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ABSTRACT Polymer-inorganic (P-I) soft-hard heterostructures & heterojunction photocatalysts, 
featured by large interfacial contact, efficient charge separation, broad light absorption and maxi- 
mized redox capacity, have received great attention for their applications in energy conversion and 
environmental remediation. In this minireview, the classification and mechanism of P-I heterojunc-
tions, i.e., type-I/II, p-n, Z-scheme and S-scheme heterojunctions, and their preparation methods 
are firstly introduced. Next, the photocatalytic applications of P-I heterojunctions, including water 
splitting, environmental remediation and carbon dioxide reduction, are extensively reviewed. Lastly, 
a brief summary and perspectives on ongoing challenges and opportunities to construct high per-
formance P-I soft-hard photocatalysts are intensively highlighted. We envision this review will pro-
vide a picture of the state-of-the-art achievements and promote the photocatalytic applications of 
P-I heterostructures in energy conversion and environmental remediation. 
Keywords: polymer-inorganic hybrid, heterojunction, photocatalytic water splitting, photocatalytic 
CO2 reduction, photocatalytic environmental remediation 

 
n INTRODUNTION 
The ever-increasing consumption of traditional fossil fuel has led 
to severe energy and environmental crisis. Carbon dioxide (CO2), 
sulfur dioxide (SO2) and other harmful gases released by the com-
bustion of fossil fuels bring about the greenhouse effect, acid rain 
and many other environmental problems.[1-3] Thus, it is highly ur-
gent to develop sustainable and renewable energies to solve en-
vironmental problems. Semiconductor photocatalysis technology 
has arisen tremendous attention because of its great potential via 
direct utilization of the inexhaustible and renewable solar energy 
to solve both energy and environmental problems. Photocatalysis 
can easily convert solar energy into storable chemical energy. 
Photocatalytic H2O splitting into H2 and O2, conversion of CO2 to 
hydrocarbons (e.g., CH4) and fuels (e.g., CH3OH, C2H5OH and 
HCOOH) and environmental remediation are three major applica-
tions (Figure 1) that have attracted extensive attention.[4,5] Typi-
cally, photocatalytic reactions include four steps (Figure 1): (i) for-
mation of photogenerated e- - h+ pairs upon light absorption (hv ≥ 
Eg); (ii) separation of electron-hole pairs; (iii) charge migration to 
the photocatalyst surface; and (iv) electrons/holes participating in 
reduction/oxidation reactions. Thereby, a rational design of pho-
tocatalysts and reaction system should simultaneously take these 
four factors into account.  

Since TiO2 was discovered for the photoelectrochemical split-
ting water to generate hydrogen (H2) by Fujishima et al in 1972,[6] 
numerous inorganic semiconductor photocatalysts have been ex-
plored. According to the energy bands and redox capacities (Fig-
ure 2), inorganic photocatalysts can be typically divided into oxi-
dation photocatalysts (TiO2, ZnO, WO3, α-Fe2O3, BiVO4 and Cu2O, 
etc.), reduction photocatalysts (CdS, Cu2O, C3N4, etc.) and metal 
sulfide photocatalysts (CdS, ZnS, MoS2, etc.). Generally speaking, 
oxidation and reduction semiconductors are respectively featured 

by lower valence band (VB) and higher conduction band (CB), 
which accordingly benefit photocatalytic oxidative reactions (e.g., 
water oxidation half reaction) and reductive reaction (e.g., water 
reduction half reaction), respectively. Meanwhile, metal sulfides 
possess VBs and CBs that fall between those of oxidation and 
reduction semiconductors (Figure 2). Despite remarkable pro-
gress which has been made in inorganic-based photocatalysis in 
the past decades, most of inorganic semiconductors are still far 
from practical applications owing to their limited light absorption 
and fast recombination of photogenerated e- - h+ pairs.  

As counterparts of inorganic semiconductors, organic polymer 
semiconductor photocatalysts featured by widely adjustable band 
gap, abundant structural diversity, excellent optical and electronic 
properties have received widespread attention. Yanagida et al. 
first reported the conjugated linear poly(p-phenylene) for photo-
catalytic hydrogen production (PHP) under ultraviolet light.[7] Be-
sides, Wang et al. proposed the new application of polymeric gra-
phitic carbon nitride (g-C3N4) featuring simple preparation process 
and high thermal stability similar to inorganic semiconductors, 

