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Abstract

Photocatalysis technology has attracted much attention in the fields of energy and environment, the core of which is the
design of photocatalyst. In the past decade, improving performance by changing the internal electronic structure has
attracted attention, especially the d-band (p-band) center manipulation, which is mainly used in photocatalytic hydrogen
production and CO; reduction. In photocatalysis, the d-band (p-band) center of photocatalysts is analyzed by theoretical
calculation, which is crucial for photon absorption, electron-hole pair generation, charge separation, transportation, and
targeted surface catalytic reactions. By manipulating the d-band (p-band) centers through element doping and other means,
the overall electron distribution of the photocatalysts is affected, so that it has a great impact on the adsorption of small
molecule intermediate products, optimize and change the reaction path, and realize the improvement of the photocatalytic
performance. The objective of this review is to furnish a thorough overview on this topic for a diverse audience. It introduces
the advantages of the d-band (p-band) center strategy, explores its correlation with the photocatalytic mechanism, elucidates

methodologies for introducing these centers, and discusses existing challenges and potential future prospects in the field.
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1. Introduction

Environmental pollution and energy crisis issues have become
a top priority around the world.[*? Therefore, there is an urgent
need to obtain sustainable green energy to deal with the above
issues.B1 Solar energy has invited a great deal of interest as a
clean, green, abundant, and cheap energy. As an emerging
innovative oxidization technology, photocatalytic technology
has been widely sought after and is a potential green way to
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solve environmental and energy problems.[*2-2!1 Nowadays,
photocatalytic technology is primarily applied in the fields of
environmental restoration and energy conversion, and the
kernel of photocatalytic reaction is photocatalyst.[2-2
Therefore, the design of efficient new photocatalysts (strong
photoredox ability, efficient charge migration, rapid surface
reaction) has become a study hotspot to deal with the above
two major problems. 229

In the past decade, photocatalyst modification strategies
have been developed significantly, not only greatly improving
performance but also diversifying the modification methods.
Among them, more and more attention has been paid to
enhancing the performance of photocatalysts by modifying
their internal electronic structures, with a special focus on
manipulating the d-band (p-band) centers. The d-band (p-band)
center can affect the electronic structure of photocatalytic
materials, the separation and migration of e-h" pairs, the
adsorption and reactivity of surface molecules, and the overall
reaction efficiency of photocatalysis, efc.F**1 There are
multiple interactions in the d-band (p-band) central model,
such as metal-small molecule reactant interactions, electron-
metal ion interactions, metal-metal interactions, and charge
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transfer interactions, which together regulate the adsorption,
activation, and catalytic properties of materials. Among them,
the change of the center position of the d-band (p-band) has a
great impact on the interaction between the transition metal
surface and small molecules, which can enhance the
adsorption ability of the transition metal to small molecules,
and improve the adsorption selectivity of different small
molecules, thus affecting the reaction activity. In addition,
electron transfer occurs between the transition metal surface
and small molecules. In short, the d-band (p-band) center is
closely related to photocatalytic performance because it
furnishes novel insights into the electronic structure and
reactivity of catalyst materials. By understanding and
manipulating the location of the d-band (p-band) center,
researchers can improve the efficiency of the photocatalytic
process. Currently, people are still mainly focusing on the
extensive use of d-band center regulation in photocatalysis,
and the regulation of p-band centers is beginning to be paid
attention to, and it is possible that the application of f-band
center regulation in photocatalysis will begin to be paid
attention to in the future. In general, the regulation of the
position of the inner electron center can play a significant
function in photocatalysis.

In order to explore the relationship between the d-band (p-
band) centers and photocatalytic performance of catalysts, the
objective of this review is to comprehensively summarize the
recent research progress of d-band (p-band) center regulation
in photocatalysis. First, the reaction mechanism of d-band (p-
band) center and its consequence on the photocatalytic process.
In addition, we discuss the relation between the moving
direction of the d-band (p-band) center position and the
catalytic reaction. Subsequently, we discuss the current means

of characterizing the d-band (p-band) center. Finally, we
summarize the current means of regulating the location of the
d-band (p-band) center, including doping, defects/vacancies,
heterojunction, alloying, and stress, efc. In conclusion, we
summarize the current research status and problems of d-band
(p-band) center, and look forward to the future prospects as
well as challenges for the application of d-band (p-band)
center in photocatalysis. This research provides a key
theoretical basis for understanding the relationship between
electronic structure and performance of catalysts, deeps the
understanding of the structure-activity relationship of
materials, theoretically promotes the further development of
photocatalysis from empirical exploration to rational design,
thus promoting the green transformation of industry, and has
important scientific significance for the field of photocatalysis
to industrial practical application.

2. The impact of d-band (p-band) center on photocatalytic
reactions

2.1 Functions and advantages

Fig. 1a shows the distribution of active inner-layer electrons
in the periodic table of elements. Active d-layer electrons are
mainly concentrated in the transition metal region, active p-
layer electrons are mainly concentrated in several main group
regions, and active f-layer electrons are mainly concentrated
in some elements of the lanthanide and actinide series. Figs.
1b-c shows the distribution of electrons in the outer layers of
elements in the periodic table. Electrons closer to the nucleus
have lower energy. As the number of electron layers increases,
the energy of the electrons becomes larger and larger. Next,
the partial reaction principles of d-band center (main) and p-
band center will be introduced.
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Fig. 1: a) Efficient active inner electron-related elemental distributions currently available, b) Electron shell structure and energy,

and c) The arrangement of electrons outside the nucleus.
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The d-band center model essentially describes the
interaction between the transition metal surface and a small
molecule. It results in the mixing of the transition metal's d-
band with the orbitals of the small molecule, resulting in the
establishment of antibonding and bonding states, as illustrated
in the accompanying Fig. 2a.%%40 In this depiction, the orange
and grey colors represent occupied and unoccupied states,
respectively, with € denoting the Fermi energy level. All
states below €r are occupied, while bonding states are always
completely inhabited, and antibonding states are partly
inhabited. Firstly, the energy level of the d-band center decides
the grade to which the antibonding energy band is filled with
electrons, affecting the strength and stability of adsorption
bonding, known as the d-band center theory. An upward shift
of the d-band center towards the Fermi energy level generally
leads to stronger reactant adsorption. When analyzing the
periodic table, among metallic elements in the same period,
the d-band center consistently rises from right to left, resulting
in enhanced adsorption. Additionally, the d-energy bands
corresponding to the valence electrons of each element group
exhibit a gradual weakening of coupling strength from top to
bottom, along with a monotonically decreasing adsorption
energy. Secondly, the d-band center influences a catalyst's
capability to activate and dissociate reactant molecules.
Furthermore, d-band centers can impact the selectivity of
catalytic reactions by determining the preferential binding and
activation of specific reactant molecules. Lastly, the kinetics
of catalytic reactions, including reaction rates and activation
energy barriers, are also influenced by d-band center positions.
Favorable d-band centers can lower activation barriers,
consequently accelerating reaction rates. It is important to note
that the specific effects of d-band centers may vary depending
on the catalyst's composition, structure, as well as the nature
of the reactants and reactions involved. Researchers often
customize catalysts by manipulating d-band centers to
optimize their performance for specific catalytic applications.

The d-band center theory plays a substantial function in
photocatalytic performance, which is closely relevant to the
electronic structure of the catalyst and the adsorption ability of
the reactant molecules and their intermediates.*-*3! The
binding energies of the reactant molecules and intermediates
can be changed by adjusting the situation of the d-band center
of the transition metal in the catalyst. d-band center position
affects the light absorption ability and charge separation
efficiency of the catalyst. When the d-band center is near to
the Fermi energy level, the trapping ability of photogenerated
charge can be enhanced, therefore ameliorating the
photocatalytic efficiency. In some cases, adjusting the d-band
center not only affects the photocatalytic performance but also
the reaction selectivity. Lattice strain engineering can
modulate the interaction of the catalytic surface with adsorbate
molecules by changing the electronic and geometrical
configurations of the metal sites, thus affecting the situation of
the d-band center and the photocatalytic performance. The
combination of theoretical calculations, such as density-
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functional theory (DFT) calculations, which predict the trend
of the d-band centers, and experimental studies, which
validate the theoretical predictions, can provide insights into
the influence of the d-band centers on photocatalytic
performance. Understanding the relation between the d-band
center and the photocatalytic performance helps to design and
develop new and efficient photocatalytic materials.
Optimization of photocatalytic reaction activity and selectivity
can be achieved through precise tuning of the d-band center.
d-band center and physical quantities such as the figure of
merit are both expressions of the electronic properties of
metals and are both used as descriptors for the understanding
of the electrocatalytic activity of metals. However, they
describe the electronic structure and catalytic activity of
metals from different perspectives. Through the above points,
we can see the importance of the d-band center in the
photocatalytic performance and that the performance of the
catalyst can be effectively optimized through modulating the
d-band center. Nevertheless, this theory also needs to be
combined with other factors and effects to fully understand
and design efficient photocatalytic materials.

