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Abstract: Conjugated materials have emerged as a new class of photocatalysts for solar fuel 

generation, thus allowing for the Sun’s energy to be converted into a storable fuel that can be used 

without further emissions at the point of use. Many different building blocks have been used to make 

conjugated materials that act as photocatalysts allowing for efficient light absorption and tuing of 

photophysical properties. The porphyrin moiety is a very interesting building block for photocatalysts 

as the large π-conjugated system allows efficient light absorption. Metalation of porphyrins allows for 

further tuning of the materials’ properties, thus further expanding the property space that these 

materials can cover. This allows to design and better control over the properties of the materials, 

which is discussed in this review together with the state-of-the-art in porphyrin photocatalysts and 

hybrid systems. 

Introduction 

The energy used by humans for industrial processes, transportation, and domestic use has released 

large amounts of carbon dioxide, a major contributor to climate change.[1] In order to prevent 

catastrophic effects that originate from the increased Earth’s surface temperature due to the 

greenhouse effect, we need to replace our fossil fuel-based energy sources with clean and renewable 

energy that does not release carbon dioxide.[2] This renewable energy source is already widely 

available: The total annual energy of the sun reaching the Earth’s surface is 8,000 times the annual 

energy needs of humanity, and we need innovative solutions to access this energy. As such, solar 

energy has the potential to meet global energy needs, but the intermittency of sunlight due to the 

day/night cycle, and changes in light intensity during the year as well as due to cloud cover make it 

challenging to provide consistent energy through an electric grid.[3] For this reason, the alternative of 

storing solar energy as chemical fuels has been widely considered.[4,5] They can be obtained by using 

the electricity generated in a solar cell to drive electrolysis to generate hydrogen from water. 

Hydrogen can be used directly in fuel cells to generate electricity or industrial processes. Hydrogen 

can also be produced in photoelectrochemical cells or through photocatalytic processes.[6,7] The 

photochemical approach is of particular interest because it provides a technically simple solution that 

requires only water and a photocatalyst to facilitate the water splitting making it in principle more 

cost effective for large scale application.[8]  
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Natural photocatalysts 

For billions of years, nature has used photosynthesis to convert solar light into chemical compounds 

such as carbohydrides to store energy. This allows to convert light to energy in a relatively efficient 

process with an effiecieny of approximately 6%. This process is ubiquitous in plants and other 

organisms and can be maintained over long periods of time due to the presence of self-repair 

mechanisms in cells.[9] 

Chlorophylls, which are organized into supramolecular structures via self-assembly, have been 

identified as a key component in photosynthesis, which can absorb solar energy, and catalyze the 

conversion of carbon dioxide and water converted into sugars and oxygen, as shown in Figure 1a. The 

exact orientation of porphyrinoids ensures an efficient stepwise energy transfer to the reaction center 

where charge separation occurs.[10] The porphyrin unit as the main component in chlorophyll has 

attracted the attention of researchers for application in photochemical conversions.[11–14] Here, we 

discuss porphyrin-based materials for artificial photosynthesis – mainly focusing on photocatalytic 

water splitting. 

 

 
Figure 1. Schematic diagram for a) photosynthesis in nature with chlorophyll molecular structure;[15,16] b) 

Reactions taking place during water splitting and carbon dioxide reduction on a semiconductor 

photocatalyst.[17] 

Artificial photocatalysts 

Science has always been inspired by nature, this is also true for artificial photosynthesis which aims to 

mimic the photosynthetic process of nature by storing solar energy in chemical energy.[18,19] As 

mentioned above, photosynthesis produces sugars while artificial photocatalyst aims to produce 

hydrogen from water via water splitting. Hydrogen produced using renewable solar light has 

significant potential to be used in energy generation allowing for decarbonisation of 

transport.[8,17,20] In order to allow this, photocatalytic processes that significantly exceed the light 

to energy conversion efficiency of nature are required, potentially as high as 10 to 20%, used on very 

large scale and with long-term stability.[5,21,22] For this reason, many scientific reports have been 

published over the last 50 years studying the conversion of sunlight into hydrogen via water 

splitting.[23–27]  