Figure 1. Diagram of the basic pathways of photocatalytic water splitting, 
pollutant degradation, and CO2 reduction. 
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which shows excellent photocatalytic hydrogen evolution rate 
(HER) and has become a research hotspot in photocatalysis.[8] 
Different from rigid g-C3N4, conjugated polymers (CPs) synthe-
sized via wet chemistry, such as C-C bond cross couplings, have 
attracted extensive attention due to their large delocalized π-sys-
tem, widely tunable structures, excellent photoelectrochemical 
properties, facile optimization of bandgaps, and so on.[9-12] In 
many cases, they can exhibit strong absorptance in a wide range 
of light wavelength. However, polymeric semiconductor photo-
catalysts still suffer from the drawbacks of poor stability and short 
exciton diffusion length in tens of nanometers. The huge chal-
lenge in photocatalysis is that photogenerated electron-hole pairs 
thermodynamically tend to recombine at the surface/interface at-
tributed to strong Coulombic attraction, which is unfavorable to 
the photocatalytic redox process. Meanwhile, it is irreconcilable 
for a single semiconductor photocatalyst which simultaneously 
possesses narrow bandgap and strong redox ability (Figure 1). 
Heterojunction appears at this point when simultaneously taking 
broad light absorption and strong redox ability into account, which 
can hardly be satisfied by a single semiconductor. Among varied 
hybridization strategies,[13-15] the most straightforward way is the 
construction of heterostructures that can integrate advantages of 
individual components while alleviate respective shortcomings. 
Till now, heterojunctions for photocatalysis have mainly focused 
on inorganic-inorganic dual semiconductors.[16,17] Besides, many 
heterojunctions between g-C3N4 and metal oxide semiconductors 
have also been developed.[18] However, g-C3N4, as an n-type 
semiconductor with wide bandgap and rigid structure, still suffers 
from disadvantages of poor light absorptance and limited modifi-
cation of chemical structures. In recent years, the heterojunctions 
based on inorganic semiconductors and π-conjugated soft poly-
mers with widely tunable optical properties and tailorable struc-
tures for varied photocatalytic applications have received great 
attention.[19,20] Compared to inorganic-inorganic heterojunction, 
the unique property of P-I heterojunction lies in that its heterojunc-
tion can be finely modulated by tunning the ratio of polymer to in-
organic semiconductor. On the other hand, compared to polymer- 
polymer heterojunctions, the P-I soft-hard heterojunctions have 
the unique properties of higher stability and lower cost. Hence, P-
I heterojunctions can combine the advantages of both polymer 
and inorganic semiconductors and meanwhile overcome their re-
spective shortcomings. 

This minireview summarizes the latest progress of P-I soft-hard 
heterojunctions, including their preparation methods, mechanism 
study, applications and prospects. According to the pathway of 
charge transfer, P-I photocatalytic heterojunctions can be mainly 
classified as I/II type, p-n junction, Z- and S-scheme mechanisms. 
Meanwhile, the applications of P-I heterojunction photocatalysts 
mainly focus on three aspects, i.e., photocatalytic hydrogen or oxy- 
gen production, CO2 reduction and degradation of organic pollu-
tants. Besides the previous excellent reviews on the progress of 
Z- or S-scheme heterojunction photocatalysts,[21,22] a comprehen-
sive and timely review on the P-I heterojunctions for photocataly-
sis should be quite instructive and necessary.  

n TYPES OF P-I PHOTOCATALYTIC HETERO-
JUNCTIONS AND MECHANISM STUDIES 

The construction of heterojunction can facilitate the transport of 
charge carriers to enhance photocatalytic performance. Appropri-
ate VB and CB are required with matching energy band levels to 
construct P-I heterojunctions. According to the transfer of photo-
generated charge, the heterostructure photocatalysts can be gen-
erally divided into following four categories, i.e., I/II type, p-n junc-
tion, Z-scheme and S-scheme mechanisms (Figure 3).  

Types of P-I Heterojunctions. For type-I heterojunction (Figure 
3a), the CB of semiconductor A (SCA) is higher than that of semi-
conductor B (SCB), while the VB of SCA is lower than that of SCB. 
As a result, the electrons and holes are thus accumulated on SCB 

Figure 2. VB and CB alignments of common inorganic photocatalysts. 

Figure 3. Schematic illustration of charge carrier transfer in (a) type-I, (b) 
type-II, (c) p-n, (d) Z- or S-scheme heterojunctions (SCA: semiconductor 
A; SCB: semiconductor B). 
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and SCA, respectively.  
Figure 3b shows that type-II heterojunction with staggered band 

structure is fundamentally different from the type-I. The CB and VB 
levels of SCA are both higher than those of SCB. And the electrons 
and holes are not on the same semiconductor, and thus the e- - h+ 

recombination rate on the same semiconductor is effectively inhibited.  
P-n heterojunction is proposed based on type-II heterojunctions 

(Figure 3c). Due to the presence of internal electric field (IEF), 
photogenerated electrons and holes are concentrated in the p- 
and n-regions, respectively. Consequently, electrons and holes 
are spatially separated and thus improve photocatalysis. Com-
pared with type-I heterojunction, p-n/type-II heterojunctions can 
greatly enhance the charge carrier separation in space owing to 
the existence of IEF.[23] 

Unlike the classical heterojunctions (i.e., type-I/II, and p-n het-
erojunctions), the photogenerated electrons and holes of Z- and 
S-scheme heterojunction (Figure 3d) are accumulated at high ox-
idation and reduction potentials (OP and RP) and thus minimize 
the charge recombination, which can efficiently achieve the sepa-
ration of e- - h+ pairs with simultaneously maximized reduction and 
oxidation capacities.[21,22] 

Typically, the Z-scheme heterojunctions consist of two stag-
gered semiconductors and a redox electron mediator pair, 

wherein a larger potential offset is needed to make electron ac-
ceptors and donators to accept and donate electrons, respectively, 
which may lead to the weakened reduction and oxidation capacity. 
On the other hand, the S-scheme heterojunction consists of both 
reduction and oxidation photocatalysts, wherein the three major 
factors including the band bending, built-in electric field, and Cou-
lomb force have been well combined, which retains the highest 
reduction and oxidation capacities of two semiconductors. Be-
cause of this advantage, S-scheme heterojunctions have been in-
tensively studied in recent years.  

