Symmetry breaking for semiconductor photocatalysis
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Abstract

Numerous strategies have been developed to tailor the photocatalytic performance of
catalysts. However, any essential general regularity exists in these strategies for activity
improvement? It is desirable to explore the general regularity in these strategies, thus
guiding further developments in the field of photocatalysis. In this review, we proposed
that the key or essential nature of improved photocatalytic activity depends
considerably on the symmetry breaking of the materials. The detailed contributions of
symmetry breaking to the increased photocatalytic activity have been intensely
discussed and summarized based on the location of symmetry breaking, namely,
spontaneous symmetry breaking in the material interior, localized symmetry breaking
on the material surface, and external fields induced symmetry breaking beyond the

materials.

Fundamental in photocatalysis
Many means have been adopted to deal with the energy shortage and
environmental issues, among which artificial photocatalysis under ambient conditions

provides a promising alternative solution. With the appropriate photocatalysts as



intermedium and solar light as the driving force, many chemical reactions can be
triggered sustainably to solve these issues, such as CO2 photoreduction to yield solar
fuels and valuable chemicals, water splitting to yield H> and O», N> photoreduction to
yield NH3 as well as photodegradation and mineralization of water pollutants.[1-10]
During the photocatalysis process, the semiconductor is been excited to produce
electron-hole pairs under solar light irradiation. The formed charge carriers will then
migrate from bulk to material surface and arrive the surface’s active sites. During the
carrier migration and transfer process, it will suffer from recombination and lots of
charge carriers are lost before involve in the catalysis reaction. Finally, the surface-
arrived carriers will trigger corresponding interfacial redox catalytic reactions. Since
the relatively low performance, a sizeable margin still exists for scale applications of
photocatalysis. One of the core issues in photocatalysis should be improving the
catalytic activity.

Up to now, many different strategies show huge potential to tailor photocatalytic
performance of catalysts, such as doping, defect engineering, surface modification and
so on (Table S1).[11-18] A question naturally arises: why these strategies can boost the
photocatalytic activity? Any essential general regularity of these strategies behind
activity improvement? It is desirable to explore the general regularity in these strategies,
thus guiding further developments in the field of photocatalysis. According to a
summary of the literatures, we found the key or essential nature of improved
photocatalytic activity actually depends considerably on the symmetry breaking of the
materials.

Charge separation and transfer is a highly complicated process in photocatalysis
reaction. The generation of charge carriers is at femtoseconds level, transfer of charge
carriers requires hundreds of picoseconds, and interfacial catalytic reaction time to
consume charge carriers needs several nanoseconds to microseconds.[19, 20]
Comparatively, charge recombination is among the time dimension of several
picoseconds to tens of nanoseconds. Thus, the majority of generated charge carriers will
be lost via recombination during the migration and interfacial catalytic reaction process.

Fortunately, the charge separation efficiency can be increased by the symmetry



breaking of materials. Specifically, local polarization will appear once the existence of
structure difference by symmetry breaking. Since the polarization can form directional
electric field, the directional migration of electrons or holes can be accelerated, thus the
separation efficiency of photogenerated electron-hole pairs can be improved.
Depending on the location of the asymmetric states in the material (Figure 1), different
strategies are divided into three categories: spontaneous symmetry breaking in the
material interior, localized symmetry breaking on the material surface, and external

fields induced symmetry breaking beyond the materials.

Spontaneous symmetry breaking in material interior

To improve the photocatalytic activity, numerous strategies have been developed,
such as heteroatom doping, vacancy creation, disorder control and so on.[21-34] All
these strategies shared a feature that partial atomic configuration in materials undergoes
variety, no matter the atomic types, contents, locations or others, to decrease the

symmetry of material interior.
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Figure 1. Schematic illustration of different strategies to break the local symmetry of

materials.