In photocatalytic water splitting, semiconductors are dispersed in water under light irradiation to 

promote simultaneous proton reduction and water oxidation. Photons that have sufficient energy 

promote an electron from the HOMO (the highest occupied molecular orbital) to the LUMO (the 
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lowest unoccupied molecular orbital) of the photocatalyst forming a so-called exciton.[28] The exciton 

is then separated into individual charge carriers with the electrons transferred to protons or carbon 

dioxide producing hydrogen or carbon monoxide and/or other carbon reduction products.[29–31] The 

holes are transferred to water resulting in the production of oxygen.[32,33] Metal catalysts play an 

important role as most reported systems require a catalyst that transfers charges from the 

semiconductor to protons or water in both half reactions.[34,35] These catalysts are either loaded 

onto the materials or in the case of many polymer photocatalysts they are already present within the 

material originating from the catalyst used in the material synthesis, such as residual palladium that 

was used in the Suzuki-Miyaura coupling reaction.[36,37] The water oxidation half-reaction is very 

challenging given that it is a four-hole process with very sluggish kinetics and the fact that low LUMO 

levels are required to fulfil thermodynamic requirements.[17,38] For this reason, often sacrificial hole 

scavengers are used that are oxidized instead of water.[39,40] This allows for the study of these 

systems to gain understanding, but scavengers ultimately have to be replaced with water to make the 

process energetically viable.  

Most of the semiconductors studied as artificial photocatalysts so far are inorganic, with the best 

systems such as lanthanum-doped SrTiO3 having relatively low solar-to-hydrogen efficiencies (STH, the 

percentage of solar energy converted into fuels) of up to 0.65%. This is despite their very high external 

quantum efficiencies (AQYs) under ultraviolet radiation (AQY = 96% at 350 nm),[41] and simply the 

result of the poor match of the light absorption of these materials with sunlight. As an organic 

alternatives, carbon nitride was first reported in 2009 to have photocatalytic activity for proton 

reduction and is one of the first examples of a polymeric material used for this purpose.[25] In recent 

years, a variety of other organic polymer photocatalysts, such as linear conjugated polymers,[29,42–

46,61] conjugated polymer networks,[47,48] covalent organic frameworks,[49,50] oligomers,[51] and 

molecular crystals,[52] as well as various other types of photocatalysts, have been used as 

photocatalysts for sacrificial hydrogen production from water.[17] Organic materials have also shown 

potential as photocatalysts for sacrificial water oxidation in the presence of electron scavengers with 

some systems being translated into overall water splitting systems that do not require any sacrificial 

reagents. 

Porphyrin-based photocatalysts 

Porphyrin materials have been extensively studied as photocatalysts as they are closely related to 

natural systems and their large π-conjugated systems allow for efficient light absorption. The 

properties of porphyrin materials can be tuned by co-polymerization with a range of organic building 

blocks. This allows to, for example, to tune the energy levels, light absorption onset, or interaction 

with water to be tuned. The ability of the porphyrin ring to ligate metal ions via coordination to the 

nitrogen atoms inside the ring is highly relevant as these metal centers in metalated porphyrins has 

also the potential to be active as the electrocatalyst that is required in the proton reduction[53] or 

water oxidation process.[54,55] Metal ions can be coordinated in the plane of porphyrin rings when 

the metal ion radius is in the range of 55–80 pm, while the out-of-plane or sitting-atop 

metalloporphyrins can be formed when the metal ion radius is larger than 80 pm.[56–59] 

The copolymerization of tetraphenylporphyrin cobalt(II) with squaraine has been reported to give a 

material with a very narrow optical gap of 1.82 eV.[60] The photocatalytic activity was determined in 

the presence of a sacrificial reagent, which is either oxidized or reduced instead of water. The 

tetraphenylporphyrin cobalt(II) monomer shows photocatalytic activity for hydrogen production in 

the presence of methanol as the sacrificial hole scavenger under visible light (λ > 420 nm). The 

copolymer with squaraine was found to be more active due to enhanced light absorption matching 
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the light source output better compared to the building block and exhibited increased stability, 

possibly as deactivation pathways are not accessible. By using additional platinum, which is an 

excellent catalyst for electron transfer to protons, the rates were to 1 µmol h-1 in the presence of 

triethanolamine (TEOA) acting as the hole scavenger. The system was also tested for water oxidation 

using silver nitride as the hole scavenger and under visible light (λ > 420 nm) a rate of 0.65 µmol h-1 

was observed. While this rate is somewhat low compared to other reports, it is an interesting system 

as most other polymer systems rely on metal particles, such as CoOx to be added to the surface of the 

material to make it active for water oxidation.[32] Here, the system appears to be using a coordinated 

cobalt species, but more work is required to study if the metal remains coordinated throughout the 

photocatalytic process. 