Characterizations of Heterojunctions. The characterization 
methods for varied heterojunctions include in-situ XPS, noble 
metal deposition, radical capture experiments and theoretical cal-
culations. For p-n heterojunction, the Mott-Schottky (M-S) typi-
cally shows “V” or inverted “V” shape characters owing to the 
presence of internal electric field.[18] The verification methods of 
S-scheme heterojunction have been summarized by Yu et al.[21] 

Direct Z-scheme heterojunction represents one of the most effi-
cient photocatalytic protocols.[24,25]  

In-situ XPS. The variation of binding energy can directly reflect 
the changes of surface electron density, and the decrease of elec-
tron density leads to the increase of binding energy. Therefore, 
the direction of charge can be detected by the change of binding 
energy. In-situ XPS measurement can detect migration direction 
of electrons by measuring changes in the binding energy of ele-
ments under light irradiation compared with those measured in 
darkness. Wang et al. reported ultrathin nanosheets polyimide (PI) 
formed polymer-inorganic hybrid with CdS, in which 15% CdS/PI 
showed the highest performance due to the direct Z-scheme for-
mation.[24] As the XPS spectra shown in Figure 4a and b, the C 1s 
and N 1s signals shift to higher binding energy for CdS/PI under 
light irradiation compared to those tested in darkness. On contrary, 
the binding energies of Cd 3d and S 2p under visible-light irradia-
tion decreased (Figures 4c-d). These in-situ XPS analyses reveal 
that the photoinduced electrons in PI can migrate to CdS under 
light irradiation, suggesting the formation of direct Z-scheme 
CdS/PI heterojunction. 

Noble Metal Deposition. Noble metals can be selectively de-
posited on the electron-rich region, which can reveal the region 
holding photogenerated electrons, thus confirming the charge car-
rier transfer route. Chen group reported organic/inorganic hybrid 
(BE/CdS) prepared from modified conjugated polybenzothiazole 
(B-BT-1,4-E, noted as BE) flake and CdS nanorods.[20] In the pres-
ence of a semiconductor, Pt4+ in H2PtCl6 was reduced to Pt0 under 
light irradiation. TEM and corresponding HRTEM images of 
BE/CdS hybrids (Figure 4e) confirmed that Pt nanoparticles were 
loaded on BE rather than CdS. The XPS spectra of Pt showed 
that the binding energies of Pt 4f7/2 and 4f5/2 are 72.3 and 75.5 eV 
(Figure 4f), respectively, which nearly equal to the standard en-
ergy of zero Pt, implying the presence of Pt0, and the electron is 
migrated from CB of CdS to the VB of BE via a Z-scheme instead 
of type II mechanism (Figure 4g).   

Radical Capture Experiments. •OH- and •O2
- are two com- 

monly used radicals for detection experiments, which can be cap-
tured by benzoquinone (BQ) and isopropylalcohol (IPA), respec- 

Figure 4. Ex-situ and in-situ XPS spectra of (a) C 1s, (b) N 1s of PI and 
15% CdS/PI, (c) Cd 3d and (d) S 2p of CdS and 15% CdS/PI.[24] (e) TEM, 
HRTEM images, (f) Pt XPS spectrum of BE-CdS-10.0 hybrid after in-situ
photodeposition of Pt from H2PtCl6, (g) Proposed photocatalytic H2 pro-
duction mechanism.[20] 
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Table 1. Summarized Preparation Methods of P-I Heterojunction Photo-
catalysts 

Catalysts Dosage (mg) Preparation method Ref. 
BE-CdS 30  in-situ polycondensation [20] 
DBTSO@TiO2 10  in-situ polycondensation [26] 
PyOT@TiO2 10  in-situ polymerization [27] 
BBT/TiO2 10  in-situ polymerization [28] 
BE-Au-TiO2 30  in-situ polymerization [29] 
DPP-Car/TiO2 100  in-situ polymerization [30] 
WO3@TiO2 20 in-situ chemical deposition 

method 
[31] 

CdS/PI 50  solvothermal method [24] 
g-C3N4/BiVO4 80  hydrothermal method [32] 
Fe2O3/g-C3N4 50  electrostatic self-assembly  

approach 
[33] 

g-C3N4@BiOI 50 electrostatic self-assembly  
approach 

[34] 

Ag3PO4/PDI 20 self-assembly approach [35] 
g-C3N4/Bi4Ti3O12 - ball milling [36] 
g-C3N4/Bi4NbO8Cl 100  ball milling [37] 
BE/black TiO2 30  ball milling [38] 
g-C3N4/MnO2 - wet-chemical method [39] 
CP/g-C3N4 50  molecular engineering strategy [40] 
P3HT/g-C3N4 10 facile rotary evaporation [41] 
CdS-DETA 50 microwave hydrothermal 

method 
[42] 

PPy/TiO2 50 reverse microemulsion 
polymerization 

[43] 

(PANI)/TiO2  - hydrothermal-chemisorption 
process 

[44] 

ZnONRs-PANI - electrophoretic deposition [45] 
WO3@Cu@PDI 5 water bath method [46] 
(TNZnPc)/TiO2 - electrospinning and solvother-

mal method 
[47] 

 
tively. For instance, g-C3N4-AQ-MoO3 hybrid photocatalyst exhib-
its excellent photocatalytic performance by the formation of Z-
scheme heterojunction.[25] The •OH and •O2

- radical signals in g-
C3N4, MoO3, and g-C3N4-AQ-MoO3 were studied by DMPO spin-
trapping ESR spectra. Under light irradiation, g-C3N4-AQ-MoO3 
hybrid possesses both DMPO-•O2

- and DMPO-•OH signals, 
demonstrating the formation of Z-scheme heterojunction. 

n PREPARATION METHODS OF P-I PHOTOCATA-
LYTIC HETEROSTRUCTURES 

The preparation methods of P-I heterojunction photocatalysts 
mainly include in situ polymerization, hydrothermal and solvo- 
thermal treatment, electrostatic self-assembly, ball milling meth-
ods, etc. Table 1 summarizes the preparation methods of P-I het-
erojunction photocatalysts. 

