carrier transfer analysis

In order to estimate electron or hole transfer from one to
another fragment in nonadiabatic dynamics simulations, we
have developed an efficient density-matrix based method. First,
we can dene a density matrix D in terms of atomic orbitals cm

DmniðtÞ ¼ piðtÞcmic
*
ni

where pi(t) is time-dependent occupation number of the ith
adiabatic state calculated on the basis of above expanding
coefficients ci(t); cmi is the mth atomic orbital coefficient of the
ith adiabatic state.

Similar to Mulliken charge analysis,66 we have then dened
a population matrix P using density matrix D and atomic
overlap matrix S

Pmni
= Dmni

Smn

Finally, we can obtain the ath atomic charge through
summing all basis functions m belonging to that atom and all
involved adiabatic states i

Pa ¼
X
i

 X
m˛a;n˛a

Pmni þ 1

2

 X
m˛a;n;a

Pmni þ
X

m;a;n˛a
Pmni

!!

It's noteworthy that if only an atomic orbital belongs to the
ath atom, just half of Pmni is used, as done by Mulliken charge
analysis method. Accordingly, the total number of electrons on
a fragment A is the sum of all atomic charges belonging to that
fragment

PA ¼
X
i

piðtÞPAi

in which

PAi ¼
X
a˛A

 X
m˛a;n˛a

cmic
*
niSmn

þ1

2

 X
m˛a;n;a

cmic
*
niSmn þ

X
m;a;n˛a

cmic
*
niSmn

!!

In such a case, the differentiation of PA is then derived as

dPA ¼ d

 X
i

c*i ciPAi

!
¼
X
i

�
d
�
c*i ci
�
PA þ c*i cidPAi

�

in which the rst term has variational occupations for
adiabatic states i and the second term has constant adiabatic
state occupations but changeable electron population. These
This journal is © The Royal Society of Chemistry 2022
two terms correspond to nonadiabatic and adiabatic electron
transfer contributions. The former is primarily caused by state
hopping between different adiabatic states and the latter is
mainly originated from changes of adiabatic states induced by
atomic motions. It's noteworthy that we use Gaussian basis sets
in our simulations. As a result, molecular coefficients cmi are
real numbers. Although adiabatic states' expanding coefficients
ci(t) are complex numbers, they are not directly used; instead,
their ciðtÞc*i ðtÞ products, which are real numbers, are used for
calculating time-dependent occupation number pi(t) of the ith
adiabatic state.
Computational details

The geometry optimization and the adiabatic ab initio molec-
ular dynamics (AIMD) simulations are carried out employing
the density functional theory (DFT) method implemented in the
Quickstep/CP2K soware package.57 Exchange-correlation
interaction is described by Perdew–Burke–Ernzerhof (PBE)
functional within the generalized gradient approximation
(GGA).67 Meanwhile, the DZVP-MOLOPT-SR-GTH basis sets and
Goedecker–Teter–Hutter pseudopotentials are adopted.68–72 The
empirical dispersion correction method is evoked in our
simulations to consider the van der Waals (vdW) interactions.73

To obtain more accurate density of states (DOS), Heyd–Scu-
seria–Ernzerhof (HSE06) functional with the auxiliary density
matrix method (ADMM) is applied.74–76 In our calculations, only
the gamma point is considered.

For the non-adiabatic molecular dynamics simulations, the
geometry is rstly heated to 300 K using the Nosé–Hoover chain
thermostat and equilibrated for about 1 ps in the canonical
ensemble.77,78 Subsequently, a 1 ps microcanonical trajectory
with the nuclear time step of 1 fs is propagated, from which 100
initial conditions are randomly selected.79–81 1000 surface-
hopping trajectories are propagated for 500 fs with a time
step of 1 fs for every initial condition to simulate the photo-
generated electron dynamics, resulting in total of 100 × 1000
trajectories for subsequent nonadiabatic dynamics simulations.
The empirical quantum decoherence correction with the value
of 0.1 a.u. is considered in our surface-hopping dynamics
simulations as Granucci et al. proposed.82 The dynamical
results listed in the present work are averaged over all the
prepared trajectories. Discussion about excitonic effects is given
in the ESI (Fig. S2 and Table S1†). More details on the dynamical
simulations can be found in our reported studies.