The p-band center theory is an important concept in the
science of catalysis, especially playing a significant function
in the design and understanding of catalysts containing
nonmetals.*+“ The situation of the p-band center is often used
to describe the ability of the catalyst to interact with the
reactants. In nonmetal-containing catalysts, the position of the
p-orbital center can be applied as a descriptor to assess their
catalytic activity. Modulation of the hybridization mode and
occupancy state of the p orbitals of nonmetallic atoms by
changing dimensions and sizes, elemental doping, and
material composites can activate the p electrons and thus
modulate the activity of the catalyst. The correlation between
the adsorption properties of nonmetallic active centers and the
p-orbital properties provides an important guidance for the
precise design of highly active nonmetallic catalysts. Through
theoretical calculations and experimental characterization, the
origin and induction mechanism of the catalytic activity
dominated by p orbitals can be revealed, so as to understand
the relation between the catalytic activity and electronic
structure of catalysts. p-band center theory provides a
universal idea that p electrons can be activated for various
types of catalytic reaction systems by modulating the
hybridization mode and occupancy state of the p orbitals of
nonmetallic atoms. This theoretical knowledge demonstrates
the important role of p-band centers in catalyst design and
catalytic reactions, especially in the development of nonmetal-
containing catalysts. p-band center theory provides an
effective tool for understanding and predicting catalyst
performance.

The relationship between p-band centers and
photocatalytic performance is multifaceted and involves the
electronic structure of the catalyst as well as the interaction
with the reactants.[*44%% In the photocatalytic process, the
position of the p-band center is usually used to describe the

Eng. Sci., 2025, 35, 1488 | 3


https://www.espublisher.com/

Research article

Engineered Science

interaction ability between the catalyst and the reactants. p-
band center position influences the electronic structure of the
catalyst surface, which in turn influences the adsorption and
desorption behaviors of the target intermediates. p-band center
position can affect the light absorption capability and charge
separation efficiency of photocatalytic materials. It is
mentioned that the band gap size and energy band structure
have a substantial consequence on the activity of
photocatalytic reactions, and the position of the p-band center
affects these electronic structure properties. In composites, the
modulation of the p-band center can achieve better migration
and separation of photogenerated carriers, thus boosting the
photocatalytic activity. Understanding the relationship
between p-band centers and photocatalytic properties can help
to design and develop new and efficient photocatalytic
materials. In conclusion, the p-band center plays a cardinal
part in the photocatalytic performance, which influences the
electronic structure, light absorption ability, charge separation
efficiency, and interaction with the reactants of the catalyst,
and thus the overall photocatalytic efficiency. Through
theoretical analysis and experimental studies, the p-band
center can be effectively regulated to improve the performance
of photocatalytic materials.

Figs. 2b-f demonstrate the five main types (dp type, plp2
type, d1d2p type, dp1p2 type, plp2p3 type) of photocatalysts
in which synergistic modulation between the d-band center
and the p-band center can occur. Among them, dp type (e.g.,
CdS, ZnS, TiOy, etc.), p1p2 type (e.g., BN, C3N4, Bi»03, Sb,S3,
BisSes, etc.), d1d2p type (e.g., CoFe 04, ZnCdS, etc.), dplp2
type (e.g., CuBi204, ZnInS4, CdInySs4, BiVOs, efc.), plp2p3
type (e.g., BiOCl, BiOBr, BiOI, SnlnsSs, BCN, BiPOs, etc.),
and these photocatalyst types above are almost spread over the
whole semiconductor types, in addition to some metal-organic
frameworks (MOFs), covalent organic frameworks (COFs),

high entropy materials, alloys, and some other new materials
have received much attention, and the strategy of d-band
center and p-band center modulation can also be used to
optimize their photocatalytic performance.

In photocatalytic performance, d-band (p-band) centers are
usually discussed rather than f-band centers because the d-
band center theory is mainly applicable to transition metal
catalysts, whereas f-band centers are related to the catalytic
performance of lanthanides and actinides. Although f-band
centers are not as common as d-band centers in photocatalysis,
it is theoretically possible to affect the electronic structure of
the catalysts, which in turn may affect their photocatalytic
performance, by modulating the arrangement and energy
levels of the f electrons. Under some specific conditions, the
situation of the f-band center may affect the catalyst's
interaction with photoexcited electrons and thus the separation
and movement efficiency of photogenerated charge carriers.
Similar to the d-band center theory, the f-band center may be
related to the spin-polarized state of the catalyst, which may
affect the complexation process of photogenerated €™ and h”,
and thus the catalytic efficiency. For catalysts containing
lanthanides or actinides, the location and properties of the f-
band center may have a direct influence on the adsorption and
activation of redox reaction intermediates. Although the f-
band center is not a conventional descriptor in photocatalysis,
considering the properties of the f-band center when designing
specific types of photocatalytic materials may help to optimize
the performance of the materials.

2.2 Effect of d-band (p-band) center position on
photocatalytic reaction

2.2.1 d-band center upward shift

Shifting the d-band center upwards in photocatalytic materials
can also have a variety of effects on their photocatalytic
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Fig. 2: a) Model diagram of d-band center metal surface adsorbing reactants, b-f) Model diagrams of several current different d-band

(p-band) centers and the hybrid types between them.
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activity, and some of the main potential effects of upward
shifting of the d-band center in the photocatalytic context are:
alteration of carrier kinetics, alteration of redox potentials,
enhancement of adsorption, and improvement of the
selectivity of some of the reactions (in some cases, upward
shifting of the d-band center can be intentionally designed to
optimize photocatalysts for a particular reaction. It can
enhance the selectivity of the material for some photocatalytic
reactions while reducing its activity for others, efc. Overall,
the influence of upward shifting of the d-band center on
photocatalysis may vary relying on the specific photocatalyst,
the photocatalytic reaction being investigated, and the desired
outcome.B%81 However, the main photocatalytic reactions
(CO; reduction (most), N, fixation, biomass conversion,
hydrogen  production  (heterojunctions/homojunctions),
oxygen production, etc.) still utilize the upward movement of
the d-band center of the photocatalytic material to facilitate the
reaction. Hu ef al. explored the electronic interaction between
WO, .72« and Fe single atoms and how this interaction affects
the photocatalytic performance, especially in the
photoreduction N».! DFT calculations on the d-band center
in Fig. 3a show that the electronic interaction between WO, 72
x and the Fe single atom leads to a shift of the d-band center
toward the Fermi energy level, and this shift enhances the
bonding of N to the catalyst surface. The upward shift of the
d-band center increases the Fermi antibonding states above the
energy level, which enhances the adsorption of N». This is
because the upward shift of the d-band center means that more
electronic states are located above the Fermi energy level,
which contributes to the adsorption and activation of N>
molecules.

Further, the adsorption sites of N2 on WO2.72, WO2.72«, and
Fe-SA/WO772x were diverse, and the most favorable N;
adsorption energy was found on Fe-SA/WO,7, which
indicated that the introduction of Fe single atoms significantly
enhanced the N, adsorption capacity (Fig. 3b). In conclusion,
the electronic interactions between WO27.x and Fe single
atoms enhanced the N» adsorption and activation by regulating
the situation of the d-band centers, thus improving the
performance of photocatalytic nitrogen reduction. Feng et al.
constructed a method to modulate the kinetics of
photocatalytic CO> reduction reaction by modification of
surface coordination spheres.’1 DFT calculations in Fig. 3¢
show that by modifying isolated Mn atoms on polygonal TiO,
nanobubbles (TONP) (forming Mn/TONP), the d-band center
can be up-regulated, which facilitates the adsorption of CO..
The upward shift of the d-band center implies that more
electronic states are located above the Fermi energy level,
which contributes to the adsorption and activation of CO;
molecules. The possible pathways for the conversion of CO,
to CO were investigated by calculations of free energy
diagrams (Fig. 3d), and it was found that the Mn site not only
favors the adsorption of CO,, but also significantly lowers the
energy barrier for the constitution of *COOH and accelerates
the decisive step of the reaction.
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In conclusion, Mn/TONP as an effective catalyst for CO,
photoreduction was confirmed by experiments and DFT
calculations, and the modified Mn atoms not only enhanced
CO; adsorption by optimizing the d-band centers, but also
acted as an active site to significantly lower the reaction
energy barrier of the deceleration step of CO» reduction, which
achieved the unity of adsorption and activation. Ni et al.
improved the efficiency of photocatalytic CO, methanation by
constructing a direct Z-scheme and introducing specific types
of oxygen vacancies (Vos) in C0304/NiC0204 heterogeneous
nanocages (HNCs).58 The introduction of Ni atoms was
capable to modulate the electronic constitution of NiCo0,0s4,
bringing the d-band centers around the Co atoms nearer to the
Fermi energy level, which contributes to the hydrogenation
procedure at the Voo site, which enhanced the adsorption and
activation of CO» (Fig. 3e). Further, the CO> hydrogenation
processes on different Vo sites on the NiCo0,04 surface were
analyzed by theoretical calculations (Fig. 3f). The calculations
showed that the Vo sites significantly reduced the formation
energy of the COOH intermediate state, favoring the
conversion of CO, to COOH. For the NiC0,04-V o2 model, the
*CHO intermediate state was energetically favored over the
pathway of generating CO, and further hydrogenation could
generate CHs. Moreover, the Vo sites were able to generate
CO; to CHy4 after its conversion to CO, by combining with
electrons and protons to form the hydroxyl group (*OH),
which then easily detaches from the NiCo,O4 surface,
enabling self-regeneration of the Vo, vacancy.

Overall, the introduction of Ni atoms and the presence of
specific Voz vacancies not only changed the selectivity of CO»
photoreduction, but also realized an efficient and stable
methanation process and maintained the long-term stability of
the photocatalysts through the self-regeneration mechanism.
Sun et al.*? improved the CO, photoreduction efficiency by
d-band center modulation of copper atom sites in phosphorus-
doped carbon-nitride (PCN) structures. The results of the DFT
showed that the d-band center of the copper atom was shifted
upward and closer to the Fermi energy level when the
phosphorus atom replaced a carbon atom in C3Na. This upshift
enhances the adsorption and activation of CO; on the sites of
the copper atoms, thereby increasing the efficiency of CO;
conversion to CO. Further, DFT calculations also reveal that
the CO, photoreduction reaction's rate-determining step
(COx* + H'+ e— COOH*) has a significantly lower reaction
energy on CujN3@PCN, suggesting that this step is easier to
carry out (Fig. 3g). Overall, the doping of phosphorus atoms
shifted the d-band center of copper atoms upward, which
enhanced the adsorption and activation of CO,, thus
improving the efficiency of CO; photoconversion to CO.