In-situ Polymerization. In situ polymerization, featured by sim-
plicity and tightly bound interface, represents one of the most 
widely used methods for the synthesis of heterostructures.[26-31] 
Our previous work reported PyOT@TiO2 polymer-inorganic he-
terojunctions can be smoothly constructed by an in-situ direct C-
H arylation polycondensation.[27] Meanwhile, the mechanically 

mixed 50% PyOT-TiO2 was also prepared to make comparable 
study with the in-situ synthesized 50% PyOT@TiO2. After being 
sonicated in ethanol and standing for a few mins (Figure 5), two 
separated phases, i.e., reddish-brown PyOT and white TiO2, can 
be distinctly observed in 50% PyOT-TiO2. In sharp contrast to the 
mechanically mixed 50% PyOT-TiO2, a stable and uniformed sin-
gle phase still retains for the in-situ prepared 50% PyOT @TiO2, 
showing that PyOT has been tightly bonded on the surface of TiO2 

particles, and there must be a strong interaction between PyOT 
and TiO2.  

Hydrothermal and Solvothermal Methods. Typically, a hy-
drothermal process is carried out under high pressure as well as 
temperature in autoclaves, resulting in high crystallinity and nar-
row particle size distribution of the synthesized semiconductor 
nanoparticles.[24,32] The solvothermal synthesis process is simi-
lar to the hydrothermal synthesis except for using different sol-
vents. Organic solvents are commonly utilized in solvothermal 
process.   

Electrostatic Self-assembly Method. The electrostatic self- 
assembly method is based on the electrostatic interaction of poly-
electrolyte with opposite charge. Electrostatic self-assembly does 
not need to form chemical bonds, which can be easily operated 
and has high stability.[33-35]  

Ball Milling. Ball milling is a facile, efficient and green techno-
logy for the synthesis of composite photocatalysts with minimal or 
no involvement of solvent.[36-38] Besides the abovementioned 
methods, other methods including wet chemical method,[39] mo-
lecular engineering strategy,[40] facile rotary evaporation,[41] micro-
wave hydrothermal method,[42] reverse microemulsion polymeri-
zation,[43] hydrothermal-chemisorption process,[44] electrophoretic 
deposition,[45] water bath method,[46] electrospinning technique 
and solvothermal processing[47] have also been developed for the 
preparation of P-I heterostructures. 

n PHOTOCATALYTIC APPLICATIONS OF P-I HET-
EROSTRUCTURES 

Polymer-inorganic heterostructures have been widely used in 
photocatalytic hydrogen or oxygen evolution, CO2 reduction and 
environmental remediation.[48,49] 

Figure 5. Mechanically mixed 50% PyOT-TiO2 and in situ prepared 50% 
PyOT@TiO2, and the images of their ultrasonic dispersions in EtOH.[27] 
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Photocatalytic Water Splitting. Photocatalytic hydrogen pro-
duction from water splitting has been regarded as one of the most 
important technologies for converting renewable solar energy to 
clean fuels. The main obstacle of photocatalytic overall water 
splitting is the half-reaction of oxygen generation that involves a 
four-electron pathway with a slow kinetics. Thereby, in many 
cases, sacrificial agents are required to consume holes or elec-
trons, which correspond to sacrificial electron donors (SED) and 
sacrificial electron acceptors (SEA), respectively. SED, including 
lactic acid (LA), ascorbic acid (AA), triethanolamine (TEOA), tri-
ethanolamine (TEA), Na2S, Na2SO3, methanol (MeOH) and etha-
nol (EtOH), are consumable to valence band holes, while SEA 
agents, such as AgNO3 and ferric chloride (FeCl3), consume con-
duction band electrons.  

Similar to the most widely studied inorganic TiO2-based photo-
catalysts, g-C3N4-based polymeric photocatalysts have also re-
ceived extensive attention owing to its tunable synthetic methods, 
high specific surface area, low cost, high stability, and unique op-
tical and electronic properties. Meanwhile, various inorganic pho-
tocatalysts have been integrated with g-C3N4 to build P-I hetero-
junctions.[18,23,50] Zhu et al. reported the transformation of MoS2 
morphology from 0D to 2D and 3D porous structures coupling with 
2D-g-C3N4 to synthesize 0D (2D, 3D)-MoS2/g-C3N4 photocata-
lysts for PHP application (Figure 6a-d).[18] 0D-MoS2 quantum dots 
and 2D-MoS2 nanosheets were first introduced onto 3D-CN to 

construct 0D/3D-MCN and 2D/3D-MCN through facile impregna-
tion and in situ photo-deposition method. The effect of the MoS2-
covered 2D gC3N4 morphologies on PHP was systematically in-
vestigated. Changing the morphology of g-C3N4 from 2D to 3D 
porous structure is beneficial to gain more surface-active sites, 
higher transfer efficiency and larger specific surface area. This 
work highlights that modulating the morphology of MoS2 can affect 
the charge transfer pathway of 0D/3D-MCN and 2D/3D-MCN het-
erostructures (Figure 6e). 

