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Abstract 31 

Considering the current scenario of rising environmental and energy concerns, engineering of Z-32 

scheme photocatalytic systems is in the spotlight. The prime reason for this includes efficient 33 

redox abilities and effective space separation along with the migration of photoinduced charge 34 

carriers over conventional heterojunction systems. Herein we foreground the stumbling blocks of 35 

traditional heterojunction systems and enlighten the generations of Z-scheme photocatalysis 36 

originating from liquid-phase to direct Z-scheme photocatalytic systems. We provide substantial 37 

criteria and selection aspects of choosing reductive type photocatalysts as a potential aspirant for 38 

the Z-scheme photocatalytic system. As Z-scheme photocatalytic systems render effective space 39 

separation of photogenerated carriers, active species generation, wide optical absorption and 40 

amended redox ability. We focus on comprehensive illustration of all solid solid-state and direct 41 

Z-scheme photocatalysts by coupling reductive type photocatalysts with other semiconductor 42 

material and explored their potential for efficacious conversion of solar energy into functional 43 

energy. Herein, we aim to provide in-depth and updated criteria of for selecting Z-scheme 44 

photocatalysts for CO2 reduction, water splitting, and nitrogen fixation. Lastly, the article 45 

compiles with a conclusive note about future perspectives and challenges accompanying all solid 46 

solid-state and direct Z-scheme Z photocatalysts and their energy conversion applications.  47 

 48 

 49 

Keywords: Reductive photocatalyst; Bio-inspired Z-scheme photocatalysis; Heterojunction 50 

formation; Water splitting; CO2 reduction   51 
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1. Introduction 127 

Nowadays, industrial indispensability and accelerating anthropogenic activities have reached 128 

to an alarming level. The interminable increasing challenges related to dwindling renewable 129 

natural resources, solar energy conservation and environmental pollutions are of great 130 

concern [1-3]. The overriding issues impede global energy consumption; therefore, it is 131 

indispensable to explore eco-friendly technologies for environment protection and energy 132 

resorption. A sought-after advanced oxidation technology (AOT); Honda and Fujishima 133 

effect stimulated the age of heterogeneous photocatalysis with titanium dioxide (TiO2).  134 

Photocatalysis involves the photoassisted generation of strong oxidant holes (h+) in the 135 

valence band (VB) and reductant electrons (e-) in the conduction band (CB) of the 136 

semiconductor photocatalysts after the absorption of solar energy. In detail, when a 137 

semiconductor photocatalyst is exposed under visible-light with energy greater than or equal 138 

to their bandgap energy, the VB electrons get promoted to higher higher-level CB generating 139 

a hole behind in VB (Fig. 1a). After excitation, the photoinduced excitons migrate to the 140 

surface of photocatalyst. For efficient photocatalysis, the CB electrons should possess strong 141 

reduction ability with a chemical potential in the range of +0.5 to -1.5 V (vs NHE) and the 142 

VB holes should possess strong oxidising capacity with oxidation potential in the range of 143 

+1.0-+3.5 V (vs NHE) [4-11]. The process further involves the interfacial transfer of 144 

photocarriers which generates various reactive oxygen species (ROS) like; peroxide (O2·), 145 

superoxide (·O2
-), and hydroxyl radicals (·OH) which participate in photodegradation of 146 

pollutants, reduction of CO2 to hydrocarbon fuels, overall water splitting, N2 fixation and 147 

biohazard disinfection [12-15]. However, after excitation, the electrons might reassemble and 148 

dissipate the input energy in the form of light or heat which needs to be addressed in order to 149 

attain higher photocatalytic efficacy. To date, designing a robust promising photocatalyst to 150 

overcome indisputable energy inadequacy and environmental degradation has become a 151 

cutting-edge research topic [16-19]. For effectual conversion of solar energy into functional 152 

fuels, various reductive type photocatalysts (ZnS, CdS, Ta3N5, TaON, Cu2O, SiC, Bi2S3 etc) 153 
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which fulfil the necessary criteria of a photocatalytic process have been reported. However, 154 

the cost-effectiveness and physico-chemical stability hinders their photocatalytic efficiency. 155 

Therefore, to accentuate the journey of delivering large-scale benefits in the province of 156 

photocatalysis, graphitic carbon nitride (g-C3N4) has garnered incredible fascination among 157 

scientific communities. Moreover, g-C3N4 on account of its hierarchical properties including 158 

appropriate optical band gap ~2.7 eV (with oxidative potential at +1.57 V and reductive at -159 

1.13 V vs NHE at pH 7) is an utterly smart solar light harvesting photocatalyst [5, 9]. 160 

Moreover, its substantially accessible surface sites with high thermal and chemical stability 161 

offers unprecedented breakthroughs in various realms of environment conservation [20, 21].  162 

For achieving high space charge separation efficacy and broad visible light absorption, many 163 

strategies like, coupling, doping, co-catalyst incorporation and heterojunction construction 164 

have been frequently adopted. Out of all these strategies, heterojunction formation proves its 165 

worth and can be classified as conventional [22-25] and Z-scheme heterojunctions [26-30]. 166 

Conventional heterojunction formation involves semiconductor composites which are formed 167 

by the combination of two or more semiconductors depending upon their band gaps [31-37]. 168 

These are further of three types as shown in (Fig. 1b-d). In type-I heterojunction, VB of 169 

semiconductor-II (SC-II) lies lower than semiconductor-I (SC-I), and CB of SC-II is higher 170 

than the CB of SC-I forming a straddling gap. The migration of charge carriers proceeds in a 171 

way that gathering of electrons and holes occurs only on SC-I resulting. It causes poor charge 172 

separation of photogenerated electron and hole pairs along with lower redox potential as both 173 

oxidation and reduction reactions occur at the same semiconductor [22, 23]. In type-II 174 

heterojunction, the band positions are at optimal levels (staggered gap) that offer spatial 175 

charge carrier separation with enhanced photocatalytic efficacy as compared to type-I. But its 176 

redox potential is low due to occurrence of oxidation and reduction reactions on SC-I with 177 

lower oxidation potential and SC-II with lower reduction potential. Type-III heterojunctions 178 

have broken gap situation involving separation of charge carriers similar to type-II 179 

heterojunctions [22, 38]. The broken band gap in type-III heterojunction does not intersect 180 

causing no charge carrier separation for enhanced photocatalytic activity.  181 

            < Please Insert Fig. 1 Here> 182 
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In order tTo encounter the aforementioned issues and to achieve superior photocatalytic 183 

efficiency, Z-scheme heterojunction systems have intrigued researchers [27, 28]. The 184 

concept of Z-scheme photocatalysis was initially introduced by Bard in 1979. Ensuing ideal 185 

conditions for photocatalysis, Z-scheme heterojunction results in more negative CB edge 186 

and more positive VB edge thus narrowing band gap of semiconductor [39]. The progression 187 

path of Z-scheme photocatalysis from the first generation to the third generation has been 188 

depicted in (Fig. 2). In contrast to type-II heterojunction, photogenerated electron-hole pair 189 