As a common strategy to optimize traditional photocatalysts, heteroatoms doping



can build intermediate states or change the electronic structure, providing opportunities
to tailor the photocatalytic activity. Apart from building an additional band between the
intrinsic conduction band (CB) and valence band (VB), the efficacious doping usually
can be used as trapping states to accelerate photogenerated charge carrier separation.[35]
For instance, by doping O into ZnlnoSs nanosheets via S site replacing, the local
electronic structure and electric field intensity can be adjusted.[21] As proved by the
ultrafast transient absorption (TA) spectroscopy, this symmetry breaking in Znln,S4
nanosheets leads to a 1.53 times improved average recovery lifetime of photoexcited
electrons, enabling 4.5 times higher photocatalytic hydrogen evolution activity. In
another case, C doping is employed to tailor the charge distribution inside the Bi304Cl
materials (Figure 2a).[19] The electrostatic potential differences (AE) between [Bi3O4]
and doped [CI] slices are determined by density functional theory calculation. The C-
Bi304Cl exhibits a AE value of 7.36 eV, much higher than those of P (3.97 eV), S (4.15
eV), N (5.12 eV), B (4.26 eV), F (4.52 eV), and Br (4.93 eV) doped counterparts,
suggesting the C doping is a favorable alternative to maximize break the symmetry.
Owing to the intensified nonuniform charge distribution, 126-fold increased internal
electric field intensity can be obtained in C-Bi304Cl relative to Bi304Cl, enabling the
greatly increased photocatalytic water oxidation activity.

Apart from nonmetal element doping, the metal doping methods may show a
stronger effect in regulating the electronic structure and carrier dynamics. The doping
of Cu®" into ZnAl-LDH nanosheets has been demonstrated to be able to boost the
photocatalytic N> reduction activity.[24] This coordinatively unsaturated Cu®" (8 < 2)
with electron-rich property contributed to the separation of photogenerated charge
carriers, resulting in 6.4 times higher NH3 formation rate. Further study found that
doping Mo into W13O49 nanowires can polarize the adsorbed N> molecules and facilitate
electron transfer from coordinatively unsaturated sites to Nz, making N=N more
feasible for dissociation via proton coupling.[22] A 7-fold higher NH3 generation rate
can thus be obtained over Mo-WigOa9 relative to WisO49 through N> photoreduction.
These results certainly demonstrate that element doping is an efficacious tool to break

the material symmetry, then tailor the carrier dynamics and further increase the



photocatalytic behavior.

a e Formation and » @e/h transfer along [Bi,O,) » eSurface reaching
separation of e-h or [C,Cl,_] slices electrons and holes
Side view Top view Side view
FYvYvY)
nduEw §
Cessey ~
) =
R |
CV0VOLL 3
ARA QA =
iy @ @ o
vy & ©
25255 CDWg |2
LS R 8 %8 = g
1222225 a
Bi;0,Cl v
o
AR8880 £
LS S % 8 8¢ o
1288884 =]
COCUeU Q@
ReRYRY s
OB '3'
vevr ey o s
224344 3 Little
RO =2 recombination
veb ey ®
ey 3
R Q
1222227 g
C- doped £
o

44 o° d
: 2
3 . E
2 2 B
E s, 5|
323 23f E

Position (nm)

e 0.005 f

) — defect-rich SUC Bi,O,Br
0.000 (& —_ —— defect-deficient Bi,O,Br
= — bulk Bi,O,Br
S
E -0.005 | % : 2
Ql (\_' % TZ 2
o '
e defect-rich SUC Bi,O,Br E
defect-deficient Bi,O,Br
i h M i
-0.015 L L . . | : -
0 30 60 90 20 40 60
Time Delay (ps) Time (ns)

Figure 2. Charge separation process in C-doped BizO4Cl and defect-rich BizO4Br.
(a) Schematic illustration of the separation and migration of electrons and holes in the
bulk of the pure and C-doped BizO4Cl. Image reproduced with permission from [19].
(b) STEM image, (c) structural model and (d) line profiles of defect-rich BizO4Br. (e)

Ultrafast TA spectroscopy and (f) time-resolved transient PL decay of BizO4Br



materials. Image reproduced with permission from [29].