Besides g-C3N4, other π-conjugated polymers (CP) and inor-
ganic semiconductors heterojunctions for photocatalytic H2 pro-
duction have also been developed.[26,27,51-56] P-I heterojunction 
photocatalysts rationally combine respective advantages of poly-
mer and inorganic semiconductors to improve the photocatalytic 
performance. Most of heterojunctions between the conjugated 
polymer materials and inorganic semiconductor are prepared by 
an in-situ synthetic strategy. Wang group reported poly(diben-
zothiophene-S,S-dioxide)@TiO2 nanoparticles (PDBT- SO@TiO2) 
composite through in situ polymerization, which exhibit the high-
est HER up to 51.5 mmol h-1g-1.[26]  

Yu group developed an S-scheme heterojunction photocatalyst 
between a pyrene-based CP, i.e., pyrene-alt-triphenylamine (PT) 
and CdS nanocrystals (Figure 7a-e). The optimal CdS/PT hybrid, 

Figure 6. (a) The rate curves of samples for photocatalytic H2 production, 
(b) the effect of the 0D-MoS2 QDs amount, (c) HER of 2D-MoS2 nano- 
sheets, (d) recircling test of 0D/3D-MCN-3.5%, (e) proposed photocata-
lytic mechanisms for the 0D/3D-MCN and 2D/3D-MCN composites.[18] 

 

(e) 

Figure 7. (a-c) High-resolution XPS spectra, (d) schematic illustration of 
photoirradiation KPFM, (e) schematic illustration of S-scheme charge 
transfer process.[51] (f) Normalized HERs under visible or full arc light, (g) 
p-n heterojunction of PyOT@TiO2.[27] (h) Schematic diagram of catalysts 
synthesis, (i) hydrogen production by (Pt-PPy)-TiO2, (Pt-TiO2)-PPy and Pt-
(PPy-TiO2).[52]   
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integrating 2 wt% PT with CdS and 1 wt% Pt as cocatalyst, exhib-
ited an outstanding HER of 9.28 mmol h-1g-1 with an apparent 
quantum efficiency (AQE) up to 24.3%, which is about 8 times 
higher than that of pristine CdS. Kelvin probe force microscopy 
(KPFM) and in-situ XPS analyses fully demonstrate the mecha-
nism of S-scheme charge transfer.[51] Importantly, the C 1s peaks 
of CP2, and the Cd 3d and S 2p peaks of CdS negatively and 
positively shifted under light irradiation, respectively, as compared 
to those in dark, proving the photoelectron transfer direction from 
CdS to PT.   

Our group reported the P-I (PyOT@TiO2) heterojunctions that 
are built via in-situ C-H arylation polycondensation. All resultant 
heterostructures, including 10%, 50% and 80% PyOT @TiO2, ex-
hibited much higher HERs compared to the pristine TiO2 and 
PyOT either under visible or full-arc irradiation. 50% PyOT@TiO2 
dispersed in an ascorbic acid (AA) aqueous solution (pH = 4) 
shows the highest HER in the absence of Pt co-catalyst (Figure 
7f). P-n heterojunction charge transfer that contributes to the en-
hanced photocatalytic performance was revealed by M-S plot and 
•OH detection experiments.[27]  

Remita et al. designed a P-I heterostructure (Figure 7h-i) based 
on ternary polypyrrole PPy-TiO2 nanocomposites with 2 nm-Pt na-
noparticles, i.e., (Pt-PPy)-TiO2, (Pt-TiO2)-PPy and Pt-(PPy-TiO2). 
Photocatalytic hydrogen evolution tests in 25% MeOH aqueous 
solution reveal that Pt-(PPy-TiO2) nanostructures with co-deposi-
tion of Pt nanoparticles on TiO2 and PPy show much higher HER 
than(Pt-PPy)-TiO2 and (Pt-TiO2)-PPy irradiated either by UV or 
visible light.[52]  

Zhang et al. designed reduced graphite oxide/CdS-DETA 
(PRGO/CdS-DETA) porous composites with excellent PHP per-
formance and stability.[53] Chen group synthesized CMPs with dif-
ferent structures by Sonogashira coupling polycondensation be-
tween 4,7-dibromobenzo[c][1,2,5]thiadiazole and 1,3,5-triethyn- 
ylbenzene to construct heterojunctions with inorganic semicon-
ductors TiO2 and CdS for both PHP and photocatalytic degrada-
tion applications.[20,28,54] Multifunctional π-conjugated microporous 
poly(benzothiadiazole)/TiO2 (BBT/TiO2) heterojunction through an 
in-situ polycondensation can dramatically improve the photocata-
lytic activity for H2 evolution and degradation of ciprofloxacin un-
der the visible light.[28] The possible mechanisms of PHP and CIP 
photodegradation for BBT/TiO2 heterojunction are proposed as 
shown in Figure 8 (a-b). To further improve the photocatalytic per-
formance of conjugated polymer-TiO2 composites, a linear conju-
gated polymer (benzothiadiazole) (B-BT-1, 4-E) was employed to 
form a binary composite heterojunction with TiO2 via a facile in-
situ strategy (Figure 8 c).[54] As a result, B-BT-1,4-E/TiO2 showed 
a wider visible light absorption and more efficient charge mobility 
than CMP-based BBT/TiO2. Besides, a new type of polymer/inor-
ganic hybrid using modified conjugated polybenzothiadiazole (B-
BT-1,4-E, noted as BE) flake and CdS nanorod was also devel-
oped by the same group.[20] Based on the comprehensive photo-
catalytic experiments, the HER of optimal BE-CdS hybrid was 8.3 
and 23.3 times higher than those of CdS and BE, respectively, 
attributing to broader visible/near-infrared (vis/NIR) light absorp-
tion region (400-700 nm) and rapid photogenerated e-/h+ separa-
tion owing to the formation of Z-scheme heterojunction.[20]    

Yan et al. reported photocatalytic oxygen evolution by 
Fe2O3/C3N4 and Fe2O3/C-C3N4 heterojunctions, respectively, 
which were about 10- and 30-folds higher than that of pristine g-
C3N4, showing the presence of strong interaction between amor-
phous carbon and Fe2O3.[56] In addition, oxygen evolution at λ = 
450, 470 and 500 nm was also studied, demonstrating that hetero- 
structures can boost the electron and hole pairs migration, sepa-
ration, and thus photocatalytic reaction.  