(EHP) separation in Z-scheme follows a different pathway (Fig. 3b-d). In Z-scheme mode, 190 

upon visible light irradiation electrons in CB of SC-II combines with photogenerated VB 191 

holes of SC-I. This leads to the formation of sufficiently strong oxidative VB holes in SC-II 192 

and reductive electrons in CB of SC-I. Due to the difference in band alignment and work 193 

function of the semiconductor photocatalysts, the resulting induced interface electric field 194 

expedite separation of EHP. The name Z-scheme is proposed because it imitates natural 195 

photosynthesis in plants and follows the same mechanism of charge transfer pathway that 196 

contains two-step photoexcitation which shows resemblance to the letter ‘Z’. Natural 197 

photosynthesis involves two photo-induced chemical reactions in PS I (photosystem I) and 198 

PS II (photosystem II) with various intermediary enzymes which endorse oxidation and 199 

reduction reactions as shown in (Fig. 3a). Firstly, PS I accompanying chlorophyll P680 200 

under solar light irradiation are converted to excited state P680* as (Eq.1): 201 

chlorophyll 𝑃680 + ℎ𝜈 →  chlorophyll 𝑃680∗         (1) 202 

     Simultaneously, oxidation of water molecules generates O2 on chlorophyll P680. The 203 

electrons migrate from P680* to chlorophyll P700 (accompanying PS ll) in presence of 204 

enzymatic action via electrons transfer chain. Upon absorption of sun light, chlorophyll P700 205 

changes to excited state chlorophyll P700* as: 206 

                                        cholorophyll 𝑃700 + ℎ𝜈 → chlorophyll 𝑃700∗            (2)   207 

 The photoexcited electrons react with NADP+ to produce reduced coenzyme-II which is 208 

further used for the reduction of CO2 [40]. Z-scheme is categorised into three main 209 

generations as depicted in Fig. 3b-d. The first generation is liquid phase Z-scheme 210 

photocatalyst, fabricated by coupling of two different semiconductor materials via a shuttle 211 

redox liquid-state mediator (species which acts as an electron acceptor and donor (A/D) pair) 212 
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[41,42]. Both SC-I and SC-II get photoexcited under solar light illumination and release 213 

electrons and holes in CB and VB, respectively (Fig. 3b). Further, migration of CB electrons 214 

from SC-II to VB of SC-I takes place through redox mediator by following reactions [Eq. 3 215 

and 4], resulting in the formation of holes in VB of SC-II. 216 

                                  𝐴 + 𝑒−(at CB of SC − ll) → 𝐷                                                       (3) 217 

                                 𝐷 +  ℎ+(at VB of SC − l)  →  𝐴                                                       (4) 218 

     By this process, photoexcited electrons remain on SC-l with more reduction potential, 219 

whereas the photogenerated holes remain on SC-II. In this way, the optimal spatial charge 220 

separation along with optimized redox potential is achieved. However, there are some typical 221 

shortcomings in the first generation of Z-scheme like, (1) Use of reversible shuttle redox 222 

mediators like 𝐼−/𝐼𝑂3
− and 𝐹𝑒2+/𝐹𝑒3+ causes a backward reaction [22]. During the 223 

photochemical reaction, donor and acceptor species like Fe2+ and Fe3+ will compete with 224 

reactants for oxidation and reduction reactions, respectively. So, overall photocatalytic 225 

efficacy of Z-scheme system is lowered. Moreover, the liquid phase Z-scheme system is 226 

operational in a liquid state only and hence limits its application for gaseous and solid phase 227 

systems. 228 

                <Please Insert Fig. 2 Here> 229 

 230 

The second generation of Z-scheme photocatalysis is all-solid-state (ASS) photocatalytic 231 

system [43, 44]. ASS Z-scheme systems are designed by combining two different 232 

semiconductor materials and an electron mediator at the surface junction which are usually  233 

noble-metal nanoparticles (NPs) (Ag, Au, Pt, Bi and Cu) or carbon materials like (graphene 234 

oxide (GO), carbon nanotubes (CNT’s), reduced graphene oxide (RGO) and carbon [45] (Fig. 235 

3c). Noble-metal NPs, are proven to be successful in eliminating backward reaction occurring 236 

in first first-generation Z-scheme systems. However, the applicability of metal NPs (NPs) at 237 

semiconductor surface junction is accompanied with certain inherited limitations i.e. its high 238 

cost, photo-corrosive nature and strong optical light absorption which narrows its wide-scale 239 

applications [46]. Thus, mediator free ASS Z-scheme system was introduced by Wang and his 240 

peer group in 2009, using ZnO and CdS system in direct contact with each other [47] (Fig. 241 

3d). Thereafter in 2013, the third generation of Z-scheme entitled as direct Z-Scheme 242 
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photocatalyst get acquainted to overcome all drawbacks of first and second-generation Z-243 

scheme aimed for enhanced photocatalytic efficiency and redox potential. As the name 244 

implies in direct Z-scheme photocatalyst, two photocatalytic systems form a direct surface 245 

junction with each other omitting requirement of redox mediators or noble metals at interface 246 

thereby, reducing light light-shielding effect and lowering manufacturing cost [48-50]. 247 

Though both the Z-scheme system and type-II photocatalytic systems have the same structure 248 

yet their charge separation mechanism is totally different. In direct Z-scheme, photoinduced 249 