2.2.2 d-band center downward shift

Shifting the d-band center downward in photocatalytic
materials can also affect their photocatalytic activity in various
ways. Some of the main potential effects of d-band center
downward shifting in the photocatalytic context are: change of
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Fig. 3: a) Calculated PDOS of WO;.72, WO,.72x and Fe-SA-4/WO,7,x, b) Gibbs free energy (AG) diagrams of N, reduction to NHj
by distinct routes on WO, 72 and Fe-SA/WO;. 72—, a-b reproduced with the permission from [56], Copyright 2022 American Chemical
Society. ¢) The calculated distinguishing charge density of CO, molecule absorbed on i: TiO, and ii: Mn/TiO,, and homologous

schematic chart of bond formation between the catalyst surface

and the adsorbate, d) The calculated free energy charts for the

conversion of CO; into CO on TiO, and Mn/TiOs, c-d reproduced with the permission from [57], Copyright 2023 Wiley. ) Incomplete
density of states for the adsorption site (Co atom) on Co3z04-Vo, and NiCo,04-Vo, surfaces, and the d-band center, f) Reaction route
for CO; photocatalysis on the NiCo0,04 surface with and without distinct Vo. The Ni, O, Co, C, and H atoms are depicted through
prasinous, pink, violet, gray, and white balls, respectively, e-f reproduced with the permission from [58], Copyright 2023 American
Chemical Society. g) The relation between adsorption energy of COOH* on single Cu sites of three model catalysts and d-band center,
g reproduced with the permission from [42], Copyright 2022 Wiley.

the electronic structure, enhancement of light absorption,
enhancement of the carrier mobility, enhancement of the
stability, weakening of adsorption capacity, and improvement
of the selectivity of part of the reaction (much higher rate of
the generation of desorption-like products), and so on. Overall,
the exact effect of the downward shift of the d-band center on
photocatalysis will depend on the specific material and the
expected photocatalytic reaction.% However, the main
photocatalytic reactions that can be promoted by the
downward shift of the d-band center of photocatalytic
materials are H, production (co-catalyst modulation), H2O-
production, and degradation. Qiao et al. prepared carbon-
doped molybdenum  disulfide/molybdenum  dicarbide
(M002/Mo0,C-C) as a co-catalyst for the photocatalytic water

6| Eng. Sci., 2025, 35, 1488

decomposition reaction for hydrogen production.[3 The
electronic structure of the MoO2/M0,C-C co-catalyst,
particularly the situation of the d-band center, was analyzed by
DFT (Figs. 4a-b). The downward shift of the d-band center
helps to reduce the kinetic barrier of the hydrogen generation
reaction, which improves the efficiency of photocatalytic H»
production.

In the result plot of photocatalytic hydrogen production
performance in Fig. 4c, the MoO/Mo,C-C co-catalyst
combined with CdS significantly increased the rate of
photocatalytic hydrogen production to 18.43 mmol-g'-h!,
which is close to the hydrogen production performance of Pt-
CdS (19.58 mmol-g'-h"). This work supplies an in-depth
study of the performance of MoO2/Mo0,C-C co-catalysts in
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photocatalytic hydrogen production through a conjugation of
theoretical calculations and experimental methods, especially
the optimization of the electronic structure of the co-catalysts
through adjusting the d-band centers, which improves the
efficiency and stability of the photocatalytic hydrogen
production. Cheng et al. constructed precious metal-free
ternary cobalt-nickel phosphides (CoNiP) for photocatalytic
dye-sensitized H, production and investigated their catalytic
mechanism.® The experimental results showed that CoNiP
displayed the most excellent activity in the photocatalytic
hydrogen evolution for dye sensitization (Fig. 4d), reaching
12.96 mmol-g'-h!, which was mainly imputed to the
excellent electrical conductivity and low hydrogen
precipitation overpotential of the phosphides, which
originated from their metallic properties and the presence of
free electrons, which facilitated the efficient electron transfer
between the catalyst and sensitizer. Further, DFT calculations
disclosed that CoNiP's d-band center position is more negative
than that of Ni,P, which implies that CoNiP has a weaker
adsorption capacity for H, molecules and thus is more
favorable for hydrogen generation (Figs. 4e-f). Overall, the
electronic structure of the co-catalyst was optimized by
adjusting the d-band center, which improved the efficiency of
photocatalytic H, production.

2.2.3 p-band center

The situation of the p-band center in a photocatalyst plays a
crucial role in determining its photocatalytic activity. Both
upward and downward shifts of the p-band center can have a
substantial influence on the performance of the photocatalyst.

Engineered Science Publisher

The situation of the p-band center in a photocatalyst
significantly affects its charge separation efficiency, redox
properties, and overall photocatalytic performance. While the
upward movement of the p-band center commonly boosts the
photocatalytic performance by promoting efficient charge
separation and surface reactions, the downward movement
may have the opposite effect, resulting in a drop-off in
performance (which is partly similar to the partial effect of the
d-band center). However, the current reports on p-band center-
modulated photocatalysts are mainly used for hydrogen
production and CO; reduction, and the positions of the p-band
centers are mainly shifted downward to obtain enhanced
photocatalytic effects, which may be related to the reaction
paths of the reaction system as well as other influencing
factors.[*449.506566 Therefore, understanding and controlling the
p-band center's location is crucial for the optimization and
intellectual design of photocatalysts for diverse applications.

3. Characterization of the d-band (p-band) center

In order to establish a clear link to photocatalytic activity,
accurate identification of the characteristic structures of the d-
band centers (predominantly) and p-band centers is imperative.
Fortunately, the advent of cutting-edge technologies in recent
years, particularly those capable of analyzing the internal
electronic structure of materials at the atomic level, has
improved our understanding of materials. Accordingly,
accurately determining the d-band center of a catalyst is a
complex task that often involves a combination of
experimental and theoretical approaches. While no single
method is perfect, the accuracy of the assessment can be
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improved by using a variety of complementary techniques. In
light of this progress, our discussion will focus on several
spectroscopic techniques characterization and theoretical
calculations that provide evidence for the characteristic
structure of the d-band center (Fig. 5). These include X-ray
photoelectron spectroscopy (XPS), ultraviolet photoelectron
spectroscopy (UPS), electron energy loss spectroscopy
(EELS), X-ray absorption near edge structures (XANES), and
density functional theory (DFT) calculations. Currently, there
are fewer well-tested characterization tests for p-band centers,
and the main references are to some of the ways of
characterizing d-band centers. The next section focuses on the
characterization of d-band centers.

By analyzing the XPS spectra of the catalysts, the
researchers can determine the binding energies of the d
electrons and other relevant orbitals. The energy difference
between the d-band and the Fermi energy level gives an
estimate of the d-band center. Fig. 5a illustrates the d-band
center locations of different alloys obtained by XPS-VB
testing: Ag (-5.28 eV), Agrslnos (-5.51 eV), AgrsCoas (-4.45
eV), AgrsFexs (-4.71 eV), AgrsCuas (-5.16 eV). The above
results show that the Ag7sCuys alloy has a 0.12 eV upward shift
of the d-band center with respect to pure Ag, which contributes
to the increase in oxygen reduction activity.[1 The highest
oxygen reduction activity was observed for the Ag7sCuys alloy,
which indicates that the situation of the d-band center provides
the optimum binding energy for the active site, which is
neither too strong nor too weak. The UPS can provide
information about the position of the Fermi energy level,
which is related to the d-band center. By comparing the UPS
spectra of different catalysts, the relative location of the d-
band center can be inferred. Fig. 5b illustrates the
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8 6 4 2 0
Binding energy (eV)

determination of the position of the d-band centers in different
Pt3Ni alloys by using UPS.[5]

Specifically, the locations of the d-band centers of Pt3;Ni
(111), Pt3Ni (110), and Pt3Ni (100) are -3.10 eV, -2.70 eV, and
-3.14 eV, respectively. d-band centers on the surfaces of these
alloys are all shifted downward compared to the
corresponding pure Pt single-crystal surfaces, by 0.16 eV, 0.24
eV, and 0.34 eV, respectively. This shift of the d-band centers
is associated with the coordination number of the surface
atoms and the interactions between the surface atoms, which
influence the sample surface's adsorption capability. By
precisely controlling the composition and formation of the
alloys, the situations of the d-band centers can be optimized,
leading to the design of catalysts with higher catalytic activity.
DFT is a computational method used to calculate the
electronic structure of a material, which can predict the
positions of the electronic energy levels, including the d-band
centers, based on the atomic and electronic constitution of the
catalyst. Fig. 5¢ demonstrates the downward shift of the d-
band center of CoP from the Fermi energy level due to Ni
doping. Specifically, the d-band center of CoP goes down from
-1.72 eV to -1.77 eV for Ni-CoP. This downward shift reduces
the adsorption energy of hydrogen (H) and contributes to the
desorption of hydrogen from the catalyst’s surface, which
promotes the hydrogen evolution reaction (HER).! In
summary, the choice of method depends on the specific
catalyst, its properties, and the information the researcher
seeks to obtain. Typically, a combination of experimental
techniques and theoretical calculations is used to gain a
comprehensive understanding of d-band centers and their
relevance to catalysis, and the advantages and disadvantages
of different characterization methods are shown in Table 1.
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Fig. 5: a) XPS, reproduced with the permission from [67], Copyright 2017 Wiley, b) UPS, reproduced with the permission from [68],
Copyright 2007 Science, and c¢) DFT, reproduced with the permission from [69], Copyright 2019 Elsevier.
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Table 1: Comparison of methods for characterizing the d-band (p-band) center.