Zhang et al. reported polymer/inorganic g-C3N4/CoN nitride het-
erostructure realizes more than 4-fold enhancement in catalytic 
activity for O2 evolution compared to the bare g-C3N4, with a high-
est O2 evolution rate up to 607.2 µmol g-1h-1 under visible light.[57] 

Cooper et al. reported a Z-scheme photocatalyst consisting of lin-
early conjugated polymers and BiVO4 used for overall water split-
ting under visible light.[58] Zhao et al. reported a C3N4 and WO3-
based heterostructure photocatalyst via a facile hydrothermal 
strategy for mediator-free overall water splitting. And the excellent 
C3N4-WO3 composite has the highest H2/O2 production rate (2.84 
and 1.46 µmol h-1, respectively) and the quantum yield is 0.9%.[59] 

Photocatalytic overall water splitting without sacrificial agents 
represents one of the most ideal protocols for solar to chemical 
energy conversions. Although overall water splitting seems very 
fascinating, it is a thermodynamically up-hill process (∆G0 = 
237.13 kJ∙mol-1), which is still far from the practical applications 
owing to the low solar-to-hydrogen (STH) conversion efficiency. 
Wang et al. designed Fe2O3/reduced graphene oxide/polymer 
carbon nitride (Fe2O3/RGO/PCN) ternary heterojunction (RGO 
nanosheets as solid mediators) to accelerate carrier transfer and 
achieve an efficient photocatalytic performance for the overall wa-
ter splitting.[60] The photocatalytic H2 and O2 production rates of 
PCN in the presence of Pt were, respectively, 20.9 and 9.4 μmol 
h-1, with a 2:1 stoichiometric ratio for H2:O2. When Fe2O3 nano-
particles were added into PCN, the water splitting activity was 
slightly higher than that of pure PCN. Impressively, when RGO 

Figure 8. Proposed mechanism for (a) photocatalytic H2 production, (b) 
photodegradation of CIP over BBT-TiO2 heterojunction.[28] (c) In situ fabri-
cation of B-BT-1,4-E on the surface of TiO2.[54] (d) Configuration of energy 
band positions and Z-scheme photogenerated charge carrier transfer in 
the BE-CdS hybrid photocatalyst.[20] 
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nanosheets were used as a solid electronic medium to connect 
the hydrogen and oxygen evolution photocatalysts, the optimum 
overall water splitting activity could be further enhanced (H2: 43.6 
μmol h-1 and O2: 21.2 μmol h-1). Table 2. summarizes the photo-
catalytic water splitting of reported P-I heterostructures. 

CO2 Reduction. Inspired by natural photosynthesis, photocata-
lytic conversion of CO2 into other carbon-containing products 
such as hydrocarbon or alcohol chemical fuels has attracted ex-
tensive attention.[61-66] In 1979, Inoue et al. reported, for the first 
time, the reduction of CO2 to CO, CH4, CH3OH, HCOOH and other 
carbon-based fuels using semiconductor photoelectricity catalysis. 
Nevertheless, photocatalytic CO2 reduction is a multiple-step re-
action with a large uphill thermodynamic barrier, which is still an 
ongoing and challenging topic. 

Ding group developed an α-Fe2O3/g-C3N4 (FCN) hybrid for pho-
tocatalytic CO2 reduction (Figure 9a).[67] The total photocatalytic 
CH3OH evolution rates of α-Fe2O3, g-C3N4 and FCN hybrid were 
compared. There is no CH3OH product for pristine α-Fe2O3, and 
photocatalytic activity of the pure g-C3N4 for CO2 reduction is only 
1.94 μmol h-1g-1. For FCN hybrids, the effect of the varied mass 
ratio of α-Fe2O3 to g-C3N4 on CH3OH production was investigated. 
As a result, the FCN hybrid with a 40:60 ratio exhibited the highest 
CH3OH production rate (5.63 μmol h-1g-1), which is approximately 
2.9 times higher than that of single-component g-C3N4. Mecha-
nism study showed that the PL intensity of FCN (40:60) is much 
lower than that of pure g-C3N4 (Figure 9b), indicating the presence 
of Fe element can effectively reduce the recombination of photo-
generated electron-hole pairs. Wong group reported a hierar- 

chical direct Z-scheme system combining 3D urchin-like α-Fe2O3 
and g-C3N4 photocatalysts. It provides an enhanced photocata-
lytic activity of reduction of CO2 to CO, yielding a CO evolution 
rate of 27.2 μmol h-1g-1 in the absence of cocatalyst as well as 
sacrifice agent (Figure 9c),[68] which is about 2.2 times higher than  

Table 2. Summary of Reported P-I Heterostructures for Photocatalytic Water Splitting 