CB electrons in SC-II possessing less reduction potential combine with VB-holes in SC-l with 250 

low oxidation potential. By this means, SC-II is occupied with photogenerated holes 251 

possessing high oxidation potential and photo-irradiated electrons possessing high reduction 252 

potential remains in SC-I thereby, optimum space charge separation along with superior redox 253 

ability is accomplished. Direct Z-scheme photocatalyst attains comparatively greater 254 

photocatalytic activity than the type-II system as the charge migration pathway is 255 

substantially more favourable. In direct Z-scheme, migration of charge carriers is 256 

thermodynamically feasible by electrostatic attraction among photogenerated charge carriers. 257 

For fabrication of direct Z-scheme robust photocatalyst, appropriate band positions with 258 

extended solar light harvesting range is are required [39, 51-53].  259 

<Please Insert Fig. 3 Here> 260 

 261 

Hitherto, intensive research studies have been incorporated on exploring the potential of Z-262 

scheme photocatalytic systems for environmental and energy concerns [54]. For example, Xu 263 

et al. represented a comprehensive viewpoint involving designing, modification and 264 

applications of direct Z-scheme photocatalysts for modulating optoelectronic properties of 265 

semiconductor photocatalysts [55]. Similarly, Low et al. summarized potentials of direct Z-266 

scheme heterojunction systems over conventional double charge transfer system and depicted 267 

the characterization techniques to verify the formation of direct Z-scheme system along with 268 

their useful photocatalytic applications. Considering all the significant efforts to exploit the 269 

fascinating features of Z-scheme photocatalytic systems, the present study summarizes an all-270 

inclusive overview on of the criteria and selectivity aspects required for photocatalytic 271 

conversion of CO2 along with water splitting. We believe that a comprehensive review 272 

focusing on reductive type photocatalyst hybridized with other semiconductor material 273 
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forming ASS and direct Z-scheme system can effectively offer new ideas for selecting and 274 

synthesizing new photocatalysts which can fulfil the criteria of energy conversion 275 

applications. To date, no such study mentioning criteria for photocatalytic CO2 reduction and 276 

water splitting along with selectivity aspects utilizing reductive type photocatalyst have has 277 

been reported. Furthermore, we aim to represent the importance of converting conventional 278 

heterostructure into ASS and direct Z-scheme heterojunction system in order to achieve 279 

amended space charge isolation of photocarriers to carryout photo-redox reactions at distinct 280 

semiconductor materials. We further assume that the critical insight into the mechanistic 281 

viewpoint of ASS and Z-scheme heterostructures could bring substantial improvement in the 282 

field of photocatalysis. To get a measure of the catalog of different research articles related to 283 

ASS and direct Z-scheme photocatalysts, we cruised data with the help of ‘Scopus’ database 284 

as it provides the most significant citations. Moreover, it is one of the most authentic means of 285 

receiving information regarding current drifts and historic progression in the research field. 286 

Through Scopus, we found 2588 and 3181 articles by using keywords “All solid solid-state Z-287 

scheme photocatalysts” and “Direct Z-scheme photocatalysts, respectively from 2009 to 288 

January, 2020 (Fig. 4a). Furthermore, Fig. 4b and c represent the applicability of ASS and 289 

direct Z-scheme systems in pollutant degradation, CO2 reduction, overall water splitting and 290 

H2 production. The main discussion of the present review is divided into the following 291 

sections: 292 

 Basic The basic principle of photocatalytic CO2 reduction and water splitting. 293 

 Selectivity The selectivity of the photocatalyst.  294 

 All-solid-state Z-scheme photocatalysts. 295 

 Direct Z-scheme photocatalysts. 296 

 Photocatalytic CO2 reduction. 297 

 Photocatalytic water splitting. 298 

 Other application. 299 

 Conclusion and viewpoint. 300 

                                        <Please Insert Fig. 4 Here> 301 

 302 

2. Basic The basic principle of Photocatalytic CO2 reduction  303 
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Currently, about 6 billion tons of CO2 is released into the atmosphere which is causing severe 304 

climate and health issues. As a consequence of elevating elevated CO2 levels in the atmosphere, 305 

global warming is one of the growing worldwide concerns. The photoassisted reduction of CO2 306 

into functional hydrocarbon fuels has become an attractive pursuit to produce clean energy and 307 

tackle the energy and environment problems [56]. The era of photocatalytic CO2 reduction 308 

started back in the 1970s by the photoconversion of CO2 into useful organic compounds [57]. 309 

Thereafter, with increasing advancements in technology, the process of photocatalytic CO2 310 

reduction gained significant pace. The photoreduction process mainly involves the recycling of 311 

CO2 and subsequent generation of functional chemical fuels [58]. In detail, for photo-reduction 312 

of CO2, the prerequisite condition is the use of appropriate photocatalyst to deploy visible light 313 

and a resulted photoreaction with CO2 in gaseous or aqueous phase system. As a result of photo-314 

oxidation reactions, the photocatalyst will reduce CO2 to different hydrocarbons like methanol, 315 

methane, formic acid hydrogen and formaldehyde which can be utilized as fuel and feedstock for 316 

different reactions depending upon its reduction potential [59]. Since the gaseous CO2 is 317 

relatively stable with  ∆𝐺𝑓
0 = −394.4 𝑘𝐽𝑚𝑜𝑙-1, therefore, external energy must be supplied for its 318 

transformation into reduced products [60]. Moreover, for spontaneous photo-reduction of CO2 319 

(∆G = negative), the applied potential should be more negative than the standard reduction 320 

potential. The formal redox potentials required for different photocatalytic CO2 reduction 321 

reactions can be obtained from thermodynamic studies and are given in Eq. 5-11. 322 

  323 

  CO2 +  2H+ +  2e−  → HCOOH                  E0 = −0.61V vs. NHE at pH = 7                              (5) 324 

 325 

CO2 +  2H+ +  2e−  → CO + H2O                E0 = −0.53V vs.  NHE at pH = 7                           (6) 326 

 327 

CO2 +  4H+ +  4e−  → HCHO + H2O                  E0 = −0.48V vs. NHE at pH = 7                    (7) 328 

 329 

 CO2 + 6H+ +  6e−  → CH3OH + H2O                E0 = −0.38V vs. NHE at pH = 7                  (8) 330 