In addition to doping, vacancy creation is an appealing strategy to destroy material
interior structure. As such, the local symmetry of materials decreases and forms local
polarization. Taking the widespread O vacancy as an example, the loss of oxygen atoms
will endow an electron-rich state around O vacancy. Then a local electric field can be
established for charge migration to catalytic sites.[36] Benefiting from the O vacancy
for boosting charge separation, the CO formation rate over BiOIO3 can be improved
from 5.76 to 17.33 pmol g! h''. In another case, the O vacancies are engineered into
BiOBr atomic layers via ultraviolet light irradiation process.[26] As proved by the
fluorescence emission decay spectra, the engineered O vacancies increase the carrier
lifetime from 1.65 to 3.12 ns over BiOBr atomic layers, further resulting in 20 times
higher CO2 photoreduction activity to yield CO (87.4 umol g! h'). Our group
employed a surface recrystallization strategy to tune the vacancy concentrations in
Bi304Br atomic layer (Figure 2b-f).[29] It is proved that the generation of oxygen
vacancies in BizO4Br is directly related to the absence of bismuth atoms in the material.
The defects can tune the local atomic arrangement and electronic structure, while
serving as surface charge separation centers to promote the separation of charge carriers,
thus improving the photocatalytic hydrogen production and nitrogen fixation efficiency.

It is worth noting that there is an optimal value for symmetry breaking. For
example, the defect content is not as high as possible. Our work found the Se vacancies
in PtSe> favor the exposure of isolated Pt atoms and can improve the hydrogen
evolution activity.[34] If only from the point of view of the active site, it should be that
more defects can afford more Pt active sites and can offer more access for charge
carriers to involve in the interfacial redox reactions, leading to better performance. That
is, almost every Pt atom is isolated should show the best performance. However, it can
be found that the PtSeyx (1.2 <x < 1.3) shows the best performance. Partial Se vacancies
lead to a decrease in symmetry, while too many Se vacancies will opposite lead to
increased symmetry.

The local polarization generated after symmetry breaking not only affects the



behavior of electrons, but also affects the behavior of molecules on the surface of the
material (coordination mode, coordination number, etc.). Moreover, it may even change
the mode of interaction force towards intermediate state[37] or adjust the entire reaction
pathway of the molecules,[38] such as C-C coupling, etc.[39-41] Our group
demonstrated the Bi-O vacancy pairs in Bi24O31Brio can create local polarization field
to facilitate charge migration from Bi24O31Brio to vacancy pairs.[37] Moreover,
symmetry broken defective surface shows stronger non-covalent interaction with CO*
intermediate than perfect surface during CO> photoreduction process (Figure 3a-c),
resulting in the variety of rate-limiting step from CO* formation over perfect surface to
COOH* formation over Bi-O vacancy pairs tuned surface. After incorporating isolated
Cu atoms into Bi24031Brio atomic layers by replacing Bi atoms, polarized Cu-Bi site
pairs can be created.[42] It can improve the non-covalent interaction between the
material’s surface and N2 molecules, then weaken the covalent bond order in N-N. The
hydrogenation mode can be tuned from associative distal pathway over Bi24O31Brio to

alternating pathway over Cu-Bi24031Brio.
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Figure 3. Reaction intermediate and processes. (a) Calculated free-energy diagram
for COz reduction to CO on the Vgio-BOB and perfect BOB. Gradient isosurfaces for
non-covalent interaction between CO* intermediate and (b) Vsio sites, and (c) perfect
surface. Image reproduced with permission from [37]. Scheme of the C-C coupling
process over (d) conventional metal-based photocatalyst, and (e) charge-polarized
metal pair sites on the metal-based photocatalyst. Image reproduced with permission

from [40].