Catalysts Cocatalyst Sacrificial reagent Activity (µmol h-1g-1) AQE (420 nm) Ref. 
MoS2/g-C3N4 - lactic acid H2: 817.1 - [18] 
BE-CdS 1.0 wt% Pt Na2S/Na2SO3 H2: 40990 7.5% [20] 
CoOx@g-C3N4 - TEA H2: 262.9 1.9% [23] 
PDBTSO@TiO2 3.0 wt% Pt TEOA H2: 51500 13% [26] 
PyOT@TiO2 - AA H2: 1200 - [27] 
BBT/TiO2 0.3 wt% Pt, TEOA H2: 6750 1.45% (450 nm) [28] 
BE-Au-TiO2 1.0 wt% Pt TEOA H2: 26040 7.8% [29] 
CdS/PI 1.0 wt% Pt lactic acid H2: 613  - [24] 
Fe2O3/g-C3N4 1.0 wt % Pt TEOA H2: 398.0 - [33] 
TiO2/C3N4 1.0 wt %Pt TEOA H2: 1540 4.94% (365 nm) [50] 
CdS/PT 1 wt% Pt lactic acid H2: 9280 24.3% (400 nm) [51] 
PPy-TiO2 1 wt% Pt CH3OH H2: 3200 - [52] 
PRGO/CdS-DETA 0.6 wt% Pt Na2S/Na2SO3 H2: 10500 29.5% [53] 
B-BT-1,4-E/TiO2 - TEOA H2: 7346.7 1.91% [54] 
g-C3N4/CdCO3/CdS 3 wt% Pt Na2S/Na2SO3 H2: 3521 - [55] 
g-C3N4-AQ-MoO3 2 wt% Pt TEOA H2: 2999 - [25] 
Fe2O3/C-C3N4 - AgNO3 O2: 223 - [56] 
g-C3N4/CoN - AgNO3 O2: 607.2 - [57] 
P10/BiVO4 - - H2: 5.0  - [58] 

O2: 2.7 
C3N4-rGO-WO3 1.0 wt % Pt - H2: 12.4  0.9% [59] 

O2: 7.3 
Fe2O3/RGO/PCN - - H2: 1090 - [60] 

   O2: 530   

Figure 9. (a) Average CH3OH production rates of g-C3N4, α-Fe2O3 and 
FCN hybrid, (b) PL spectra of CN and FCN (40:60).[67] (c) Average CO 
production rates of g-C3N4, α-Fe2O3, and α-Fe2O3/g-C3N4 hybrid, (d) wave-
length dependence of QE of α-Fe2O3/g-C3N4.[68] 
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that of the pristine g-C3N4 (10.3 μmol h-1g-1). The wavelength de-
pendence of quantum efficiency (QE) for α-Fe2O3/g-C3N4 hybrid 
achieved 0.499% and 0.963% at λ = 365 and 420 nm, respectively 
(Figure 9d). Wang group designed inorganic-organic hybrid pho-
tocatalysts to enhance the reduction of CO2 under visible light. A 
Mn complex was installed onto Bi2WO6 via bisphosphonate 
groups, which possess advantages of low cost and high efficiency 
toward CO2 reduction.[69] Li group reported a Co-MOF/Cu2O het- 

erojunction with high selectivity for the visible light-driven reduc-
tion of CO2 to CO without using any photosensitizer and sacrificial 
reagents. This p-n heterojunction Co-MOF/Cu2O hybrid compo-
site (xCMC) exhibited remarkable CO production rate of 3.83 
µmol g-1h-1, which is 9.6-fold higher than that of single-component 
Cu2O.[70] 

Besides the abovementioned examples, many other P-I hetero- 
junction photocatalysts for CO2 reduction, such as g-C3N4/ SnS2,[71] 
g-C3N4/WO3,[72] g-C3N4/ZnO,[73] AgCl@g-C3N4,[74] NiTiO3/ g-C3N4,[75] 
Au@g-C3N4/SnS,[76] and p-BN@Zn/Co-ZIF,[77] carbonized poly-
mer dots/Bi4O5Br2,[78] SnO2-x/g-C3N4,[79] FeTiO3/TiO2,[80] Ag3PO4/g- 
C3N4,[81] and CeO2/g-C3N4

[82] have also been developed, all of 
which show enhanced photocatalytic activities compared to the 
single-component photocatalysts. Table 3 summarizes the recent 
reports on the P-I heterostructures for photocatalytic CO2 Reduc-
tion. 

Environmental Remediation. Water pollution is mainly faced 
with extremely complex components with the characteristics of 
high concentration, difficult degradation and lasting toxicity, rep-
resenting one of the most serious threats to human life. Phenols, 
polycyclic aromatic hydrocarbons, ammonia nitrogen, cyanide, 
sulfide and other harmful substances are the main sources of or-
ganic pollutants. Copious strategies to environmental remediation, 
including physical adsorption, chemical degradation, biodegrada-
tion, and photocatalytic degradation, have been developed.[83-86] 
Among which, semiconductor-mediated photocatalytic pollutant 
degradation, as a green and promising method, has attracted ex-
tensive attention.  

Yu group reported a direct Z-scheme photocatalyst based on 
2D/2D g-C3N4/MnO2 nanocomposite for dye degradation and phe-
nol removal with enhanced activity (Figure 10a-b).[39] The degra-
dation rate of RhB by g-C3N4/MnO2 composites achieved as high 
as 91.3% after irradiation for 60 min, while those of g-C3N4 and 
MnO2 were only 19.6% and 22.3%, respectively. Based on the 
Langmuir-Hinshelwood model, their decomposition behavior is 
consistent with the pseudo-first-order kinetics and the apparent 
rate constant of the g-C3N4/MnO2 nanocomposite was 0.033 min, 
about ~9 and ~5 times higher than those of pristine g-C3N4 and  

Table 3. Reaction Conditions and Photocatalytic Activities of P-I Hetero-
junctions for CO2 Reduction 

Catalysts Mass  
(mg) 

Products evolution 
rate (μmol h-1g-1) 

AQY (%) Ref. 