Characterization m

ethods

Abbreviation

Advantages

Disadvantages

X-ray photoelectron

XPS

spectroscopy

Ultraviolet

photoelectron UPS
Spectroscopic spectroscopy
techniques
characterization

Electron energy loss

9 EELS
spectroscopy
X-ray absorpti
y absorption near XANES

edge structures
Theoretical Density functional DFT
calculations theory

Accurately analyze the element
composition associated with the d-
band (p-band) center; Determine the
binding energy of the d electron and
other associated orbitals

Provide accurate valence electron
structure, which is beneficial to study
the interaction between d-band (p-
band) center and valence electron;
Provide the position of Fermi level
related to the d-band (p-band) center;
High energy resolution

Determine the element chemical
environment associated with the d-
band (p-band) center; High spatial
resolution

Analyze the electronic structure of the
d-band (p-band) center and the
surrounding atomic environment;
High sensitivity and resolution

Calculate the overall distribution of
electrons based on electron density;
Predict the position of the electron
energy level based on the atomic and
electron composition of the material,
including the d-band (p-band) center

Cause some degree of
damage to the sample, and
affect the true state of the d-
band (p-band) center;
Limited resolution

Limited sample
applicability; Confined inner
electron structure analysis;
Complex data processing

Low quantitative analysis
accuracy; High sample
thickness requirements

Harsh experimental
conditions; The
interpretation of the results
depends on a certain
theoretical model

Error existence; High
computational cost; Lack of
experimental validation

4. Modulation strategy for d-band (p-band) center

As depicted in Fig. 6, the control of the inner electrons of the
photocatalysts is mainly the d-band center (about 90% of the
share), and the others are the p-band centers. Regarding the
control of the d-band center, it is mainly the control of the main
catalyst doping (26.7%), followed by the control of the

vacancies/defects (13.3%), and the proportion of other control
strategies is similar. Currently, there are fewer articles on the
modulation of p-band centers of photocatalysts, mainly
focusing on strain (13.3%) and modulation of heterojunctions
(5.3%). The above results suggest that the modulation of the
inner layer of electrons for photocatalysts needs to be further

heterojunction (14.7%), and then the modulation of enhanced.
(a) 36 1. Doping (cocatalyst) (b)
- 2. Doping (main catalyst)
e 32 @ 3. Vacancy/Defect (main catalyst) 2 -70/0
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Fig. 6: Publication status (a) and proportion (b) of papers with various modification strategies.
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4.1 Modulation strategy for d-band center

4.1.1 Doping (cocatalyst)

The doping of the co-catalyst has a substantial influence on the
d-band center as well as the photocatalytic performance.7
The co-catalysts can provide effective active sites for surface
reactions and make the surface catalytic reactions easy to
occur. Through the migration of photogenerated charges to the
co-catalysts, the complexation of photogenerated ™ and h* is
further inhibited to improve the stability of the photocatalytic
system, and the photocatalytic performance of semiconductor
nanomaterials is greatly improved. The loading of co-catalysts,
especially oxidation and reduction co-catalysts, can markedly
improve the activity of catalytic decomposition of water in
semiconductor photocatalytic systems. The structure and
composition of the co-catalysts have important effects on their
performance. In summary, the doping of co-catalysts can
considerably ameliorate the photocatalytic performance
through modulating the d-band centers and providing active
sites, including enhanced light absorption, facilitated carrier
separation, improved surface catalytic reaction activity, and
enhanced photocatalytic stability.

Liu et al. modulated the electronic structure of cobalt
nitride (Co3.75No.14) by transition metal doping (M =V, Mo, W)
to improve its performance in solar-to-hydrogen energy
conversion (Fig. 7a). Fig. 7b shows that the doped cobalt-
nitride exhibits higher activity in visible light-driven H»
evolution. In particular, the H, evolution rate of V-doped
Co0375Np.14 reached 21.21 pmolmg™!-h™! (the highest) under
optimal conditions. The results in Fig. 7c indicate that the d-
band center position of Co375No.14 can be tuned through
transition metal doping. DFT calculations showed that the d-
band center of the doped cobalt nitride decreased compared
with that of the pure cobalt nitride, which facilitated the
desorption of hydrogen atoms and thus promoted the hydrogen
evolution activity. Zhou ef al. modulated the d-band center by
atomically dispersed transition metal single atoms (TM-SAs,
e.g., Co and Ni) on C3N4 as well as by P-atom doping to
enhance the photocatalytic dechlorination activity.l'¥] By
introducing P atoms, the coordination environments of Co and
Ni single atoms can be changed to modulate the location of the
d-band center. DFT calculations (Figs. 7d-¢) display that the
formation of Co/Ni-N3P; coordination site can significantly
up-regulate the d-band center to bring it near to the Fermi
energy level (EF), which is contributory to charge carriers'
transfer. The Gibbs free energy diagram in Fig. 7f displays that
the energy of ‘O, formed at the CCoNiP (carbon nitride
containing Co and Ni double single atoms) site is much lower,
indicating that the dechlorination process is more likely to
occur. The experimental results in Figs. 7g-h show that
CCoNiP exhibited excellent performance for the degradation
and dechlorination of tetrachlorobisphenol A (TCBPA)
underneath visible light irradiation, reaching 100%
elimination (44.1% dechlorination with the fastest reaction
rate). The principal reason for the above boosted
photocatalytic performance is the formation of Co/Ni-N3P;
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coordination sites in the CCoNiP structure, which contributes
to the enhancement of the photogenerated charge carrier
transport efficiency and therefore boosts the catalytic activity
(Fig. 71). This study reveals the cooperative effect of P-atom
doping and bimetallic single atoms on the d-band centers,
which furnishes a novel strategy for devising efficient
photocatalysts.[™!

4.1.2 Doping (main catalyst)

Doping of the main catalyst can significantly affect the
situation of the d-band center as well as the photocatalytic
performance.527283 Doping can regulate the situation of the d-
band center by changing the electronic structure of the catalyst.
Doping can also improve the photo-response of the
photocatalyst in the visible region, reduce the electron-hole
complexation of the surface photogenerated charge, and boost
the charge separation efficiency. The d-band center of the main
catalyst is regulated through doping, which can achieve good
adsorption kinetics and thus improve the redox reaction
performance. The photocatalytic performance of the main
catalyst can be effectively meliorated through rational doping,
which affects multiple steps of the photocatalytic reaction. As
an emerging catalyst inside the doped co-catalysts, high-
entropy materials are characterized by highly tunable
components, which can serve as an excellent platform to
explore the catalytic law. The catalysts synthesized through
the high-entropy strategy reveal the volcano-shaped
relationship between the d-band center of the catalyst and the
catalytic activity, and the moderate d-band center can bring the
appropriate adsorption strength and the best catalytic effect. In
summary, the doping of the main catalyst can optimize the
adsorption kinetics and improve the charge separation
efficiency and visible light response by regulating the situation
of the d-band center, thus significantly enhancing the
photocatalytic performance. However, excessive doping may
lead to unfavorable structural distortion and charge
recombination, reducing the catalytic activity. Therefore,
achieving the optimal doping amount and structure is the key
to boosting the photocatalytic performance.

Yang et al. modulated the electronic structure of bismuth
molybdate (BizMo0Og) by cobalt (Co) doping to construct dual
active sites and enhance photocatalytic N> fixation
performance.#41 Through DFT calculations, the researchers
found that the upward shift of the d-band center owing to Co
doping might be beneficial for physical/chemical adsorption,
activation, and hydrogenation of N> molecules (Fig. 8a). The
experimental results in Fig. 8b show that the prepared 3% Co-
Bi;MoOg exhibits the maximum NH3 output rate of 95.5
umol-g™!-h™! in the absence of a sacrificial agent, which is 7.2
times more excellent that of BixMoQs. This is imputed to the
introduction of Co doping into the impurity energy level,
which constructs a dual active site and promotes the carrier
separation/conversion  kinetics, thus enhancing the
photocatalytic nitrogen fixation performance of BixMoOs.
Gong et al. modulated the electronic structure of molybdenum

Engineered Science Publisher


https://www.espublisher.com/

Engineered Science

Research article

(a) (b)24 —— (c)
ICS 10 g 0375N0.14 ev
) =
EY3 o EY LUMO @ ©020 R V-Coy 75Ny 44 "
> £ 0 E-Fermi
t [ = BlMoCo..Noiu | = | "B .
TEOA : L s 16 ) 3.75° 7014
TEOA* P ? E A W-Cojy 55Ny 14 1.4 |4B30d cehter of CoN,
EY L ‘E % 12 -1.63 \ \A_I.d-o-;i_g
HOMO S ﬁma il
i = -1.66 [N — . — -
\ 06 3
\ 2 1.6
\\—-) E 4 1.67
M-Coj ;5N 5 0
-C03.75No.14 p Samples
=
2.0 2.0
(d) CCoNiP CCoNi (e) CCoNiP CCoNi (f) 00 U=0v
K —
1.0 ; . O,+ * » /f «+-0,
s 007 = 3 03 ‘.‘I\ i
s me== e = W %-00 / -
W -1.0 078 N g 0.6 Y J + CCoNi
a P - - [— u ! CNiP
-2.0 2 | Y- Z*;CCoNx
3.0 ] 240 P ~ o 0 \ N
(N CN
-4.0 1.2

(9) 1.0

0.8

5 0.64

ciIC,

0.4+

——— Pho&ysis
—e—CN 1

—+—CCoNi
——CCoP %
—+—CNiP ~_

Na \:ﬁ
0.0 CCoNP s e

0.2

\ ‘ ﬁa /.zba:d ::e“:’ersl
= o Au 4 upward shifts
v\

DOS Reaction Coordinate
- CO,, H,0, CI )TCBPA
??‘ o, a5 o _?