 331 

CO2 +  8H+ +  8e−  → CH4 + 2H2O                    E0 = −0.24V vs. NHE at pH = 7                (9) 332 

 333 

2H+ + 2e−  → H2                                                    E0 =  −0.41V vs. NHE at pH = 7               (10) 334 
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 335 

2H2O +  4H+  →  O2 + 4H+                              E0 = +0.82V vs. NHE at pH = 7                   (11) 336 

 337 

The efficiency of photocatalytic CO2 conversion depends directly on the band gap energy of the 338 

photocatalytic material along with appropriate redox potential values. In general, the effective 339 

transmission of electrons to the surface of photocatalyst containing adsorbed CO2 is 340 

thermodynamically feasible only if the CB edge of semiconductor material lies at more negative 341 

potential than the required standard potential. For instance, the photocatalytic CO2 reduction into 342 

methanol can be facile if the CB of semiconductor photocatalyst lies at potential more negative 343 

than -0.38 V which is the standard reduction potential for CO2 conversion into methanol at pH 7 344 

vs. NHE [58, 61].   345 

Consequently, a suitable photocatalytic material for photo-reduction of CO2 must fulfil the 346 

following criteria: 347 

 (i) transmission of multiple electrons from photocatalyst to adsorbed CO2; (ii) the CB 348 

positioning in semiconductor photocatalyst should lie at more negative potential than the CO2 349 

redox potential and its subsequent reduced products; (iii) the facile adsorption of reactant 350 

molecules like, H2O, CO2 and carbonates on photocatalyst and desorption of products through 351 

diffusion into the system after photo-reduction reaction; (iv) the photoinduced VB holes of a 352 

semiconductor should interact with oxide species (H2O or other sacrificial agents) to avoid the 353 

recombination with electrons as well as secondary reactions with the reduced products (as shown 354 

in Eq. 11) [62]. Thus, based on the above discussion it can be assumed that the ability of photo-355 

reduction of CO2 can be significantly enhanced via the synergistic effect of optimal CO2 356 

adsorption, broad visible light absorption and efficacious charge separation. 357 

In general, from the aforementioned chemical equations, it can be seen that there is a need of for 358 

hydrogen source and electron donor for the photoassisted reduction of CO2 which can be fulfilled 359 

by H2O. However, there lies an uncertainty for using H2O as an electron donor due to its ability 360 

to indulge into a side reaction for the production of H2 as shown by Eq. 10 [63]. During 361 

photocatalytic reduction of CO2, H2O can undergo both oxidation (by VB holes) and reduction 362 

(by CB electrons) to produce O2 and H2, respectively. This can significantly obstruct the photo-363 

reduction efficacy of CO2 into hydrocarbon fuels. Consequently, the overall photoassisted 364 

reduction efficiency of CO2 is comparably lower than that of H2 generation through water 365 
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splitting which is in agreement with thermodynamic and kinetic studies [64]. As per 366 

thermodynamic consideration, the photocatalytic CO2 reduction requires six to eight electrons 367 

with more negative reduction value than two-electron reduction process for photocatalytic H2 368 

generation. Simultaneously, the complex mechanism of CO2 photo-reduction must involve basic 369 

chemical reaction involving the transference of electrons and protons to adsorbed CO2. Thus, the 370 

photocatalyst must overcome  thermodynamic as well as the kinetic criterion by generating 371 

spatially separated reaction sites to avoid subsequent H2 production and facile photocarriers 372 

transfer  to CO2 [62,64,65]. So far, Z-scheme photocatalysts are capable to exhibit effective 373 

space separation of photocarriers and incremented redox abilities for efficient photo-reduction of 374 

CO2 into hydrocarbons. The effectual migration and space isolation via Z-scheme mode renders 375 

superior redox ability to the photocatalytic system which can be substantially utilised in 376 

photoreduction reaction.   377 

 378 

3. Basic The basic principle of photocatalytic water splitting 379 

The increasing concerns of environment and energy disputes have led researchers to exploit 380 

sustainable and re-generated fuels possessing energy-dense and green features [66-69]. 381 

Hydrogen (H2), a carbon carbon-free energy carrier owning exceptional energy density along 382 

with heat value 120-140 MJKg-1, is a best best-suited alternative till date to replace traditional 383 

fossil fuels as it does not generate pollutants during combustion. Currently, about 44.5 million 384 

tons of H2 is produced worldwide and with such production rate, it will take years for H2 to 385 

become the primary source of energy [70]. Artificial photosynthesis phenomenon for 386 

photocatalytic solar to chemical energy conversion offers highly significant means to generate 387 

fuels from the water with minimal impact on the environment. Utilizing solar energy and joining 388 

it with water by means ofutilizing photoassisted water splitting offers a great deal for H2 389 

generation. In photocatalytic water splitting, water is introduced into a module designed for 390 

water splitting and converted into H2, which is further utilized in systems to generate high high-391 

efficiency power. Considering that, the basic criteria of generating H2 and O2 at the solid-liquid 392 

interface strictly rely on efficient visible light harvesting. As such, the efficacious utilization of 393 

visible light leads to the conversion of solar energy into chemical functional energy and its 394 

storage for further usage [71, 72]. Overall water splitting into H2 and O2 is an uphill chemical 395 

reaction (Eq. 16) which accompanies an increase in Gibbs free energy [73] as shown below:  396 
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         397 

H2O →
1

2
O2 + H2          E0 = 1.23 eV  vs NHE at pH = 0        (𝛥𝐺0 = 237𝑘𝐽𝑚𝑜𝑙−1)      (16) 398 

 399 

Due to uphill reaction kinetics, there is a need of for external energy to carry out the water water-400 

splitting reaction. In photocatalytic water splitting, visible light is the external driving force 401 

which converts solar energy into hydrogen by utilizing water as the only reactant.  Due to slow 402 

reaction kinetics, the involvement of semiconductor photocatalysts into the phenomenon 403 

becomes necessary. The basic criteria to evolve H2 and O2 involve the absorption of photons by 404 

semiconductor photocatalyst to generate holes and electrons which participate in the oxidation of 405 