Through the symmetry breaking design, charge-polarized metal pair sites can be
further created to trigger C-C coupling.[41] The core rely on the material design of
asymmetric state. For instance, Sun et al. designed charge-polarized Co-Co pair sites in
C0304 via O vacancy engineering (Figure 3d, €).[40] Due to the abundant O vacancies
in partially reduced Co3O4 nanosheets, the Co sites surrounding the vacancies own
higher Bader charge relative to other Co sites, resulting in the formation of asymmetric
charge distributed Co-Co pair sites. This configuration can lower the energy barrier and
accelerate the coupling of asymmetric COOH* intermediates, leading to the highly
selective CO»-to-CH3COOH conversion. The optimized CH3COOH generation rate
reaches 2.95 umol g'! h'! in simulated air with 92.5% selectivity and 2.75% conversion.
In another case, building S vacancies in AgInP,Se¢ atomic layers can form electron-rich
Ag atoms near the S vacancies, which favors the capture of *CO molecules.[39] Due
to the abundant key reaction intermediates on the surface, the energy barrier of C-C
coupling can thus be lowered, resulting in higher selectivity to yield CoHs. The S
vacancies tuned AgInP,S¢ atomic layers shows a CoHa formation rate of 44.3 umol g’!
in first hour and the yield-based selectivity arriving ~73 %. Further study found the
asymmetric Metal;-Metal, atom sites facilitate the C-C coupling and the existed O
vacancy can reduce energy barriers in hydrogenation step and further promote C-C
coupling reaction.[41] Due to the distinct charge distributions of neighboring C;
intermediates induced by asymmetric Zn-Ge site pairs, the C-C coupling process of C;
intermediates is promoted. As a result, the CH;COOH generation rate via CO»

photoreduction reaches 12.7 umol g h'! and selectivity of 66.9%. Generally, symmetry



breaking in the materials to create asymmetric charge distributed state will not only
exhibit enhanced photocatalytic properties of the host materials, but also induce new

reactions like C-C coupling.

Localized symmetry breaking on material surface

Additional surface tuning on the materials can also partially break the symmetry
of materials, such as single atom engineering, surface functionalization, co-catalysts
modification, heterojunction, heterophase junction, homojunction and so on.[43-52]
Single atom loading can generate localized electric field effects on the surfaces,
adjusting the charge carrier migration process. When acting on chemical reaction, the
reaction substrate will have a localized high concentration distribution around the tip
structure, which is expected to accelerate the kinetic process of chemical reaction. For
instance, our previous work engineered Co single atoms into Bi304Br atomic layers for
COy photoreduction (Figure 4a-f).[53] The single-atom Co as a localized charge
separation center greatly prolongs the photogenerated carrier lifetime of the material,
as certified by ultrafast TA spectra. The optimized Co-Bi3OsBr material exhibits
excellent photocatalytic performance to yield CO, with a rate of 107.1 umol g'' h'l in
pure water. Furthermore, the introduction of Co single atoms can reduce the CO>
activation energy and change the rate-determining step of the reaction. The rate-
determining step on the surface of Bi3;O4Br material is the formation of COOH*, while
it changes to CO* desorption on the surface of Co-Bi3O4Br.

The surface halogenation strategy has been demonstrated as an effective surface
polarization protocol to boost CO> photoreduction. The Br ions are anchored on the Bi
atoms of Bi2O2(OH)(NOs) (BON) by replacing surface hydroxyls. As proved by
femtosecond ultrafast TA spectroscopy and charge difference calculation, this surface
polarization leads to the fast charge separation and substantially prolonged lifetime
(Figure 4g-i).[54] The Br-BON materials show 73 times improved photocatalytic
activity to yield CO, with the formation rate of 8.12 umol g h'. Similar surface
polarization can also be realized via surface I-grafting in Bi4Ti3012, which contributed

to 6 times increased CO: photoreduction efficiency of BisTizO12 to yield CO.[55]
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Figure 4. Photocatalytic CO:2 reduction of Co-Bi3O4Br and BON-Br. (a) STEM
image, (b) EXAFS Co K-edge spectra of Co-Bi3O4Br-1, (¢) ultrafast TA spectra of
Bi304Br and Co-BizO4Br, (d) CO: photoreduction performance, (e) schematic
representation of CO; photoreduction mechanism on the Co-Bi304Br, (f) free energy
diagrams of CO» photoreduction to CO. Image reproduced with permission from [53].
Femtosecond ultrafast TA spectroscopy of (g) BON and (h) BON-Br, (i) time-

dependence CO yields over BON-Br. Image reproduced with permission from [54].