Lo

"'y‘?‘ 1

b

) + Enhance carrier transfer
¥ Activate TM-SAs activity

-30 0 30 60 90 120
Time (min)

0.0f
Photolysis CN  CCoNi CCoP CNiP CCoNiP v

Fig. 7: a) Schematic illustration of conceivable mechanism for the H, production in TEOA-EY system for M-Coj3 75sNo.14 catalyst, b)
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dicarbide (Mo2C) by indium (In) doping to enhance its
performance in photoreduction of CO;, to CO in aqueous
solution.® The experimental results in Figs. 8c-d show that
In-doped Mo2C (In@Mo,C-d) is capable of reducing CO, to
CO with 97.3% selectivity at a rate of 234.4 pmol-g'-h’!
underneath visible light irradiation. This performance is
significantly better than that of undoped Mo,C. DFT
calculations (Figs. 8e-f) show that In doping leads to an
upward shift of the d-band center toward the Fermi energy
level (Ef), making it easier for electrons to escape and trigger
the catalytic reaction. The charge density distinction implies
that the electrons are confined to the contiguous Mo sites with
local defects, suggesting that In atoms can change the
electronic structure of Mo>C and make the Mo sites electron-
rich, thus promoting CO, reduction. The enhanced
photocatalytic performance of In@Mo,C-d is imputed to the
following: 1) In doping introduces a defect energy level, which
enhances the separation/transport efficiency of the light-
absorbing and photogenerated charge carriers; ii) In doping
and defect engineering are capable of enhancing the CO»
adsorption capacity; iii) In doping lowers the energy barrier of
CO; reduction reaction and facilitates CO desorption through
stabilizing COOH intermediates. The effect of divalent metal

Engineered Science Publisher

cations with distinct d-band centers (M = Mg?*, Ni?*, Cu?",
Zn>") on the light-driven CO, reduction in layered double
hydroxides (LDHs) was investigated by Wang et al.’Y The
experimental results in Figs. 8g-h show that the yields of these
LDHs for CO and CHy are in the order of MgAl-LDHs <
ZnAl-LDHs < CuAl-LDHs < NiAl-LDHs, which suggests that
the different electronic structures of the d-bands have a
substantial effect on the photocatalytic performance. By
varying the species of divalent metal cations, the researchers
found that CO; activation and electron excitation were more
easily achieved when the d-orbitals were partially occupied
with active electrons. Valence band XPS (Figs. 8i-j)
measurements showed that the d-band center position of NiAl-
LDHs and CuAl-LDHs shifted upward, which might be
related to their higher activity towards CO,. The above
analysis shows that the d-band center theory furnishes
valuable insights in understanding how metal cations
modulate the electronic structure of LDHs and their role in
photocatalytic CO; reduction.

4.1.3 Vacancy/Defect (main catalyst)
The modulation of defects or vacancies in the main catalyst
has a significant effect on the d-band center as well as the
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photocatalytic performance.[®5-%81 Defects or vacancies can
modulate the electronic structure of metal oxides and
influence the position of the d-band center (e.g., in the
presence of oxygen vacancies, the Fermi energy levels of the
oxides move upward, and defect energy levels appear in the
band gap, which reduces the width of the energy bands and
improves the light absorption performance). Defects or
vacancies promote the conversion of excitons into carriers,
accelerate surface reactions, and facilitate carrier separation.
Defects or vacancies act as active sites and act synergistically
with nearby active metal sites to optimize reactant adsorption
and improve catalytic activity. Defects or vacancies can
regulate the surface characteristics and electronic structure of
the photocatalysts without introducing extraneous elements.
In summary, the modulation of defects or vacancies in the
main catalysts can optimize the position of d-band centers and
photocatalytic performance through various mechanisms,
including regulating the electronic structure, facilitating
carrier separation, providing active sites, and enhancing light
absorption and charge migration. These strategies provide
novel thoughts for the development of efficient photocatalysts.

Ma et al. enhanced the performance of Zn.GeO4 nanorods
(Mn-ZGO-Vo) in photocatalytic CO, reduction to CO by

12| Eng. Sci., 2025, 35, 1488

tuning the d-band center.*y Through DFT calculations, the
researchers predicted local lattice distortions and non-uniform
charge distributions due to Mn doping and Vo introduction,
which led to the rise of the d-band center in Mn-ZGO-Vo (Fig.
9a). Meanwhile, the upward shift of the d-band center of the
Mn site relative to the Fermi energy level in the Mn-ZGO-Vo
model correlates well with the adsorption energy of CO». With
the piecemeal upward shift of the d-band center, the CO;
adsorption strengths were in the order of Mn-ZGO-Vo > Mn-
ZGO > ZGO. The experimental results in Fig. 9b showed that
the Mn1%-ZGO-Vo catalyst exhibited excellent performance
in photoreduction CO,, with a CO yield of 40.02 pmol-g™!-h!,
which is virtually eight times more excellent than that of
original Zn,GeO4. A conceivable photocatalytic mechanism
was recommended (Fig. 9¢), where Mn doping and the
introduction of oxygen vacancies not only increased the
number of active sites, but also promoted CO, adsorption and
activation by upshifting the d-band center. This enhanced
interaction contributes to the formation of stable electron
transfer channels during the photocatalytic process, which
improves the reaction kinetics of CO; photoreduction to CO.
The effect of constructing bridging oxygen vacancies in
SnTa;Os nanosheets on improving photocatalytic CO;
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reduction performance was investigated by Zhao et al.I*
SnTa;O¢x showed a 7.5-fold increase in visible light activity
over the control sample (pristine SnTa,Og) after a 40-second
flame reduction treatment, exhibiting a higher CO yield (21.1
umol-g!-h™). This indicates that the introduction of oxygen
vacancies significantly boosts the photocatalytic performance
(Fig. 9d). By DFT calculations (Fig. 9¢), the d-band center of
SnTa,O¢x was positively shifted, which implies that more
electrons are distributed around the Fermi energy level, which
is favorable for the charge transfer to the adsorbate. This
positive shift of the d-band center is associated with the
alteration of CO» adsorption configuration on SnTaOg.x. The
introduced bridging oxygen vacancies not only upgraded the
CO; adsorption performance, but also promoted the change of
CO; activation from monodentate to bidentate adsorption due
to the increase of the local charge density and the positive shift
of the d-band center, which was favorable for CO, adsorption
and activation (Fig. 91).

4.1.4 Heterojunction/homojunction (only between main
catalysts)

The modulation of heterojunctions or homojunctions of the
main catalysts has a significant effect on the d-band centers as
well as the photocatalytic performance.”3%-% The constitution
of heterojunctions can give rise to the redistribution of
electrons, which can adjust the electronic structure of the
components and affect the situation of the d-band center. The
construction of heterojunctions or homojunctions can improve
the photoresponse of the photocatalysts in the visible region,
reduce the -electron-hole complexation of the surface
photogenerated charge, and improve the charge separation
efficiency. Specific heterojunction structures exhibit excellent
stability, with no decrease in photocurrent and no change in
morphology, chemical composition, or structure after
prolonged reaction. The heterojunction interface modulation
drives the carrier migration mechanism in the direction
favorable to the photocatalytic reaction, providing a new
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pathway to improve the photocatalytic H, production
performance of heterojunction catalysts. The catalysts with
multiple heterogeneous structures, including crystalline
phases, amorphous regions, and heteroatom doping, can
improve the catalytic activity of the photocatalysts, which
provides a new idea for designing highly efficient
photocatalysts. In summary, the modulation of heterojunctions
or homojunctions of the main catalysts can optimize the
situation of the d-band centers and the photocatalytic
performance through various mechanisms, including the
adjusting of the electronic constitution, the promotion of
carrier separation and transport, and the enhancement of light
absorption and utilization efficiency. Zhang et al. constructed
a Cu single-atom promoted S-scheme heterojunction (Cu-
Ti02/WO3) for the efficient performance in the photoreduction
of CO; to CHy, especially the consequence of upward shift of
the d-band centers on the photocatalytic performance.® The
solar-driven conversion of CO; to CH4 was achieved by the
Cu-TiO2/WOj3 catalysts under the simulated solar irradiation,
with a generation rate of 98.69 pmol-g'-h’!, and the electron
selectivity of CH4 achieved 88.5%, and this efficiency was
much more excellent than that of the TiO2/WOs3, Cu-TiO; and
pristine WO3 (Fig. 10a). By constructing Cu-TiO»/WO3
heterojunction, the d-band center positions of Cu and Ti were

14| Eng. Sci., 2025, 35, 1488

enhanced (Figs. 10b-c). Further, DFT also calculated the
Gibbs free energy change during CO; photoreduction and
found that the entire process of CO, to CH4 conversion on Cu-
Ti02/WOs3 is thermodynamically more propitious than that on
the Cu-TiO; surface (Fig. 10d). In particular, the step of
forming COOH intermediates is the rate-limiting step for both
photocatalysts. The energy required for the formation of
COOH intermediates on Cu-TiO2»/WOs3 is 0.54 eV, whereas
0.79 eV is required for Cu-TiO,, implying that the constitution
of Cu-TiO»/WOs3 can effectively reduce the formation energy
of the critical COOH* intermediates. In summary, the upward
shift of the d-band center is closely related to the improvement
of photocatalytic performance.