H2O and reduction of H+, respectively. Moreover, the overall aspects including efficacy, cost-406 

effectiveness and stability must be superior in comparison with industrial processes of generating 407 

H2 in order to achieve the widespread application of visibly driven photocatalytic water splitting. 408 

In detail, during photocatalytic water splitting following steps take place; (i) After absorbing 409 

energy greater than the band gap of the semiconductor, VB electrons get excited to CB thereby, 410 

produce electrons and holes (ii) photo-excited electrons and holes independently get diffused on 411 

the semiconductor surface, and (iii) subsequently undergoes surface chemical reactions involving 412 

oxidation and reduction of water by photogenerated holes and electrons to produce O2 and H2, 413 

respectively as shown by (Eq. 17 and 18);          414 

 415 

         2H+ +  2e−  →  H2              E0 =   0 eV vs. NHE at pH = 0                 (17)  416 

                 H2O → 4H+ + 4e_ + O2      E0 = 1.23eV vs. NHE at pH = 0              (18)  417 

 418 

Thermodynamically, the prerequisites for aforementioned reactions to  proceed are; the CB 419 

minimum for a photocatalyst must lie at more negative potential than that of H+/H2 level (0 V vs. 420 

NHE at 0.059 pH), while the VB maximum should be more positive than that of O2/H2O energy 421 

level (1.23 V Vs. NHE) [74]. Precisely, in order to achieve photocatalytic OWS, a photocatalyst 422 

must overcome an energy barrier of 1.23 eV. Moreover, oxidation/reduction of water by 423 

photogenerated holes/electrons greatly depends upon band positioning of photocatalysts and 424 

redox potential of water which should be precisely matched. The schematic illustration for water 425 

splitting process is shown in (Fig. 5). In general, water splitting is a complex phenomenon posing 426 
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stringent conditions of selecting a photocatalyst with suitable band positioning for H2 and O2 427 

evolution. Despite of considerable exploitation and development in the field of photocatalysis, 428 

the efficiency and stability of photocatalytic water splitting still faces huge challenges from both 429 

thermodynamic as well as kinetic factors due to the unsatisfactory catalytic features of the 430 

semiconductor material. Moreover, notably, the insufficient STH conversion efficiency is 431 

another factor that needs to be addressed effectively. For this purpose, sacrificial reagents like 432 

methanol (CH3OH) and sodium thiosulphate (Na2S2O8) are used as irreversible electron donor 433 

and acceptor in hydrogen evolution reaction (HER) and oxygen evolution reaction (OER), 434 

respectively. In contrast, sacrificial half-reactions are downhill reactions comprising decrease in 435 

Gibbs free energy, also photon energy doesn’t get stored, hence, it is important to design 436 

photocatalysts which do not need these reagents [75]. Till date, many photocatalytic water 437 

splitting systems involving sacrificial agents have been reported where they promote the 438 

suppression of EHP by depleting holes or by providing hydrogen atoms for H2 evolution. 439 

Besides, adding sacrificial agents into the photocatalysis generates extra chemical energy into the 440 

reaction except for solar energy. Moreover, the sluggish reaction kinetics inhibits the overall 441 

efficiency of photocatalytic water splitting. Thus exploring semiconductor photocatalysts with 442 

significantly high-efficacy, stability, economical and physicochemical features is of utmost 443 

concern for the growth of photocatalytic water splitting.      444 

  445 

         <Please Insert Fig. 5 Here> 446 

4. Selectivity of photocatalyst   447 

Typically, the selection of photocatalyst and various strategies to improve photocatalytic 448 

performance are the most crucial aspects to be considered for achieving superior efficacy. 449 

Besides, to attain pilot pilot-scale applications of the photocatalyst; recyclability, reusability and 450 

photo-stability of the photocatalytic material are equally substantial. Visibly driven 451 

photocatalytic water splitting process as well as photoreduction of CO2, as well as 452 

photoreduction of CO2, can be classified into three main steps: absorption of a photon, 453 

migration/separation of photocarriers, and surface redox reactions. These steps strictly depend 454 

upon the type of photocatalyst being employed in the photocatalytic process as discussed below. 455 

The effectiveness of any photocatalytic process firmly relies on the band gap energy as well as 456 

band edge positioning of semiconductor material for efficient absorption of a photon. Since, the 457 
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initial step of photocatalysis involves the effectual harnessing of visible light which in a way 458 

depends upon the bandgap energy of the semiconductor photocatalyst. In detail, upon visible 459 

light exposure, the semiconductor photocatalyst possessing appropriate bandgap energy (Eg) can 460 

produce photoinduced EHP by the excitation of electrons from VB of a photocatalyst to its CB 461 

leaving holes behind. Only after this important step, the photocatalytic process can further 462 

proceed. However, the obstacle of photocarriers recombination can significantly limit the 463 

effective number of photocarriers reaching at the surface of photocatalyst which can hinder the 464 

overall efficacy of the photocatalytic process. Furthermore, for adequate enhancement in the 465 

photon absorption process, band engineering plays a vital role. For instance, band gap tuning of 466 

the photocatalyst through doping is one of the most crucial techniques used for this purpose [76]. 467 

It is widely investigated that the addition of metallic and non-metallic impurities in 468 

heterojunction system can effectively enhance photoactivity by lowering the band gap energy, 469 

boosting the visible light harnessing and imparting useful physical features [77]. To date, various 470 

metallic and non-metallic dopants such as; Sodium (Na), lithium (Li), copper (Cu), iron (Fe), 471 

carbon (c), phosphorous (P), boron (B), sulphur (S), oxygen (O), and so many others have been 472 

extensively explored [78-80]. The introduction of metal dopants into the photocatalytic system 473 

can adequately enhance the solar light harvesting, decrease the band gap and boost the 474 

photocatalytic performance by improving the movement rate of photocarriers as well as by 475 

reducing the reassembly of EHP [81]. For example, Gao et al. reported a one-step pyrolysis 476 

process to design Fe-doped g-C3N4 nanosheets (NSs) which exhibited significantly enhanced 477 