The wettability of the photocatalysts plays a key role in photocatalytic water splitting as organic 

materials are fairly hydrophobic, which reduces the ability of the materials to intact with water on the 

surface.[39] Thus usually organic photocatalysts with increased wettability show higher photocatalytic 

proton reduction rates.[45,64] Oligomers of conjugated porphyrins with water solubiliszing side-

chains have been reported for hydrogen evolution from water.[65] Platinum-loaded materials were 

found to have little activity in water with TEOA and only upon the addition of sodium chloride 

significant activity was determined with the highest rate of 10.9 mmol g-1 h-1 in 0.5 M NaCl (2 mg 

photocatalyst, 1 sun irradiation, 3 wt. % Pt, H2O/TEOA, 9:1 v/v). The increase in activity upon the 

addition of sodium chloride coincides with aggregation of the photocatalyst into larger particles, which 

has also been observed for other systems to result in higher activity due to increased light 

scattering.[66] 

The incorporation of polar side-chains into polymeric porphyrin materials has also been shown to give 

materials with high photocatalytic performance. A series of porphyrin-based conjugated 

polyelectrolytes (CPEs) with different coordinated metals for the efficient photocatalytic hydrogen 

evolution has been reported.[67] These CPEs also undergo aggregation under photocatalytic 

conditions and the use of different metals coordinated in the porphyrin unit can be used to tune the 

photocatalytic activity. The Pt-porphyrin CPE (PPF-Pt-Br, Fig. 3a) has a hydrogen evolution rate of 

5.39 µmol g-1 h-1, and an even higher hydrogen evolution rate of 37.9 μmol h−1 upon addition of 3 wt. % 

Pt co-catalyst under (Reaction conditions: 1 mg of CPE in 50 mL of water with 0.2 M ascorbic acid as 

the sacrificial agent, pH = 2.0, full arc, 300 W light source). An apparent quantum yield (AQY) at 420 nm 

was determined to be 3.33% using this Pt coordinated porphyrin-based CPE. Another porphyrin-based 

conjugated polymer example showed a higher AQY value of 7.36% at 400 nm using Zn and Co as the 

dual central metal in a porphyrin framework polymer synthesized by Sonogashira coupling (Figure 

3b).[68] 
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Figure 2. a) Molecular structure of porphyrin derivatives with different dipoles (top), and diagram of molecular 

dipoles and electron distribution in three porphyrin derivatives, units of dipole moment: Debye (bottom) [Figure 

adapted with permission from ref.[62] Copyright 2019 Wiley-VCH]; b) Orbital splitting of metal centers in CoTCPP, 

NiTCPP, and ZnTCPP, and the interaction between porphyrin and central metal (top), and energy-band alignment 

diagram for supramolecular porphyrins (bottom) [Figure adapted with permission from ref.[63] Copyright 2019 

Wiley-VCH]. 
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Figure 3. a) Chemical structures of PPF-H-Br, PPF-Ni-Br, PPF-Cu-Br, and PPF-Pt-Br, Adapted with permission from 

reference[67]. Copyright 2021 American Chemical Society; b) Synthesis of CoP-nph-CMP, Adapted with 

permission from reference.[51] Copyright 2019 American Chemical Society; c) Synthesis of MPor-DETH-

COFs.[69] 

Polymeric photocatalysts are usually amorphous or show a low degree of order at best due to the fact 

that irreversible reactions are used to make these materials or conditions are used that are not near 

equilibrium resulting in defects within the structure and 3-dimentional growth. In recent years, 

covalent organic frameworks have attracted significant attention in photocatalytic hydrogen 

generation from water as they combine a relatively high degree of crystallinity and large surface 

areas.[49,70,71] Four isostructural porphyrinic two-dimensional covalent organic frameworks have 

been reported as photocatalysts for sacrificial hydrogen evolution from water. The AQY for hydrogen 

evolution from water can reach to 0.32% at 450 nm using porphyrin photocatalyst, ZnPor-DETH-COF 

(Fig. 3c), bearing Pt cocatalyst with TEOA as the sacrificial reagent. The photocatalytic activity of NiPor-

DETH-COF is nearly half of ZnPor-DETH-COF, while CoPor-DETH-COF has the lowest activity in this 

report. Further than a high photocatalytic activity of material, the tuneable photocatalytic 

performance can be mainly explained by their tailored charge-carrier dynamics via molecular 

engineering has been clear shown in this report.[69] 

Most conjugated systems reported to date require a metal cocatalyst to drive the proton reduction 

and water oxidation process as these allow to overcome kinetic barriers that typically exist.[17,72] In 