Through theoretical calculations and experimental
analyses, the researchers revealed the influence of the charge
separation effect on the situation of the d-band center in
heterojunctions and how these electronic structure changes
boost the adsorption, activation, and conversion of CO», thus
meliorating the performance and selectivity of photoreduction
CO;. Chen et al. have developed a device to boost the
photoreduction CO; performance by constructing NiO-Co0304
ultrathin transverse heterojunctions, especially the effect of
the modulation of the d-band centers on the photocatalytic
performance.® The NiO-Co304 catalysts have achieved solar-
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driven CO> to a mixture of CO and H; under simulated solar
light irradiation conversion, mixing its yield up to 22.67
mmol-h™!, and this efficiency was much higher than that of the
pristine NiO and Co0304 samples (Fig. 10e). DFT calculations
displayed that the electron transfer from NiO to Co304 led to
a rise in the situation of the center of the d-band of Co30a4,
which boosted the binding strength to the intermediate COOH,
which was essential for the photoreduction CO, efficiency's
enhancement (Fig. 10f). He et al. enhanced the photocatalytic
performance by anchoring SnO; clusters in g-C3N4 (SnO>@g-
C3Ny), especially the relationship between d-band centers and
photocatalytic H>O, production underneath visible light
irradiation.[y] The experimental consequences proved that
SnO,@g-C3Ns achieved efficient photocatalytic H>O»
production underneath visible light irradiation with a yield of
1021.15 umol-g'-h!, which was 58 times more excellent than
that of the original g-C3N4 (Fig. 10g). DFT calculations
displayed that the d-band center of the SnO>@g-C3N4 is
reduced owing to the presence of Sn-N bonds, which helps to
promote the conversion of OOH to HOOH, a rate-determining
step in photocatalytic H,O» production (Fig. 10h).

4.1.5 Heterojunction (between cocatalyst and main
catalyst)

Controlling the heterojunction between the primary catalyst
(usually a semiconductor material) and the co-catalyst (usually
a metal monomer, metal oxide, metal nitride, metal sulfide,
metal carbide, or metal phosphide, etc.) is critical for
optimizing the arrangement of d-band centers and thus
influencing the photocatalytic performance."1®1 By
judiciously selecting co-catalysts and tuning their deposition
methods, researchers can manipulate the energy band
alignment at the heterojunction interface. Correct alignment of
the energy levels between the semiconductor conduction band
(CB) and the d-band center of the co-catalyst is critical for
efficient charge transfer and catalytic activity (e.g., in type 11
heterojunctions, where the CB of the semiconductor is higher
than the d-band center of the co-catalyst, the photogenerated
electrons are efficiently transferred to the co-catalyst to
facilitate the reduction reaction. On the contrary, in type I
heterojunction, the d-band center of the co-catalyst is higher
than the CB of the semiconductor, and the charge separation
efficiency may be lower, causing lower photocatalytic
activity). The presence of the co-catalyst can affect the
situation of the d-band center of the semiconductor near the
heterojunction interface. The interaction between the
semiconductor and the co-catalyst may cause a shift in the d-
band center of either material, depending on factors such as
energy band bending, charge transfer, and surface chemistry.
Proper control of the heterojunction interface can minimize
undesirable displacements of the d-band centers, ensure
optimal alignment with the reactant energy levels, and
maximize photocatalytic activity. The heterojunction interface
acts as an active catalytic site for surface reactions, where
reactants are adsorbed and photocatalytically transformed.
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Tuning the morphology, composition and electronic properties
of the heterojunction interface can increase the density and
accessibility of the catalytic sites, thereby improving the
reaction kinetics and overall photocatalytic performance. The
loading density and spatial distribution of the co-catalysts on
the semiconductor surface affect the charge separation and the
catalytic reaction's efficiency. Optimizing the loading and
distribution of the co-catalysts ensures adequate coverage of
the active sites while minimizing the charge regroupment
pathways, thus improving the photocatalytic performance.
Apart from facilitating charge transfer, co-catalysts can
directly participate in redox reactions by providing adsorption
and catalytic active sites. Heterojunction design can promote
synergistic interactions between semiconductors and co-
catalysts for effective electron transfer and redox mediation,
which are crucial for photocatalytic activity. In conclusion,
controlling the heterojunction between the main catalyst and
the co-catalyst can precisely regulate the d-band center
alignment, surface catalytic sites, and charge transfer kinetics,
which ultimately affect the photocatalytic performance of the
system. Understanding the interplay between semiconductor-
co-catalyst interactions and photocatalytic activity is essential
for the intellectual design and optimization of heterojunction-
based photocatalysts.

Li et al. used for the study of photocatalytic hydrogen
production  performance by constructing CdS/CoS
composites.'%? The Gibbs free energy change (AGH) of H
atom adsorption at distinct sites was investigated by
theoretical calculations (Fig. 11a). CdS/CoS exhibited a small
AGH* value (0.083 eV), indicating its thermodynamically
significant hydrogen generation activity. The alterations in the
d-band centers of CdS, CoS, and CdS/CoS were further
investigated by DFT calculations (Figs. 11b-d), where the
formation of Cd-S-Co bonds between CdS nanorods and CoS
clusters led to a charge redistribution at the interfaces, which
was beneficial for regulating the d-band centers, lowering the
thermodynamic energy barriers, and boosting the separation of
carriers. The optimized CdS/CoS composite illustrates a
superb photocatalytic Ha generation rate of 65.7 mmol-g™-h!,
which is much more excellent than that of the CdS nanorod
photocatalyst (Fig. 11e). This is mainly due to the incremental
charge density at the CdS/CoS interface and the improved
separation efficiency of photogenerated ¢ and h*. This
contributes to the rapid transfer of electrons from the CB of
CdS to CoS, which serves as the active site, thus improving
the photocatalytic hydrogen production performance (Fig.
11f). Zhang et al. constructed NiS/ZnOS (ZnO/ZnS) for
photocatalytic hydrogen production performance studies.*%]
The  NiS-modified ZnOS nanorod heterojunction
photocatalysts exhibited excellent photocatalytic hydrogen
generation performance with an optimal photocatalytic Ha
production rate of 27 mmol-g!-h’!, which is approximately 7
times more excellent than that of the ZnOS (Fig. 11g). DFT
calculations revealed that charge redistribution at the interface
formed by ZnO and ZnS helps to regulate the d-band center,
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density of state (DOS) and d band center (Cd, Co) of CdS, CoS, and CdS/CoS, ¢) H, output activity over time through the CdS/CoS
and CdS, f) Photogenic electron transfer schematic chart, a-f reproduced with the permission from [102], Copyright 2022 Elsevier. g)
The line chart of H, output rates of NiS/ZnOS-x, h) Projected density of states of the a) NiS/ZnS and b) NiS/ZnO model, i) The
conceivable mechanism for the photocatalytic H, output over NiS/ZnOS-15 underneath solar light irradiation, g-i reproduced with

the permission from [103], Copyright 2020 Wiley.

which affects the photocatalytic performance (Fig. 11h). In the
NiS/ZnOS system, the photogenerated electrons can be
transferred from the CB of ZnO to NiS faster owing to the
modulation of the d-band center, which augments the
photogenerated carriers' separation efficiency and thus
meliorates the photocatalytic performance (Fig. 111).

4.1.6 Alloying (co-catalyst)

The alloying modulation of the co-catalysts has a significant
consequence on the d-band centers as well as the
photocatalytic performance.l!%1%1 The situation of the d-band
center of the metal in the co-catalyst can be changed by
alloying, which affects the adsorption capacity for the reaction
intermediates. Alloying co-catalysts can provide more active
sites and enhance the photogenerated charges' separation
efficiency, thus improving the photocatalytic performance.
Alloying co-catalysts can optimize the charge separation and
transfer efficiency by adjusting the intermetallic electronic
structure, decreasing the complexation of photogenerated e
and h*, and improving the photocatalytic efficiency. Alloyed
co-catalysts usually have better chemical and thermal stability,
which helps to boost the stability of the photocatalytic system.

16 | Eng. Sci., 2025, 35, 1488

Alloying co-catalysts can improve the resistance to toxic
substances, which makes it more stable and effective in
practical applications. Alloying can produce a synergistic
effect in which multiple metal elements work together to
optimize the performance of the co-catalysts (e.g., the
mechanistic analysis and design of high-entropy alloyed
catalysts provide new ideas, emphasizing the importance of
moderate d-band centers and adsorption strength). In summary,
the alloying modulation of the co-catalysts can optimize the
adsorption capacity of the catalysts for reactant molecules and
intermediates by influencing the situation of the d-band center,
and improve the separation efficiency and stability of
photogenerated charges, therefore substantially advancing the
photocatalytic performance.