Vienna ab initio simulation package (VASP) within the
framework of DFT is employed to obtain the reasonable reac-
tion intermediates along the H2 generation process.83,84 Similar
to the above, PBE functional involved with long-range disper-
sion correction (PBE + D3) is rstly applied to optimize the
geometry, and then the energy is recalculated using more
accurate HSE06 + D3.67,73,85,86 The core-valence electron inter-
action is treated using the projector augmented-wave (PAW)
method.87 The Gibbs free energy (DG) is calculated according to
the following denition:

DG = DE + DEZPE − TDS
J. Mater. Chem. A, 2022, 10, 24529–24537 | 24531
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in which DE is referred to the energy difference of distinct
reaction species obtained directly from DFT calculations, DEZPE
is the change of zero-point energy, temperature T is set to 298.15
K. Because the vibrational frequency of the adsorbed H is
relatively small enough to be neglected, the entropy change DS
can be approximately equal to one-half of the entropy of the H2

gas molecule under standard conditions.88

Results and discussion
Geometry and electronic structures of the PM6/PCBM
heterojunction

Polymer PM6 always serves as an electron donor in photovoltaic
or photocatalytic devices owing to its strong visible light
absorption. By contrast, fullerenes and their analogues are well-
known photo-excited electron acceptors due to their superior
electron affinity and carrier mobility.89 The organic donor/
acceptor semiconductor heterojunctions studied in the
present work are constructed via stacking a PCBM on the
polymer PM6 surface with different orientations (Fig. S3†). As
listed in Table S2,† the adsorption energies are larger for
composites with a “lying” PCBM (0.49 ∼ 0.61 eV) than those
with a “standing” PCBM (0.38 ∼ 0.42 eV). So, a relatively stable
structure with a “lying” PCBM on the PM6 surface is selected for
the further discussion (denoted as PM6/PCBM hereaer,
Fig. S3a†). As shown in Fig. 1a, the distance between PCBM and
PM6 is 3.20 Å in the PBE + D3 optimized PM6/PCBM structure.
The calculated adsorption energies of PCBM on the PM6 surface
are 0.55 and 0.54 eV at the PBE + D3 and HSE06 + D3 levels,
respectively, suggesting modest physical adsorption between
the two components.

Projected density of states (PDOS) can give us important
information on the charge transfer and relaxation within the
donor/acceptor heterojunctions. Fig. S4 in the ESI† and Fig. 1b
show the PDOS of optimized PM6/PCBM at the PBE + D3 and
HSE06 + D3 levels, respectively. Obviously, both computational
methods show that four PCBM states, including the lowest
unoccupied molecular orbital (LUMO), lie in between the
valence band maximum (VBM) and conduction band
minimum (CBM) of polymer PM6, while the highest occupied
Fig. 1 (a) The PBE + D3 optimized PM6/PCBM structure and (b) its PDOS
result calculated at the PBE + D3 level is shown in Fig. S4.†

24532 | J. Mater. Chem. A, 2022, 10, 24529–24537
molecular orbital (HOMO) of PCBM is below the VBM of PM6,
indicating that the organic PM6/PCBM nanohybrids belong to
type-II heterojunctions, in agreement with the experimental
observations.40 In particular, the LUMO+3 state of PCBM is
rather close to the CBM of PM6 with a small energy gap of only
0.04 [0.06] eV at the HSE06 + D3 [PBE + D3] level, implying an
ultrafast interfacial electron transfer process from PM6 to
PCBM would occur. By contrast, sequential electron migration
from LUMO+3 to the three nearly degenerate energy levels, i.e.,
LUMO+2, LUMO+1, and LUMO, is suppressed owing to a rela-
tively large energy gap between the LUMO+3 and LUMO+2
states of PCBM, which is calculated to be 0.47 [0.38] eV at the
HSE06 + D3 [PBE + D3] level. Taken together, the polymer PM6
can quickly donate photogenerated electron aer the band gap
excitation, while the transferred electron would be trapped in
the PCBM acceptor considering the large energy span between
the LUMO+3 and LUMO+2 states. The overall band gap of the
organic PM6/PCBM heterojunction is estimated to be 1.56 eV
at the HSE06 + D3 level and it's decreased to 0.98 eV when PBE
functional is employed due to the underestimation of GGA
functional. It's evident that the considerable band gap is
benecial for impeding electron–hole recombination and
achieving long-lived charge-separated states, thus improving
the photocatalytic performance.90–92