MB degradation efficacy as well as H2 production rate [82]. Doping of g-C3N4 with Fe 478 

remarkably increments the photocatalytic performance of g-C3N4 by tuning its electronic 479 

properties. It is observed that, non-metal dopants are preferred over metal dopants as by doping 480 

the system with a metal ion, the thermal stability of the system significantly decreases due to 481 

mid-gap energy levels [83]. While due to high electronegativity and high ionization energy, the 482 

non-metal dopants control the thermal changes and maintain the metal-free behaviour of the 483 

system. Thus, through band gap engineering, photocatalytic efficacy of the system can be 484 

significantly improved by means ofemploying effective thermal and electronic features which 485 

can boost the harnessing of visible light.          486 

So far, it is observed that the photocatalysts with wide band gap energy cannot harvest solar 487 

energy efficiently and the photocatalysts with narrow band gap energy undergo quick reassembly 488 
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of photocarriers. As a consequence, the overall photocatalytic efficacy of the system drops 489 

substantially. The second step that involves effective migration and separation of photoinduced 490 

carriers play a crucial role to increment the photoactivity of the system. For instance, crystallinity 491 

and surface morphology of the photocatalyst strongly affects the photocatalytic efficiency of the 492 

system [84, 85]. Since, EHP generation as well as separation, as well as separation, depends on 493 

both crystallinity and surface properties of the photocatalyst. Generally, highly crystalline 494 

semiconductor materials render significantly high photocatalytic activity. Moreover, highly 495 

crystalline photocatalyst owing to minimal surface defects can effectively inhibit EHP 496 

recombination sites. The reduced particle size of the photocatalyst can also increment the 497 

photoactivity due to diminished EHP diffusion length [86-88]. Furthermore, trapping of 498 

photocarriers in a shallow energy range resides near the band edge level can be utilized to 499 

enhance the lifespan of EHP as well as to enhance their spatial separation [89]. Alongside, 500 

trapping of photocarriers significantly decreases their mobility as well as energetics [90]. For 501 

example, a sample of g-C3N4 holds a superior concentration of trapped electrons with the high 502 

lifespan of a microsecond to second [91]. However, due to profound trapping, these electrons 503 

could barely migrate to the surface sites of photocatalyst and participate in the photocatalytic 504 

process. Thus, some other strategies for superior migration and separation of photocarriers 505 

involve shortening of transmission distance, reduced surface defects and formation of 506 

heterojunction systems. In order to shorten the transmission distance for efficient charge 507 

migration and separation, reduction in particle size of photocatalytic material can be very useful 508 

[90]. Since, the possibility of EHP reassembly is very high with the suspended NPs with lesser 509 

size than that of electron-hole diffusion lengths. Through optimal starting material and synthesis 510 

routes, the particle size of the photocatalysts can be controlled. As the NPs with appropriately 511 

smaller size provides short diffusion distance through which carriers can easily transfer to the 512 

active surface sites and play a part in the process. Although defects at surface morphology act as 513 

active reaction sites and reduce the reassembly rate of EHP. However, the presence of killer 514 

defects at the surface of photocatalytic material serves as a recombination centre which greatly 515 

affects the photoactivity [92]. For controlling the surface defects and to promote the crystallinity 516 

of g-C3N4, a molten salt flux strategy by utilizing the mixture of NaCl/KCl was reported [93]. 517 

The addition of a mixture of salts in the synthesis remarkably enhanced the crystallinity and 518 

inhibits the formation of defects. Such a technique can be utilized to synthesise different 519 
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photocatalysts (SrTiO3, Sn2TiO4, Ta3N5 etc.) with high crystallinity and less fewer defects 520 

[90,94,95]. Another frequently functionalized technique to suppress the reassembly of 521 

photocarriers is the tailoring of heterojunction systems. Till date, the formation of Z-scheme 522 

systems utilizing two or more than two semiconductor photocatalysts is greatly explored. The 523 

superior mechanistic functioning of Z-scheme system facilitates the effective separation and 524 

migration of photocarriers by inhibiting the reassembly of charge carriers. The systematic 525 

representation of different selectivity aspects along with the criteria to achieve them is 526 

represented in Fig. 6. 527 

         <Please Insert Fig. 6 Here> 528 

Although, scientists have paid due attention to develop new advanced semiconductor 529 

photocatalysts to harvest solar light for various photocatalytic applications. However widespread 530 

applicability of photocatalytic material could be achieved if it is cost-effective and derived from 531 

earth earth-abundant precursors. Compounds of Re, Ru, Os, Rh, Ir, Pd, Pt, Ag and Au are not 532 

referred as earth earth-abundant as they are very costly due to the use of expensive precursors 533 

which limits their applicability on a commercial scale. However, the transition metal metal-based 534 

photocatalysts involving the compounds of Mn, Fe, Co, Ni, Mo, Cu, and W are widely explored 535 

due to their earth earth-abundant feedstock and significant photocatalytic features. Oxides of Fe 536 

for various photocatalytic applications have been heavily exploited as they are appealing 537 

photocatalytic material and globally scalable [96]. Besides, abundance and cost-efficiency of 538 

iron makes it a more suitable photocatalyst for the clean energy conversion process. Other than 539 

transition metals, carbonaceous materials namely graphene, and g-C3N4 are metal-free 540 

semiconductor material obtained from earth earth-abundant C and N rich precursors. Moreover, 541 

exceptionally high physicochemical stability and non-toxicity of g-C3N4 makes it more 542 

favourable and broadly utilized photocatalyst.   543 

Other parameters which influence the selection of photocatalytic material involve the separation 544 

and recycling ability of the photocatalyst. To maintain the cost-effectiveness in photocatalysis it 545 

is equally essential that a photocatalytic material can be easily separated from the reaction 546 

mixture and recovered for further usage. It is a well-known fact that photocatalyst with particle 547 

size less than 1 µm offers great activity and stability as it experiences significantly low attrition. 548 

But the main difficulty of utilising such small particles is their separation from the reaction 549 
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mixture. Selecting a photocatalytic material with magnetically rich properties can be a useful 550 

approach for the efficient separation of photocatalysts [97]. Thus, a significant advancement in 551 

this area can be explored to develop more photocatalysts with high magnetic behaviour for ease 552 

of separation. Other than this, immobilizing the nano-size powdered photocatalyst with a 553 

supporting material can effectively improve the separation without consuming much time. Since 554 

without immobilization, the chances of inefficient separation along with significant loss of 555 

photocatalyst are very high [98]. For instance, powdery g-C3N4 nanocatalysts do not exhibit 556 

magnetisation and are difficult to separate from the system. Consequently, it becomes important 557 

to develop a facile technique for the efficient immobilization of g-C3N4 utilizing a proper 558 

supporting material which avoids the costly as well as time time-consuming separation process. 559 