Engineering specific co-catalysts onto the host catalysts is a common means to
optimize the photocatalytic performance. One of the main roles is creating interfaces
with differentiated work functions, thus leading to the interfacial polarized electric field.
Take the graphdiyne (GDY) co-catalyst as an example, Yu et al. demonstrated the
delocalized electrons in GDY can hybrid with the empty orbitals in TiO, within the
TiO2/GDY materials, resulting in the creation of internal electric field at interfaces.[56]

Due to the symmetry of TiO» surface being destroyed by the GDY modification, the



local polarization will happen to boost the charge migration, then account for the
improved photocatalytic CO; reduction performance. Similar process can also be found
in our CoN2/BiOBr system by using CoN> as cocatalyst (Figure Sa-c).[57] Interfacial
potential difference leads to the transfer of electrons from BiOBr to CoNa, thus
improving the photocatalytic CO; reduction activity of BiOBr for roughly 6 times, with
the CO formation rate of 67.8 umol g'! h!. This localized interface symmetry breaking
in co-catalysts modified materials has undoubtedly been proved as one of the important
factors in enhancing catalytic performance.

Similarly, the heterojunction or heterophase junction also shows interfacial texture
difference, then interfacial polarization will happen to boost interfacial charge
separation.[58, 59] Zhu et al. constructed interfacial electric field through dual-
porphyrin coupling.[60] It is formed via the m—r stacking interaction between tetrakis
(4-carboxyphenyl) zinc porphyrin (ZnTCPP) and tetrakis (4-hydroxy-phenyl)
porphyrin (THPP). Due to the differentiated work functions, the interfacial electric field
is created directed from ZnTCPP to THPP, enabling rapid transfer of photogenerated
electrons and then realizing higher photocatalytic H> evolution rate. Wu’s group
designed ZnSe/CdS heterojunction by anchoring ZnSe quantum dots (QDs) on CdS
rods.[61] This surface-anchored ZnSe QDs favors ultrafast (=2 ps) electron and hole
separation, as proved by ultrafast TA spectroscopy. Furthermore, the surface
photovoltage spectroscopy offers a direct image of spatially separated electrons in CdS
and holes in ZnSe due to the formed interfacial electric field. Therefore, a higher
photocatalytic CO,-CO conversion rate is achieved over ZnSe/CdS (11.3 pmol g h'l),
nearly 2 times higher than CdS. In another case, WO3/CdS heterojunction with
significantly different atomic structures are designed (Figure 5d-i).[62] The electron
transfer and migration by the internal electric field at the interface can be determined
by ultrafast TA spectroscopy. Moreover, the interfacial charge redistribution
phenomenon can be observed through surface potential imaging due to the charge
migration, enabling selective accumulation of electrons and holes in CdS and WOs3,
respectively. As a consequence, the NH4" production rate can be improved from 7.2

pmol g h! over CdS to 35.8 pmol g'! h! over WO3/CdS.



Generally, the construction of heterojunction creates the differentiated interfacial
components and thus the interfacial symmetry is broken to form interfacial electric field.
It is worth noting that the heterojunction usually has fewer interfaces due to the large
material size, so the overall variety of the material through the symmetry breaking is
relatively small. As a result, the activity improvement in many heterojunction systems
is often limited, usually 2-5 times. Similar results can also be observed in heterophase
junction. Moreover, there is an optimal ratio in heterojunction, higher content of guest
component will lead to lower performance. This possibly resulted from the symmetry
rising again. In contrast, the modification of atomically-thin materials is easier to
significantly improve the photocatalytic activity,[63, 64] which may also be related to

easily and largely symmetry breaking of 2D matrix.
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Figure 5. Charge migration process in CoN2/BiOBr and WO3/CdS. (a, b) STEM

images of CoN2/BiOBr, (c¢) charge difference of Co2N/BiOBr interface. Image



reproduced with permission from [57]. (d) AFM image and (e) corresponding surface
potential of WO3/CdS heterojunction in darkness, and (f) the diagram of electron
transfer direction from CdS to WO3 in darkness. (g) AFM image and (h) corresponding
surface potential of WO3/CdS heterojunction under illumination, and (i) the diagram of
photoelectron transfer direction from WOs3; to CdS under illumination. Image

reproduced with permission from [62].