2019, metal-free porphyrin-based photocatalysts for hydrogen evolution and oxygen evolution from 

water has been reported (Fig. 2a).[62] Different nanocrystal structures with so-called ‘built-in electric 

fields’ were presented using porphyrin bearing materials with three different terminal groups (pyridyl, 
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cyanophenyl, or carboxyphenyl). This is the first report for metal-free porphyrin photocatalyst, and 

the SA-TCPP photocatalyst was reported with a hydrogen evolution rate of 40.8 µmol g-1 h-1 (50 mg 

photocatalyst, 90 mL H2O and 10 mL TEOA) and an oxygen evolution rate of 36.1 µmol g-1 h-1 (50 mg 

photocatalyst, 100 mL 0.05 M AgNO3 aqueous solution) under visible irradiation with a 500 W Xe light 

source. The authors state that the molecular dipoles give rise to the built-in electric field which 

increases charge separation efficiency of the photogenerated excitons which is responsible for the 

high photocatalytic efficiency.[63] It is unclear though how the electron and hole transfer to water 

occur when no metal catalyst is present. This requires further investigation in the future as other 

reports have shown the crucial role that metals have in photocatalytic processes with conjugated 

materials.[37,44,73] Following this work, the same group presented a nanosheet photocatalyst, SA-

TCPP coordinating zinc ions (Fig. 2b). SA-TCPP produced hydrogen from water with a rate of 

3487.3 µmol g-1 h-1 under the same conditions, which is an 85-time increase compared to the metal-

free porphyrin photocatalyst.  

Composites of porphyrins 

 

Figure 4. a) Chemical structures of the semiconductor CN (A) and of the porphyrins TPP (B), pTCPP (C) and mTCPP 

(D);[74] b) Structure of the g-C3N4-Cu-TCPP composite.[75] 

Porphyrins and porphyrin-based materials have also been extensively used in composites with other 

materials. Using this approach allows to combine favorable properties from more than one material 

and to create interfaces that result in additional benefits, such as increased driving forces for charge 

separation of excitons.[76] 

Carbon nitride (C3N4) has been widely studied for photocatalytic water splitting due to its suitable 

energy band structure and easy synthesis from low-cost precursors. However, the photoactivity of 

pristine C3N4 is low because of its wide band gap (~2.7 eV) limiting the activity under visible light 

illumination.[25,77,78] As porphyrin exhibit high absorption coefficients in the visible and near IR 

region they can be used to sensitize C3N4 making the composite active under visible light. As a result 

of this, composites of porphyrins with carbon nitride have been relatively well studied: For example, 

hybrids of C3N4 sensitized with three different porphyrins (meso-tetraphenylporphyrin, meso-

tetrakis(meta-carboxyphenyl)porphyrin and meso-tetrakis(para-carboxyphenyl)porphyrin) for 

photocatalytic hydrogen evolution from water (Fig. 4a).[74] All hybrids show higher hydrogen 

evolution rates than pristine carbon nitride, and the meso-tetrakis(meta-carboxyphenyl)porphyrin 

hybrid with carbon nitride had the highest amount of evolved hydrogen (48.4 μmol) under visible light 

(λ > 400 nm) illumination in 6 hours. These hybrid systems rely on non-covalent π-π interactions 

between both components. As an example of an alternative approach, a hybrid of meso-tetra(4-
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carboxyphenyl) porphyrin and C3N4 using copper as the interfacial linker was reported (Fig. 4b).[75] 

This resulted in increased light absorption efficiency for the carbon nitride-copper-porphyrin hybrid 

compared to carbon nitride alone as well as increased charge-transfer rates increasing the hydrogen 

evolution rate more than 10-times higher compared to pristine carbon nitride. By changing the linker 

to tetrakis-(4-hydroxyphenyl)porphyrin in the carbon nitride hybrid, a more than 17-times higher 

hydrogen evolution rate compared to pristine carbon nitride was reported from the same group.[79] 

Hybrid systems of porphyrins with TiO2 have been reported for hydrogen production, improving the 

photocatalytic performance by acting as light absorbers[80,81] and through increased charge 

separation.[82] Systems that are simple mixtures of porphyrins and TiO2[80,81] as well as systems with 

porphyrins anchored on the TiO2 surface have been reported,[82] with the latter showing increased 

stability. Similarly, porphyrin-based polymers can be used in conjunction with TiO2. TpTph, the 

condensation product of triformylphloroglucinol and tetrakis(4-aminophenyl)-porphyrin, was loaded 

mechanochemically onto TiO2.[83] The resulting hybrid had a maximum hydrogen evolution rate of 

5602 µmol g-1 h-1 under visible light (λ > 420 nm, 400 W Xe light source) in the presence of platinum 

acting as the co-catalyst and ascorbic acid as the hole scavenger. Control experiments show that the 

TiO2 and TpTph are nearly inactive under the same conditions, indicating that this is a truly synergistic 

effect.  