Long et al. formed active sites with high selectivity for
photocatalytic carbon dioxide (CO) conversion to methane
(CH4) through isolating copper (Cu) atoms in the palladium
(Pd) lattice.**! The experimental results in Fig. 12a show that
the Pd;Cu;-TiO: photocatalyst exhibited 96% CHy selectivity
(19.6 umol-gea ' -h') in photoconversion CO,, which confirms
that the photocatalytic performance can be significantly
improved through secluding Cu atoms in the Pd lattice. Fig.
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12b shows the Cu d band centers calculated by DFT for
different Pd<Cu; alloy surfaces (e.g., Pd;Cu; and Pd;Cuy). The
results display that the d-band center of Cu rises when the Cu
atoms are encircled through more Pd atoms, which is related
to the separation of Cu atoms in the Pd lattice. The rising d-
band center contributes to the improvement of the catalytic
activity of the Cu sites, which is particularly important for the
CO; to CH4 conversion that requires a multi-electron process.
In conclusion, through secluding Cu atoms in the Pd lattice,
the situation of the d-band centers can be optimized to enhance
the adsorption capacity and catalytic activity for CO2, which
is crucial for improving the performance of photocatalytic
CO; conversion. Theoretical calculations and experimental
results together support the rationality of this mechanism.
Zhang et al. modulated the d-band center by introducing
plasmonic monometallic or bimetallic(Au, Ag, Au-Ag) on
titanium dioxide (TiO;) to enhance the photooxidation of 5-
hydroxymethylfurfural (5-HMF) to 2,5-furandicarboxylic
acid (FDCA).[** The results in Figs. 12¢c-d showed that the
Agi-Auy/TiO; sample had the highest HMF conversion
(42.6%) and the highest FDCA selectivity (98.1%), and the
highest final FDCA yield (41.8%) was obtained.

As suggested in Fig. 12e, a possible reaction mechanism
was proposed in which the plasma metal NPs under visible
light irradiation captured light energy and triggered collective

oscillations of electrons, generating hot electrons and hot holes.

These hot holes can immediately oxidize the HMF molecules
adsorbed on the surface of the metal NPs. Meanwhile, the
introduction of Au NPs into Ag NPs can regulate the situation
of the d-band center to move up to the Fermi Level (Fermi
energy level), which affects the reaction intermediates and
catalytic performance. In conclusion, the photocatalytic
performance can be substantially enhanced through
modulating the d-band center and optimizing the band gap
structure. The bimetallic Au-Ag/TiO, catalyst exhibited
excellent performance in the photooxidation of 5-HMF, which
was attributed to its ability to separate and transport
photogenerated charge carriers more efficiently, as well as to
the synergistic effect between Au and Ag nanoparticles. Han
et al. explored the effect of engineering the d-band center of
AuGas-based plasma nanocomposites on their photocatalytic
and antibacterial activities.'*Yl Fig. 12f demonstrates that the
AuGay/0-Ga;03/Au nanocomposites show  significant
antimicrobial activity (compared to a-Ga,O3) against
Staphylococcus aureus (S. aureus) under 808 nm laser
irradiation.

The d-band center position of AuGa, (-4.94 eV) is
substantially lower than that of Au (-2.86 eV) is shown in
Fig.12g. This decrease in the center of the d-band implies a
lower adsorption energy to the intermediate, which may
change the reaction pathway and energy potential, and thus the
reaction dynamics of the catalytic process. A mechanistic
diagram is proposed as in Fig. 12h, where a-Ga,O3 generates
highly reactive electrons and holes under UV irradiation,
which are trapped by O, molecules in solution to form
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superoxide radicals (-Oy"), while the holes react with H,O
molecules to form hydroxyl radicals (-OH). Au and AuGa;
nanoparticles facilitate the transportation and segregation of
the charge carriers, and through the plasma effect, enhance the
local electric field, generate hot carriers, and increase light
absorption. The constitution of heterojunction at the
heterogeneous interface of AuGas and Au NPs in contact with
a-Ga,0s facilitates hot electron transport from AuGa; and Au
NPs to a-Gay0s, and the remaining holes oxidize the H,O
molecules to generate -OH, which is used to kill S. aureus. In
summary, the constitution of a heterojunction at the
heterogeneous interface of AuGa, and Au NPs is facilitated by
tuning the d-band centers and shapes of AuGa,. The
researchers succeeded in improving its photocatalytic
performance and achieved enhanced antimicrobial activity
against S. aureus under visible light and NIR irradiation. This
study demonstrates a new strategy for devising and fabricating
bimetallic catalysts with adjustable bandgap structures
through d-band engineering and provides a new direction for
exploring other liquid metal-based nanocomposites.

4.1.7 Others

In addition to the above mentioned mainstream strategies to
modulate the d-band centers of photocatalysts, some other
strategies have begun to be focused on, such as coordination
environments, single-atom/cluster synergism, metastable
metals, and lattice distortion.3112116] Each strategy has its
unique advantages and challenges, and usually needs to be
selected and optimized according to the specific catalytic
system and target reaction. Through the combined application
of these strategies, the d-band centers of catalysts can be
effectively modulated to improve their performance in diverse
catalytic reactions. In the field of photocatalysis, the
modulation of the d-band center is especially important for the
photocatalytic performance of transition metal catalysts.

4.2 Construction strategy for p-band center

In photocatalysis' field, p-band center's modulation is an
important strategy to optimize photocatalysts' electronic
structure and thus upgrade their photocatalytic performance.
At present, since the p-band center for photocatalytic
performance is still relatively small, some modulation
strategies have appeared, such as elemental doping, defect
modulation, construction of heterostructures, surface
modification, and stress engineering.[*45066117-1191 Among them,
the most applied one is stress engineering, which is mainly due
to the fact that the band structure of semiconductors can be
altered by applying external stresses or by introducing strains
in the material using lattice mismatches. Stress can also cause
a displacement of the p-band center, but precise control of the
direction and magnitude of the stress is demanded. The second
is to construct heterostructures, because heterostructures can
efficaciously regulate the p-band center and boost the
utilization efficiency of photogenerated carriers. In conclusion,
the control strategy of p-band centers in photocatalysis
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involves a series of methods, but the whole is still in the
preliminary stage and still needs further exploration. Yue et al.
explored how the p-band center of bismuth-based metal-
organic frameworks (Bi-MOFs) can be modulated by strain
engineering in the CO» photoreduction reaction and how this
modulation affects the photocatalytic performance.*]

The DFT calculation in Fig.13a shows that the p-band
center of the Bi node can be significantly downshifted by
applying a huge compressive strain (up to 7.85%) on the Bi-
MOF, which enhances the unsaturated state of the Bi node.
This downward shift of the p-band center is closely related to
the adsorption and activation ability of CO, molecules, which
has a substantial influence on the efficiency and selectivity of
the photoreduction CO; reaction. The experimental results in
Fig. 13b show that the strain-engineered Bi-MOF/BiOBr
composites reached up to 21.95 umol-g'-h! CO generation
rate and 93% CO to CO selectivity in the absence of a
sacrificial agent or co-catalyst. Overall, strain engineering
changed the electronic constitution of Bi-MOF, especially the
position of the p-band center, which affected the adsorption
and activation process of CO» molecules, and also favored the
desorption process of CO* intermediates, thus boosting the
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efficiency of the CO; photoreduction reaction and the CO
selectivity. Zhou et al. explored the modulation of
Cs3Bi2Bro/BiVO4 (s-CBB/HP-BVO) heterojunction by strain
engineering to improve its performance in CO;
photoreduction.® DFT calculations in Fig. 13c show that the
tensile strain in Cs3Bi,Brg can substantially downshift the p-
band center of the active Bi atoms, which upgrades the
adsorption/activation of CO, by the catalyst. Fig. 13d shows
that the s-CBB/HP-BVO composite displays boosted
photocatalytic activity under light irradiation with a whole
electron expenditure rate of 70.63 pmol-g!-h! and a CO
production selectivity of 79.66%. This work furnishes an in-
depth study of the effect of strain engineering on the
photocatalytic performance of Cs3Bi2Bro/BiVO4
heterojunctions through a combination of experimental and
theoretical calculations, especially to optimize the CO;
adsorption and activation process by modulating the p-band
centers, which improves the efficiency and selectivity of
photoreduction CO,. Zhang et al. investigated the close
relation between the p-band center of S and the photocatalytic
mechanism, in particular by constructing Ni@NiSx-CdS
composites for the study of photocatalytic hydrogen
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production performance.’® The positions of the p-band
centers of sulfur (S) in the distinct samples were analyzed by
theoretical calculations (Fig. 13e). The calculated S p-band
centers are located at -3.11 eV (CdS), -4.29 eV (NiSx-CdS),
and -4.46 eV (Ni@NiSx-CdS), respectively. The further the p-
band centers are away from the Fermi energy level, the more
the number of anti-bonding states of the H* intermediates are
occupied, which leads to the weaker bonding with the active S
sites and facilitates the desorption and generation of H>. The
above results indicate that by embedding Ni clusters,
Ni@NiSx-CdS achieves a further downward shift of the p-
band center of S, which optimizes the adsorption behavior of
H* intermediates and enhances the evolutionary response of
H,. The optimized Ni@NiSx-CdS photocatalyst exhibited a
remarkable photocatalytic hydrogen output rate of 78.7
mmol-g'!-h! underneath visible light irradiation, which was
approximately 1.5 and 18.3 times more excellent than that of
NiSx-CdS and CdS, respectively (Fig. 13f). Through a
comprehensive analysis of theoretical calculations and
experiments, it was demonstrated that the construction of
amorphous Ni@NiSx co-catalysts not only optimized the
electronic structure and p-band center location of CdS, but
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also enhanced the photogenerated charge extraction and
separation efficiency, which gave rise to a substantial
amelioration in photocatalytic H, generation's performance.