For instance, Dong et al. immobilized powdery g-C3N4 nanocatalyst on well-arranged Al2O3 560 

ceramic foam through the in-situ process [98]. It was observed that the optimal immobilization 561 

of g-C3N4 on Al2O3 supports was effectively achieved by pyrolysis at 600 °C for about 2 h. 562 

Moreover, the immobilized g-C3N4 photocatalyst exhibited excellent stability and recycling 563 

efficiency without deactivation.    564 

The difficulties arise from the applicability of photocatalyst from laboratory to pilot scale 565 

applications which demand low low-cost photocatalysts which exhibit superior redox ability and 566 

quantum efficiency. A more reliable mechanistic approach regarding solar light harvesting, 567 

separation of photocarriers, surface redox reactions, photocatalyst-liquid interface interaction and 568 

photo-reactor design should be incorporated for the widespread practical applications of the 569 

photocatalyst. Noteworthy, the biggest task of comparing various photocatalytic materials 570 

originates from the different reaction conditions along with variation in photocatalytic activity 571 

measurement [78]. Ultimately selecting an optimal photocatalyst which exhibits superior 572 

photocatalytic properties including, effectual visible light harnessing, separation/migration of 573 

charge carriers, effective transmission of photocarriers to the surface and significant surface 574 

adsorption capacity fulfils the basic condition in order to attain higher quantum efficiency.  575 

Till date, various photocatalytic materials with significant photocatalytic activities have been 576 

reported for various photoassisted activities [99-105]. Various reduction type photocatalysts like; 577 

CdS, TaON, Cu2O, Ta3N5, SiC, ZnS, Bi2S3 etc. have been successfully utilized for photo-578 

reduction of CO2 as well as for H2 generation (Fig. 7). Out of all these photocatalysts, graphite 579 
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graphite-like g-C3N4 is a most fascinating metal-free conjugated photocatalytic material due to 580 

its amazing physical as well as chemical features. The past few years have observed a g-C3N4-581 

driven “gold-rush” excelling in the field of photocatalysis as an outstanding 2D metal-free 582 

conjugated polymer. Its low-cost, earth earth-abundant and facile synthesis involving nitrogen 583 

nitrogen-rich precursors like urea [106,107], melamine [108-110], thiourea [111,112] and 584 

dicyandiamide [113,114] has have spurred enormous interests of research groups. In case of g-585 

C3N4, its CB potential locates around -1.12 V vs. NHE (pH = 0) and its VB potential locates at 586 

about 1.57 V. It is noteworthy that an oxidation photocatalyst with low VB edge position 587 

exhibits strong oxidation potential while, a reduction photocatalyst generally with high CB edge 588 

shows strong reduction ability [115]. Therefore, from the CB position of g-C3N4 (-1.12 V), it is 589 

evident that it is a reduction type photocatalyst with high reduction potential which is highly 590 

suitable for CO2 reduction and water splitting through Z-scheme pathway. Since, Z-scheme 591 

charge transfer mode renders exceptionally high space charge separation efficiency and 592 

maintains considerably high redox ability of the system which is highly desired in 593 

photoconversion applications.   594 

                           <Please Insert Fig. 7 Here> 595 

 596 

5. All-Solid-State Z-scheme photocatalysts 597 

In 2006, the first first-ever all-solid-state Z-scheme TiO2-Au-Cds system was constructed via a 598 

photochemical deposition-precipitation route which involved photoreduction of Au NPs (NPs) 599 

on TiO2 surface. The photo reduced Au NPs act as reduction sites with CdS shell around and 600 

accelerated photocarrier’s separation in ASS TiO2-Au-CdS Z-scheme. The idea of solid electron 601 

mediator gained due attention of researchers because of the improved photocatalytic ability of an 602 

as-obtained ternary system (TiO2-Au-CdS) than binary systems (Au-TiO2 and TiO2-CdS) [116]. 603 

An ASS Z-scheme photocatalytic system is fabricated without A/D pair, instead, a solid electron 604 

mediator (M) is used at the surface junction of two semiconductors which can be mentioned as 605 

SC-M-SC. By inserting a conductor (electron mediator), an ohmic contact with small resistance 606 

is generated at the interface [117,118]. Because of this ohmic contact, the photo-irradiated CB 607 

electrons from SC-II can recombine directly with photoinduced holes from the VB of SC-I which 608 

lowers the distance of electron migration pathway in Z-scheme. Moreover, the absence of redox 609 

mediator perfectly avoids backward reactions occurring in the first first-generation Z-scheme 610 
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system. Also, overall redox potential ability is increased as photoinduced electrons and holes in 611 

CB of SC-I and in VB of SC-II, respectively, are mostly reserved for forwarding redox reactions. 612 

Additionally, the absence of liquid-phase A/D pair in SC-M-SC systems extends its applications 613 

in both gaseous and solid solid-phase conditions for water splitting and photoreduction of CO2 614 

(Table 1). Electron mediators are comprised of redox mediators, conductors involving noble 615 

metal NPs and carbon materials which are applicable in liquid-phase Z-scheme (1st generation Z-616 

scheme). However, redox mediators limit the wide wide-scale application of Z-scheme system 617 

because of backward reactions, less light light-harvesting and significantly poor tolerance 618 

towards pH change in photocatalytic reactions [119, 120]. In ASS Z-scheme systems, metal NPs 619 

like Au, Ag, Pt, Cu and Bi, and carbon family members; (GO, CNT, rGO, fullerene and carbon 620 

nanosheets (CNS)) are employed as solid electron mediators owing to rapid photocarriers 621 

separation as they act as electron sink [121-123]. Mediators and solid conductors act as a charge 622 

diffusion bridge in ASS Z-scheme system which endows significant isolation of photoinduced 623 

excitons. The following section will summarise ASS Z-scheme systems with different electron 624 