Fully organic composites with porphyrins have also been studied for their potential.[84,85] A recent 

report has demonstrated that a composite of tetraphenylporphinesulfonate and a fullerene derivative 

allows for light harvesting up to 843 nm and increased charge separation efficiency resulting in 

sacrificial hydrogen evolution rates of up to 34.57 mmol g-1 h-1, and an AQY is 1.64 % at 650 nm.[85] 

Overall water splitting system 

In contrast to sacrificial photocatalytic hydrogen production which has been extensively studied, there 

are only a few examples of overall water splitting with organic materials. Z-Scheme water splitting 

allows to couple an organic photocatalyst that performs hydrogen production with an inorganic 

semiconductor to perform overall water splitting.[86,87] Using such a system a 2D hybrid 

nanocomposite composed of monoclinic BiVO4 nanosheets and an asymmetric Cr(III) porphyrin 

derivative (CrmTPP) act as a photocatalytic system for overall water splitting. The optimized hybrid 

nanocomposite produced stoichiometric amounts of hydrogen and oxygen with rates of 42.6 and 

22.3 μmol h−1 under visible light irradiation (λ > 400 nm, 300 W Xe light source) and atmospheric 

pressure with Pt as  co-catalyst, and the AQY reach to 8.67% at 400 nm.[12] Following work has been 

reported from the same group, that a Z-scheme overall water splitting system, that the heterometallic 

porphyrin conjugated polymer (ZnPtP-CP) was grafted onto ultrathin BiVO4 nanosheets through an in 

situ Sonogashira coupling polymerization, giving a system capable of overall water splitting (Fig. 5). 

BiVO4 acts as an oxygen evolution photocatalyst and ZnPtP-CP nanosheet as a hydrogen evolution 

photocatalyst, respectively. Zn-O-V bridging bonds were formed to promote charge transfer between 

ZnPtP-CP and BiVO4.  Overall water splitting rates under visible-light irradiation (λ > 400 nm, 300 W Xe 

light source) of 77.3 (H2) and 39.5 (O2) μmol h−1 were reported. A apparent quantum yield of 9.85%  at 

400 nm was determined by the authors, which is one of the highest solar-to-hydrogen efficiencies 

reported for organic photocatalysts.[88] 
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Figure 5. Schematic diagram of the synthesis route, structure and charge transfer mechanism of the ZnPyP-

CP/BiVO4 composite [Figure adapted with permission from ref.[88] Copyright 2021 Wiley-VCH]. 

Conclusions and outlook 

Conjugated porphyrin-based materials have clearly shown that they have significant potential as 

photocatalysts for solar fuel generation, even though there are only relatively few reports so far. 

Advantages of these materials are the typically broad light absorption profiles originating from the 

extended π-conjugation in porphyrin units, which can be further tuned by metalation and intrinsic 

wettability due to the polar nature of the heterocycle. 

Most conjugated materials rely on physiosorbed metal particles to facilitate water oxidation and/or 

proton reduction half reactions. Typically, platinum or palladium metal particles either loaded onto 

the photocatalyst or are residual metals originating from the synthesis. This is different from metal-

ated porphyrins that can coordinate defined metal centres that can act as active sites. This is 

interesting as it allows for much better control, unlike for conjugated materials that are loaded with 

metal particles of varied sizes. It will also allow to gain better insight into the underlying photocatalytic 

processes as the exact nature of the catalyst is known, allowing to establish structure-property 

relationships and the design of more active systems going forward. In all reports, no system 

coordinating metal ions so far has outperformed systems that are loaded with platinum particles, 

however, effects such as longer-term stability have not been explored. Here, direct coordination might 

be beneficial as the risk of detachment of metal particles from the surface can be circumvented. 

Overall, it is clear that more work on metalated porphyrin photocatalysts is required. 

Only a few reports on porphyrin materials have demonstrated for water oxidation, despite the large 

number of molecular porphyrin electrocatalysts that have been reported for water 

oxidation.[54,55,89,90] Water oxidation is very challenging for conjugated materials and usually 

archived by the addition of metal co-catalysts, such as CoOx[32] or NiPx.[91] Metalated porphyrins also 

offer exciting possibilities here that should be further explored as the development of such systems 

will allow to build up supramolecular systems and/or complex structures with both water oxidation 

and reduction catalysts to facilitate overall watersplitting. Finally, developing such hybrid systems is 

also highly relevant to photocatalytic carbon dioxide reduction[30] and hydrogen peroxide 

production[92] as water oxidation is likely to be the key bottleneck. 
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