Based on the transition dipole moments calculations, the
electron transition from VBM to CBM of PM6 is allowed with
a large oscillator strength of 0.5105 (Table S3†). The computed
electron excitation energy is 2.16 eV at the HSE06 + D3 level, in
line with the experimentally utilized excitation energy of
2.25 eV.40 The corresponding oscillator strength, 0.4296, is also
large calculated at the PBE + D3 level, but the excitation energy
is reduced to 1.53 eV owing to the underestimation of PBE
functional as mentioned above. Fig. 2 presents the spatial
distributions of the relevant states. Obviously, both VBM and
CBM localize at PM6 moiety and feature p character, demon-
strating that the p/ p* transition in PM6 will take place upon
excitation. While the four states lying below the CBM (LUMO,
LUMO+1, LUMO+2, and LUMO+3) primarily reside at the PCBM
moiety, indicating the electron transfer from PM6 to PCBM is
favorable in the organic donor/acceptor heterojunctions.
calculated by HSE06 functional with the vdW correction. The relevant

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Spatial distributions of six adiabatic states involved in the
interfacial electron transfer and the electron–hole recombination
dynamics of PM6/PCBM heterojunctions calculated at the HSE06 + D3
level.

Fig. 4 Time-dependent energies of VBM and CBM of PM6 and
LUMO+x (x= 0–3) of PCBM in the nonadiabatic dynamics simulations.
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The charge separation dynamics at the PM6/PCBM interface

Long-lived charge carriers are desirable for photocatalytic
reactions, such as H2 evolution reaction (HER), CO2 reduction
reaction (CO2RR), and N2 reduction reaction (NRR), which can
be achieved in donor/acceptor heterojunctions via effective
charge spatial separation. Next, we will apply our recently
developed NAMD to complete the description of the charge
transfer, relaxation, and recombination in PM6/PCBM hetero-
junctions, thus shedding light on the generation of long-lived
charge-separated states. As discussed above, the excited elec-
tron would initially occupy the CBM of PM6 upon absorption of
a photon with 2.16 eV energy. In order to study the photoin-
duced electron transfer process between the PM6 and PCBM
components, ve states (CBM of PM6, LUMO+3, LUMO+2,
LUMO+1, and LUMO of PCBM) are involved in the non-
adiabatic dynamics simulations.

Fig. 3a shows the time-dependent populations of involved
states within 500 fs simulation time. It's clear that the pop-
ulation of CBM, the initially electron populated state, is reduced
to ca. zero in the rst 400 fs. Correspondingly, the amount of
electron populated at the LUMO+3 state increases rapidly to its
maximum within 400 fs, and then begins to decrease at a rela-
tively slow rate. By contrast, the amount of electron populated at
the LUMO+2 or LUMO+1 state is slightly increased within the
500 fs simulations. The population of the LUMO state
Fig. 3 (a) Time-dependent state populations of CBM in PM6 and LUMO+
on the PM6 fragment in the nonadiabatic dynamics simulations.

This journal is © The Royal Society of Chemistry 2022
monotonously grows up and reaches ca. 0.1 in the end. Fig. 4
displays the time-dependent energies of relative states in the
non-adiabatic dynamics simulations. Obviously, the energy gap
between CBM and LUMO+3 states is small with an average value
of 0.11 eV during the non-adiabatic dynamics, consistent with
the sharp electron amount decrease in CBM as presented in
Fig. 3a, indicating that a fast electron transfer from PM6 to
PCBM is favourable. In addition, the spatial distribution of
LUMO+3 and CBM gets delocalized in the molecular dynamics
as shown in Fig. S5,† contributing to the ultrafast electron
transfer from PM6 to PCBM. The time constant for electron
transfer is estimated to be 250 fs using a mono-exponential
decay function to t the time-dependent electron amount
localized on the PM6 fragment (see Fig. 3b), which is in good
agreement with the within 1 ps timescale for electron transfer
observed by the experiment.40

As shown in Fig. 3a, the electron can be rapidly populated at
the LUMO+3 state of PCBM, whereas the successive migration
to lower band containing the LUMO+2, LUMO+1, and LUMO
states is heavily stuck. Nonadiabatic coupling djk, which can be
expressed as:

djk ¼
�
4j

���� vvt
����4k

�
¼
�
4jjVRHj4k

�
Ek � Ej

R
�

is calculated to explore the difference between these two
processes. The nonadiabatic coupling is related with the energy
x (x= 0–3) in PCBM and (b) time-dependent electron amount localized