External fields induced symmetry breaking beyond the materials

In addition to the material itself, symmetry breaking can also be realized by
external fields such as microwaves, mechanical stress, temperature gradient, electric
field, magnetic field, to boost photocatalytic reactions.[65] For instance, ultrasonic is
employed as mechanical stress to boost the photocatalytic H2 evolution performance of
g-C3N4 (Figure 6a-c).[66] The additive dipole moment of polar tri-s-triazine units
contributed to the in-plane polarization enhancement, resulting in better photocatalytic
activity of g-C3Ns nanosheets. Huang et al. demonstrated the existence of strong
ferroelectric spontaneous polarization along [100] direction of SrBi4Ti4O15 nanosheets,
thus efficient bulk charge separation along opposite direction can be acquired.[67] In
another case, corona poling is employed to strengthen the ferroelectric polarization of
Bi3TiNbO9 nanosheets, so as to boost bulk charge separation.[68] As proved by
COMSOL simulations, after imposing a poling voltage, domains tend to gradually
switch to be aligned and result in a polarization-induced electric field (Figure 6d-f).
This electric field is beneficial to the separation of charge carriers and enables ~5 times
increased CO> photoreduction activity (Figure 6g-i). Similar corona poling process to
boost the ferroelectric polarization is also realized over BisTi3012.[55] This corona
poling induced enhanced bulk charge separation make the CO production rate improved
from 1.7 to 5.2 umol g! h! over BisTi3O12. Apart from these, other external fields are
also desirable to adjust the symmetry inside the materials and further increase the

photocatalytic activity.
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Figure 6. CO2 photoreduction reaction over BisNbTiOy. (a-c) Schematic mechanism
of the photo-improved piezocatalytic process. Image reproduced with permission from
[66]. COMSOL simulation of polarization-induced electric field on BisNbTiOg sheets:
(d) un-poled, (e) intermediate poled, (f) fully poled. (g, h) CO and CH4 production
curves and (i) corresponding evolution rates of CO, CH4, and H> over BizNbTiOg

materials. Image reproduced with permission from [68].

Concluding remarks

Considerable progress has been made in boosting photocatalytic activity via
various tactics. We proposed that the key or essential nature behind the enhanced
activity is highly related to the material symmetry breaking. Based on the location
difference, various optimization strategies have been classified into three types:
symmetry breaking in material interior, symmetry breaking on material surface and
symmetry breaking beyond the materials, as well as the relevant mechanism of action
and structure-activity relationship have been surveyed. Despite some progresses, the

research on symmetry breaking design for photocatalytic behavior improvement is still



at its infancy stage. The quantification of symmetry breaking in materials should be a
logical step forward, help to precise correlate the catalytic performance with its
asymmetry degree. Furthermore, theoretical work regarding symmetry breaking for
mechanistic understanding is still inadequate. More efforts should be committed to
optimize calculation conditions with closer to realistic reaction systems, thus achieving
a deeper understanding. In addition to directly solar irradiation, external field such as
thermal field, electric field or photovoltaic device can be integrated to build suitable
photocatalytic devices. Bearing these features in mind, further reasonable design
strategies are desirable to be developed to make a historic breakthrough in

photocatalytic performance.
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Glossary

Carrier lifetime: the average lifetime of carriers before recombination.

Conduction band (CB): the energy band formed by free electrons.

Density functional theory: one of the most widely used theoretical calculation
technologies.

Local polarization: a phenomenon in which polarization occurs under certain
conditions, causing its nature to deviate from its original state.

Symmetry breaking: the degree of symmetry decreases in the original system with
high symmetry.

Two-dimensional (2D) materials: materials in which electrons can move freely
(planar motion) on the nanoscale in only two dimensions

Ultrafast transient absorption (TA) spectroscopy: one of the powerful tools to study
carrier dynamics.

Vacancy pairs: the associates of multiple consecutive vacancies.

Valence band (VB): the energy band formed by valence electrons.

Work function: the minimum energy required to move an electron from the interior of
a solid to its surface.