α-Fe2O3/g-C3N4 10 CH3OH (5.63) - [67] 
α-Fe2O3/g-C3N4 25 CO (27.2) 0.499 

(365 nm) 
[68] 

Co-MOF/Cu2O 20 CO (3.83) - [70] 
g-C3N4/SnS2 50 CH4 (0.21) 

CH3OH (0.77) 
- [71] 

g-C3N4/WO3 3 CH3OH (1.1) - [72] 
g-C3N4/ZnO 100 CH3OH (0.6) - [73] 
AgCl@g-C3N4 300 CH4 (25.67) 

CH3COOH (1.2) 
HCOOH (0.67) 

0.211 
(475 nm) 

[74] 

NiTiO3/g-C3N4 10 CH3OH (13.74) - [75] 
Au@g-C3N4/SnS 50 CH4 (3.8) 

CH3OH (5.3) 
15.3 
(525 nm) 

[76] 

BN@Zn/Co-ZIF 20 CO (152.2) - [77] 
CPDs/Bi4O5Br2 30 CO (132.42) 0.81 

(380 nm) 
[78] 

SnO2-x/g-C3N4 20 CH3OH (3) - [79] 
FeTiO3/TiO2 50 CH3OH (0.462) - [80] 
Ag3PO4/g-C3N4 10 CO (44) 

CH3OH (9) 
CH4 (0.2) 
C2H5OH (0.1) 

- [81] 

CeO2/g-C3N4 50 CO (11.8) 
CH4 (9.08) 

- [82] 

Figure 10. Photocatalytic degradation rate of (a) RhB and (c) phenol. The kinetics fitted curves and apparent reaction rates of (b) RhB and (d) phenol, 
(e) mechanism of the g-C3N4/MnO2 nanocomposite.[39] 

(e) 
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MnO2, respectively. Moreover, the 2D/2D g-C3N4/MnO2 also ex-
hibit dramatically enhanced activity toward phenol removal (Fig-
ure 10c-d). Finally, the improved photocatalytic activity of g-
C3N4/MnO2 is mainly ascribed to the formation of Z-scheme het-
erojunction, as proved by Mott-Schottky measurement, electron 
paramagnetic resonance (EPR) and XPS spectra (Figure 10e).  

Besides aforementioned cases, many other P-I heterojunction 
photocatalysts, such as CN/rGO@BPQDs,[87] CoO/g-C3N4,[88] α-
Fe2O3/g-C3N4,[89] PPy/TiO2,[43] Nb2O5/g-C3N4,[90] WO3@Cu@PDI,[46] 

PDI/BiOCl,[91] g-C3N4/Cu2O@Cu,[92] AgBr/P-g-C3N4,[93] and DPP-
Car/TiO2

[30]
 have also been reported for organic pollutants degra-

dation, showing enhanced photocatalytic activities for the degra-
dation of various pollutants. Table 4 summarizes the recent re-
ports on the P-I heterostructures for environmental remediation. 

n CONCLUSIONS AND OUTLOOK 
In this minireview, the synthesis, classification and applications of 
P-I heterojunctions are summarized and discussed. The mecha-
nism and charge transfer pathway of P-I heterojunctions can be 
revealed by hydroxyl radical measurement, photocurrent meas-
urements, in-situ XPS, M-S plot, DFT calculation, and so forth. 
Compared to single-component semiconductor photocatalysts, P-
I heterojunction can combine the advantages of respective com-
ponents, i.e., polymeric and inorganic semiconductors, to improve 
the photocatalytic performance. Although P-I heterojunction pho-
tocatalysis has made enormous progress in recent years, there 
are some key issues that still need to be addressed.  

Firstly, the preparation methods of P-I heterojunctions are rela- 
tively monotonous. In-situ polymerization is a major method for 
the preparation of P-I heterojunction photocatalysts. In the future, 
more attention should be paid to the rational design of preparation 
methods. Secondly, photocatalytic hydrogen or oxygen produc-
tion from water splitting generally requires the addition of a hole 
or electron sacrificial agent. When the sacrificial agent is ex-
hausted, the photocatalytic efficiency will be greatly reduced. 

Hence it is imperative to add sacrificial agent regularly, which is 
not conformed to the atomic economy and environmental protec-
tion that we are pursuing now. But it is still a great challenge to 
design superior photocatalysts without adding sacrificial agents to 
achieve the effect of photocatalytic water splitting. Finally, the ex-
act photocatalytic mechanisms of P-I heterojunctions still need to 
be further revealed. For example, the reaction mechanism of pho-
tocatalytic CO2 reduction is still ambiguous, and the optimal reac-
tion path and active intermediates are also controversial. And the 
study of heterojunction mechanism is still a great challenge. 

Although some encouraging results have been achieved so far, 
the stability and efficiency of P-I hybrid nanocomposites are still 
far from satisfying the requirements of large-scale application. 
There is an urgent need to develop green, atom-economic,[26,95,96] 

efficient and multifunctional P-I heterojunctions with controllable 
morphology, defined structure, broad light harvesting, excellent 
charge carrier mobility, and well-matched energy level. The P-I 
heterojunctions based on electron donor-acceptor (D-A) types of 
polymers[97] are also expected to possess synergetic effect on the 
enhancement of charge separation. Considering that conjugated 
polymers typically have high-lying conduction band with strong re-
ductive capacity, the heterojunctions based on the combination of 
π-conjugated polymer with a second inorganic semiconductor 
that have a deep-lying valence band are expected to achieve the 
separation of electron hole pairs with simultaneously maximized 
reduction and oxidation capacities, and thus provide great oppor-
tunity for photocatalytic overall water splitting. 
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