J. Mater. Chem. A, 2022, 10, 24529–24537 | 24533
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difference Ek − Ej, electron–phonon coupling term h4jjVRHj4ki,
and nuclear velocity _R. As listed in Table 1, the NAC is increased
by ca. ve times for CBM / LUMO+3 compared with LUMO+3
/ LUMO+2 (69.53 vs. 12.74 ps−1), while the energy difference is
just reduced to one-third (0.11 vs. 0.34 eV). Therefore, in addi-
tion to the energy difference, the electron-phonon coupling and
nuclear velocity also play important role in the relaxation
dynamics. The electron would be trapped at the LUMO+3 state
for a period of time and less than 20% of electrons are trans-
ferred within the 500 fs simulations. In addition, the energies of
LUMO+2, LUMO+1, and LUMO states are so close that the
electron wouldmigrate to the LUMO state as soon as it arrives at
the LUMO+2 state. That's why electrons populated at the
LUMO+2 and LUMO+1 states are negligible, while the amount
of electron at the LUMO state keeps increasing at a slow speed
during the simulations (see Fig. 3a).

An ideal photocatalyst is not only required to separate the
charge carriers rapidly, but also desired to maintain the charge
separated for a long time. Subsequently, we will take the elec-
tron–hole recombination process into consideration. It's widely
accepted that energy gap and nonadiabatic coupling are the two
crucial factors determining the efficiency of nonadiabatic
transition. The band gap between the LUMO state of PCBM and
the VBM of PM6 is rather large (see Fig. 4). The average value is
estimated to be 0.89 eV, which is more than eight times of that
of the energy gap between CBM and the LUMO+3 state (see
Table 1). Thus, the considerable energy differences are
responsible for the slow electron–hole recombination. Accord-
ing to the expression of nonadiabatic coupling, djk is inversely
proportional to the energy difference while proportional to the
interstate coupling. Whether interstate coupling or energy
difference governs the nonadiabatic couplings is specically
dependent on the studied systems. In most cases of dynamics
simulations of materials, the wave function properties maintain
essentially constant while the energy differences play an
important role. However, the interstate coupling based on the
wave function properties makes signicant contributions in the
present studied PM6/PCBM system. The calculated nonadia-
batic coupling of electron–hole recombination is just 0.56 ps−1,
two orders of magnitude smaller than that of above-stated
electron transfer (Table 1). Therefore, both the large energy
gaps and remarkably small nonadiabatic couplings reduce the
electron–hole recombination signicantly.

In brief, a dramatically long-lived charge-separated state can
be achieved in the organic PM6/PCBM heterojunctions through
efficient spatial separation of the photogenerated charge
carriers across the donor/acceptor interface and the suppressed
Table 1 PBE + D3 calculated energy gaps (DE) and nonadiabatic
couplings (NAC) of relevant states in PM6/PCBM heterojunctions

DE/eV jNACj/ps−1

CBM / LUMO+3 0.11 69.53
LUMO+3 / LUMO+2 0.34 12.74
LUMO / VBM 0.89 0.56

24534 | J. Mater. Chem. A, 2022, 10, 24529–24537
electron–hole recombination, consequently providing potential
applications to trigger photoredox reactions in photocatalysis.
Hydrogen evolution reaction mechanisms in the PM6/PCBM
heterojunction

In terms of the photogenerated charges in PM6/PCBM with an
ultralong lifetime, their applications in photocatalysis are
extremely promising. Kosco et al. have found that such organic
donor/acceptor heterojunction exhibits outstanding perfor-
mance for photocatalytic H2 evolution.40 However, the detailed
mechanisms of the H2 generation are yet to be claried, which
impedes further advances. With the assistance of the rst-
principles calculations, an in-depth understanding of the pho-
tocatalytic hydrogen evolution process in the PM6/PCBM het-
erojunctions can be revealed.