5. Application of d-band center (p-band center) in the field
of photocatalysis
As can be seen from Fig. 14, the current control of inner-layer
electrons is mainly the d-band center (accounting for about
90%), followed by the p-band center. Regarding the control of
the d-band center, the main control is the control of the main
catalyst doping, followed by the control of the heterojunction,
and then the modulation of the vacancies/defects, with a
similar proportion for the other control strategies. These
photocatalysts that control the d-band center are mainly used
for photocatalytic water splitting (first), CO, reduction
(second), degradation of organic pollutants (third), N>
reduction (fourth), efc. This is mainly due to the fact that the
three previous classes of photocatalytic reactions have some
features that are specific to the regulation of d-band centers,
which we will describe next.

(1) Tuning the d-band centers in photocatalytic materials
offers several advantages for the water decomposition process,
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which involves using solar energy to convert water into
hydrogen (primarily) and oxygen. Tuning the d-band centers
allows for precise alignment of the energy levels between the
catalyst and the water molecules. This alignment promotes
efficient charge transfer processes, including the generation,
separation, and migration of photogenerated e -h* pairs, which
are essential for driving the water decomposition reaction.
Appropriate adjustment of the d-band center boosts the redox
activity of the catalyst, resulting in efficient water oxidation
and reduction reactions. Through adjusting the situation of the
d-band center, the ability of the catalyst to accept and give
electrons during these redox processes can be optimized,
thereby increasing the overall water decomposition efficiency.
By aligning the d-band center with the energy levels of the
water molecule orbitals, the catalyst can selectively adsorb and
activate water molecules, boosting water's dissociation into
oxygen and hydrogen. The ability to control the d-band center
allows the design of photocatalysts according as the specific
requirements of water decomposition. By fine-tuning the
electronic structure of the catalyst, factors such as energy band
alignment, surface chemistry, and reaction kinetics can be
optimized to enhance water decomposition activity and
selectivity. In conclusion, tuning the d-band center in
photocatalytic materials provides multiple advantages for
water decomposition, including effective charge transfer,
promotion of redox reactions, enhancement of catalytic
activity, minimization of charge complexation, synergistic
effects with co-catalysts, optimized catalyst design, and
utilization of solar energy. These advantages make d-band
center modulation a promising strategy for the growth of
expeditious and sustainable photocatalysts for the
decomposition of water for hydrogen production.

(2) Tuning the d-band center in photocatalytic materials
offers several advantages for CO, reduction processes, which
involve the use of solar energy to transform CO; into high
value chemicals/fuels. Tuning the d-band center enhances the
selective adsorption and activation of CO; by precisely
aligning the catalyst's energy levels with those of the CO;
molecule. This alignment facilitates the conversion of CO; to
target products such as carbon monoxide, methane, or higher
hydrocarbons  while reducing competing reactions.
Additionally, the alignment improves electron transfer kinetics
between the catalyst and the CO, molecule, driving the CO,
reduction reaction and promoting an efficient charge transfer
process. Catalysts with optimized d-band centers help
minimize energy losses, selectively activate CO2, and promote
specific reaction pathways, thereby improving energy
efficiency. The ability to control the d-band center allows for
the customization of catalysts according to the specific
requirements of CO; reduction, optimizing reaction selectivity,
product distribution, and reaction kinetics, thus enhancing the
activity and efficiency of CO; reduction. Overall, regulating
the d-band center is a promising strategy for rapid and
sustainable CO; conversion and utilization, offering enhanced
selectivity, efficiency, and activity in CO, reduction processes.
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(3) Tuning the d-band center in photocatalytic materials
offers several advantages for contaminant degradation. Tuning
the d-band center is crucial for aligning the energetic
properties of the catalyst with the target pollutants. This
modulation enhances charge transfer efficiency and
photocatalytic activity by selectively adsorbing and activating
specific pollutants. It also reduces nonspecific interactions and
charge carrier recombination, thereby improving overall
photocatalytic efficiency. Additionally, optimizing the d-band
center contributes to extending the catalyst's lifespan,
improving its stability and durability, and providing resistance
to surface oxidation, photodegradation, and catalyst poisoning.
The ability to control the d-band center allows for tailored
catalyst designs suited to specific pollutants and
environmental  conditions,  optimizing  photocatalytic
performance for various pollutants, including organic dyes,
volatile organic compounds (VOCs), and persistent organic
pollutants (POPs). Furthermore, photocatalysts with
modulated d-band centers have demonstrated positive effects
in other photocatalytic reactions such as N, reduction, H>O,
generation, biomass conversion and antibacterial. Their
adjustable energy levels grant them broad application potential
across multiple fields.

(4) At present, there are few articles on the modulation of
p-band centers for photocatalysts, mainly focusing on the
modulation of strain and heterojunction, and their main
applications are also mainly focused on photocatalytic
hydrogen production and CO; reduction. Therefore, the
regulation of p-band centers for photocatalysts is still to be
further developed and utilized.

6. Conclusion and prospects

In the field of photocatalysis, the concepts of d-band centers
and p-band centers are commonly associated with the
electronic  structure of semiconductor (co-catalyst)
photocatalysts, especially in materials such as transition metal
sulfides and oxides. d-band centers refer specifically to the
energy level positions of the d orbitals of the transition metals,
while p-band centers relate to the energy levels of the p
orbitals. The positions of these energy levels have important
consequences on photocatalysts' performance, including light
absorptivity, generation, and separation of e-h" pairs, and
catalytic reaction activity. The aim of this review is to furnish
a thorough overview of the topic for a diverse audience. The
advantages of the d-band (p-band) center strategy are
presented, their relevance to the photocatalytic mechanism is
explored, and methods for introducing these centers and their
applications in various areas of photocatalysis are elucidated.
Further, the d-band (p-band) center modulation strategy faces
certain challenges and desirable development prospects in the
field of photocatalysis.

(1) Designability of catalyst systems: photocatalysts
usually involve complex systems containing multiple
components, such as semiconductor nanoparticles, metal co-
catalysts and surface modifiers. Accurately determining the d-
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band (p-band) centers of such systems can be challenging due
to their complex electronic structures. However,
understanding and controlling the d-band (p-band) centers
provides the opportunity to tailor the electronic structure of
photocatalysts for specific applications. By tuning these
parameters, researchers can design photocatalysts with
enhanced light absorptivity, charge separation, and reaction
dynamics. In addition, current methods for optimizing and
tuning the d-band (p-band) centers are relatively simple, and
there is a need to develop strategies for better tuning (high
entropy, grain boundaries, and n-w interactions, efc.).

(2) Improvement of characterization techniques:
Continuous improvement of experimental and theoretical
characterization techniques allows more precise determination
of the d-band (p-band) centers in photocatalytic materials.
High-resolution spectroscopic techniques and surface-
sensitive probes, among others, contribute to a deeper
understanding of electronic structure-activity relationships.
Therefore, more sophisticated spectroscopic techniques (e.g.,
synchrotron-based X-ray spectroscopy and high-resolution
electron energy loss spectroscopy (HREELS)), ezc.) are of great
importance for exploring the situation of the d-band (p-band)
center.

(3) Understanding of the reaction mechanism:
Photocatalytic reactions typically occur at the surface of
catalyst materials, where interactions with reactants and
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photoexcited charge carriers take place. d-band (p-band)
centers can substantially act on the electronic structure of the
catalyst, which in turn influences surface effects and
interfacial charge transport. Furthermore, achieving optimal
band alignment between the semiconductor and the co-catalyst
material is essential for efficacious charge separation and
photocatalytic performance. Accurate control of the situations
of the d-band (p-band) centers to achieve favorable band
alignment remains a challenge. Therefore, in-situ
characterizations that can show the locations of the d-band (p-
band) centers need to be explored in depth in order to access a
more precise analysis of the reaction sites and the reaction
mechanism.

(4) Importance of DFT and machine learning: Machine
learning algorithms can be trained on the data from DFT
calculations to develop predictive models for estimating the d-
band (p-band) centers of catalyst materials. These models can
capture the complex relationship between material properties
and electronic structure, enabling rapid screening of candidate
materials for catalytic applications. Integrating machine
learning predictions with experimental validation can enhance
the reliability and applicability of computational models in
guiding catalyst design and optimization efforts. In summary,
the relationship between d-band (p-band) centers, DFT, and
machine learning involves the use of computational and data-
driven approaches to understand and predict the electronic
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structure of catalyst materials. Combining DFT calculations
with machine learning techniques offers the opportunity to
accelerate material discovery and design for catalytic
applications while addressing key challenges in accuracy,
interpretability, and validation.

(5) Exportability of emerging materials: The development
of novel photocatalytic materials and nanostructures provides
new opportunities to exploit the concept of d-band (p-band)
centers. Tailoring the electronic properties of nanomaterials
through size, shape, and composition control can fine-tune
photocatalytic performance. While challenges remain in
accurately identifying and controlling the d-band (p-band)
centers of photocatalytic materials, their application offers
significant promise for advancing the field towards more
efficient and sustainable environmental remediation and
energy conversion technologies. In addition, the impact of
modulation with deeper inner electrons (f-band centers) on the
catalytic performance of semiconductors can be explored.

(6) Practical application: The practical application of the d-
band (p-band) center in the industrial field has moved from the
laboratory to large-scale production, and has become the core
means to promote the landing of green technology. Suitable
catalyst materials can be selected according to the d-band (p-
band) center theory in industrial processes such as
photocatalytic hydrogen production by water decomposition,
CO; reduction, and pollutant degradation. At the same time,
the d-band (p-band) center is regulated by doping,
constructing heterojunction and other technological means,
the electronic structure of the catalyst is accurately regulated,
and the existing catalyst is optimized or the novel catalyst is
designed to increase its catalytic performance and improve the
industrial production efficiency, which provides an effective
way for the photocatalysis to industrial practical application.
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