The widely accepted H2 generation process is:

Hþ þ e�/
1
2
H2, in which one proton acquires an electron to

generate hydrogen. As discussed above, the photogenerated
electron would be transferred to the PCBM fragment on the
femtosecond timescale, so the reduction reaction prefers to
occur at PCBM, which is also in agreement with the experi-
ment.40 There are two distinct types of C atoms acting as
potential active sites at PCBM, i.e., C665 or C666, which is
representative of the C atom at the junction of one pentagon
ring with two benzene rings or at the junction of three benzene
rings (see Fig. 5b and c). To investigate the photocatalytic
hydrogen evolution activity at these two kinds of sites, we
calculate the binding Gibbs free energy of H*, which has been
well-accepted as the crucial indicator to evaluate the catalyst
performance for H2 generation. Based on the Gibbs free energy
proles as depicted in Fig. 5a, the H adsorption energies at C665
and C666 sites are 0.54 eV and 1.11 eV, respectively. The energy
required for hydrogen adsorption is reduced by half via altering
Fig. 5 (a) The HSE06 + D3 calculated free energy profiles for
hydrogen evolution at the C666 site (blue), C665 site (red), and C666
site with adjacent C665 site pre-hydrogenated (green). The free
energy diagrams obtained at the PBE + D3 level are listed in Fig. S6.†
Corresponding optimized structures of hydrogen adsorbed at the
C666 site (b), C665 site (c), as well both C666 and C665 sites (d) of the
PM6/PCBM heterojunctions. The pentagon and benzene rings
surrounding the C665 and C666 sites are highlighted in (b) and (c).

This journal is © The Royal Society of Chemistry 2022
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Fig. 7 Schematic diagram of photocatalytic H2 evolution reaction on
PM6/PCBM heterojunctions. Ultrafast electron transfer and sup-
pressed nonradiative electron–hole recombination at the interface of
PM6/PCBM lead to long-lived charges, which can reduce H+ to H2 at
suitable sites. The activity on the C666 site is much lower than that on
the C665 site. Nevertheless, the former can be significantly improved
via pre-hydrogenating the adjacent C665 atom.
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the binding sites from C666 to C665, indicating the H2

production is more efficient at the C665 sites than at the C666
sites.

The higher photocatalytic hydrogen evolution activity of the
C665 sites in comparison with the C666 sites can be understood
in two aspects. The PDOS of C665 and C666 are separately
presented in Fig. 6. It's clear that the CBM of C665 locates much
lower than the CBM mainly derived from the C666 atoms,
indicating the fate of the electrons generated upon photoexci-
tation is to concentrate at the C665 sites, where H+ species can
be effectively reduced to H2. On the other hand, parallel to the
well-known d-band center theory,93–97 it can be deduced that the
binding strength of H adsorbates is much stronger with the
C665 versus C666 sites since the energy of the C665 valence
band is higher than that of the C666 valence band (see
Fig. 6).98,99Moreover, more than three-quarters of the C atoms in
PCBM are assigned to the C665 sites. Plenty of C665 sites with
high activity further improves the photocatalytic performance
of the organic PM6/PCBM heterojunctions.

Based on the above results, the C666 sites in PCBM are
insufficiently active for H2 production due to the large energy
consumed for H binding. Is there a facile solution to advance
the photocatalytic activity of the C666 sites? Astonishingly, we
nd that the binding of H at the C666 sites can be signicantly
enhanced through pre-adsorption of a hydrogen at the adjacent
C665 atom. As stated above, the adsorption of H at the C665 is
favorable. As the green line in Fig. 5a depicts, the Gibbs free
energy change for H adsorption at the C666 site is remarkably
reduced to 0.05 eV from 1.11 eV when a neighbor C665 site has
been attached by a hydrogen (see Fig. 5d), which is comparable
to that of excellent Pt catalyst (−0.09 eV).100 Bader charge anal-
ysis shows a higher accumulation of electrons at C666 sites
(increased by 0.13 jej) via hydrogenation of an adjacent C665
atom. The results are consistent with previous works, which
indicate that hydrogenation can be a practical strategy to
enhance the performance of HER, CO2RR, and NRR via rening
the electronic density of the active sites.101–105 The results imply
that the C666 sites can serve as superior hydrogen evolution
sites given one surrounding C665 site has been hydrogenated.
Fig. 6 The PDOS of separated C666 (blue) and C665 (red) atoms in
PCBM.

This journal is © The Royal Society of Chemistry 2022
Conclusions

PM6/PCBM shows remarkable promise in photocatalytic H2

evolution. Detailed mechanisms of the H2 generation are desired
to further optimize the photocatalytic performance of such
organic semiconductor heterojunctions. Long-lived charges and
suitable reaction sites play essential roles in boosting activity of
photocatalysts. In this article, we comprehensively explore the
photoinduced carrier dynamics and hydrogen evolution reaction
sites of organic PM6/PCBM heterojunctions, which are summa-
rized in Fig. 7. Photogenerated electrons are rapidly extracted
from the donor polymer PM6 into acceptor PCBM occurring
within 1 ps aer photoexcitation of the nanocomposite. The large
energy gap and small nonadiabatic coupling between the VBM of
PM6 and LUMO of PCBM heavily suppress the recombination of
electron–hole pairs. As a result, long-lived electrons can be
effectively achieved on the PCBM fragment, which will readily
reduce proton to hydrogen at suitable sites. According to the
calculated binding Gibbs free energy of H*, it's evident that the
C665 sites exhibit higher photocatalytic H2 evolution activity in
comparison with the C666 sites. However, the photocatalytic
activity of C666 can be signicantly enhanced through pre-
hydrogenation of the adjacent C665 atom. The explicit struc-
ture–activity relationship in PM6/PCBM is revealed by the
combination of static electronic structure calculations and
nonadiabatic ab initio molecular dynamics simulations, thus
providing insights into rational design and synthesis photo-
catalysts with high H2 evolution activity.
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F. Schiffmann, et al., J. Chem. Phys., 2020, 152, 194103.

58 X.-Y. Liu, X.-Y. Xie, W.-H. Fang and G. L. Cui, J. Phys. Chem.
A, 2018, 122, 9587–9596.

59 X.-Y. Liu, W.-K. Chen, W.-H. Fang and G. L. Cui, J. Phys.
Chem. Lett., 2019, 10, 2949–2956.

60 X.-Y. Xie, X.-Y. Liu, Q. Fang, W.-H. Fang and G. L. Cui, J.
Phys. Chem. A, 2019, 123, 7693–7703.

61 X.-Y. Xie, J.-J. Yang, X.-Y. Liu, Q. Fang, W.-H. Fang and
G. L. Cui, Phys. Chem. Chem. Phys., 2021, 23, 13503–13511.

62 X.-Y. Liu, J.-J. Yang, W.-K. Chen, A. V. Akimov, W.-H. Fang
and G. L. Cui, J. Phys. Chem. Lett., 2021, 12, 1131–1137.

63 X.-Y. Liu, Z.-W. Li, W.-H. Fang and G. L. Cui, J. Phys. Chem.
A, 2020, 124, 7388–7398.

64 J.-J. Yang, Z.-W. Li, X.-Y. Liu, W.-H. Fang and G. L. Cui, Phys.
Chem. Chem. Phys., 2020, 22, 19542–19548.

65 J.-J. Yang, X.-Y. Liu, Z.-W. Li, T. Frauenheim, C. Yam,
W.-H. Fang and G. L. Cui, Phys. Chem. Chem. Phys., 2021,
23, 6536–6543.

66 R. S. Mulliken, J. Chem. Phys., 1955, 23, 1833–1840.
67 J. P. Perdew, K. Burke and M. Ernzerhof, Phys. Rev. Lett.,

1996, 77, 3865–3868.
68 J. VandeVondele and J. Hutter, J. Chem. Phys., 2007, 127,

114105.
69 J. P. Perdew, A. Ruzsinszky, G. I. Csonka, O. A. Vydrov,

G. E. Scuseria, L. A. Constantin, X. Zhou and K. Burke,
Phys. Rev. Lett., 2008, 100, 136406.

70 M. Krack, Theor. Chem. Acc., 2005, 114, 145–152.
71 C. Hartwigsen, S. Goedecker and J. Hutter, Phys. Rev. B:

Condens. Matter Mater. Phys., 1998, 58, 3641–3662.
72 S. Goedecker, M. Teter and J. Hutter, Phys. Rev. B: Condens.

Matter Mater. Phys., 1996, 54, 1703–1710.
73 S. Grimme, J. Antony, S. Ehrlich and H. Krieg, J. Chem.

Phys., 2010, 132, 154104.
74 M. Guidon, J. Hutter and J. VandeVondele, J. Chem. Theory

Comput., 2010, 6, 2348–2364.
75 J. Heyd, G. E. Scuseria and M. Ernzerhof, J. Chem. Phys.,

2003, 118, 8207–8215.
76 J. Heyd, G. E. Scuseria and M. Ernzerhof, J. Chem. Phys.,

2006, 124, 219906.
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