mediators (noble metal NPs and carbonaceous material) in photocatalysis. 625 

5.1 Noble metal metal-mediated ASS photocatalysts 626 

Inherent anticorrosive nature of noble metals with resistance to chemical action and oxidation at 627 

high temperature expand their utilization in photocatalytic applications. The prominent feature of 628 

noble metal NPs is in the presence of absorption bands in optical spectral range due to resonance 629 

plasmon excitation. The existence of this plasmonic resonance is complemented by a sharp 630 

increase of electric field amplitude inside and around NPs leading to plasmon-excitons. It is 631 

widely apprehended that noble metal NPs can function as traps and boosted the transfer efficacy 632 

of photocarriers [124]. Besides, noble metal NPs exhibit surface plasmon resonance (SPR) that 633 

reinforce optical absorption of bulk g-C3N4 and at the same time foster thermal redox ability 634 

during photocatalytic reactions [125]. Recently, a sandwich-structured ternary photocatalyst 635 

CdS/Au/g-C3N4 with sulphur-doping was designed by bath deposition method [126]. The 636 

incremented photocatalytic activity of resulted ternary system was governed by water splitting 637 

and dye degradation applications as compared to binary systems CdS/g-C3N4 and Au/g-C3N4. 638 

The experimental results were explained using the Z-scheme charge migration mechanism in 639 

which Au NPs acted as electron transfer mediator. In order tTo fabricate a tunable heterojunction 640 

photocatalyst CdS/Au/g-C3N4, Au@CdS core core-shell assembly was placed onto the g-C3N4 641 
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surface. The photocatalytic activity of heterojunction photocatalyst incremented about 125.8 642 

times for hydrogen production compared to bulk g-C3N4 under visible light irradiation. These 643 

reports signify that a ternary photocatalyst involving both noble metal NPs and semiconductor is 644 

an effectual strategy for enhancing photocatalytic efficacy of g-C3N4. Moreover, synthesis 645 

procedure used to tailor ternary photocatalytic system CdS-Au-g-C3N4 turned out to be a major 646 

drawback since binary composite CdS-g-C3N4 is still found in resulting ternary composite. To 647 

surmount the aforementioned drawbacks, a more facile synthetic technique is practiced practised 648 

comprising of two-step photoreduction method. 649 

In another work, Gao et al. utilized Ag metal NPs as an electron mediator and designed g-650 

C3N4/Ag/LaFeO3 nanocomposite through photoreduction deposition followed by hydrothermal 651 

route [127]. It was observed that the three-component ASS Z-scheme photocatalytic system 652 

exhibited exceedingly well photoactivity than those of single as well two-component system due 653 

to the SPR effect of Ag metal. The SPR effect induced by Ag metal NPs established an internal 654 

electric field in the Z-scheme system which helped in the effectual separation of photocarriers. 655 

The presence of Ag metal NPs in the microstructure of g-C3N4/Ag/LaFeO3 nanocomposite was 656 

analysed by HR-TEM examination (Fig. 8a and b). The intact contact between g-C3N4 and 657 

LaFeO3 was clearly visible along with deposited Ag NPs at the surface junction utilizing the 658 

scale of about 10 nm. Other than HR-TEM, XPS spectra were also observed to investigate the 659 

presence of Ag NPs in the Z-scheme heterojunction system. The XPS spectral studies indicated 660 

the presence of all the respective elements present in g-C3N4/Ag/LaFeO3 ASS system along with 661 

their orbitals. Moreover, the Ag 3d spectra displayed the presence of both photos reduced Ag+ 662 

(with corresponding peaks at 368.2 eV and 374.2 eV) and Ag (with corresponding peaks at 367.6 663 

eV and 373.5 eV). The effectiveness of charge migration and isolation was scrutinized via EIS 664 

(Fig. 8c) and photoinduced fluorescence spectroscopy (Fig. 8d) which demonstrated significantly 665 

deprived recombination rate of photocarriers in ternary g-C3N4/Ag/LaFeO3 ASS system as 666 

compared with pristine and binary heterostructures. Consequently, the ASS Z-scheme 667 

heterojunction systems having noble-metal NPs as electron mediator remarkably boost the 668 

photocatalytic efficiency by effectively broadening the visible light response range along with 669 

increment in photocarriers migration and separation. 670 

<Please Insert Fig. 8 Here> 671 
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Pt as noble metal NPs have has been vastly utilised as one of the most effectual cocatalysts in 672 

water water-splitting reactions owing to its unique features which can modulate the selectivity 673 

and activity of a photoreaction depending upon its size [102]. Besides, the electron sink 674 

(acceptor/donor) ability of Pt NPs also facilitates its utilisation as electron transmission mediator 675 

in Z-scheme photocatalysis.  For instance, Wang et al. reported Pt noble metal NPs as electron 676 

transmission bridge between PCN and TiO2@C fabricated through impregnation followed by 677 

calcination (Fig. 9a) which facilitated electron migration from macroporous carbon carbon-678 

coated TiO2 (TiO2@C)→Pt→g-C3N4 [128]. Formation of ASS Z-scheme photocatalyst rendered 679 

effectual space charge separation which boosted photocatalytic CO2 reduction into CH4 with a 680 

rate of 6.56 µmolh-1 and quantum efficacy 5.67%. Improved charge carrier separation kinetics 681 

favoured by ASS heterostructure system was confirmed by intense transient photocurrent 682 

responses and decreased Photoluminescence (PL) peak intensity of as-synthesised DOM-CNPTC 683 

nanocomposite. Fig. 9b depicts photocurrent responses of various samples which suggested 684 

superior charge migration kinetics in 3DOM-CNPTC nanocomposite with highest photocurrent 685 

responses. In another work, charge carrier kinetics of a narrow band semiconductor material 686 

Cu2ZnSnS4 (CZTC) was improved by forming its Z-scheme heterostructure with g-C3N4 through 687 

Pt as electron migration bridge [129]. Through LSV curves (Fig. 9c), the slight increase in 688 

current density under light illumination was observed which signified extended absorption in 689 

visible light leading to amended electronic features due to the involvement of Pt and CZTS. 690 

Surface plasmonic resonance along with electron sink property of Pt synergistically boosted 691 

opto-electronic features of as-resulted CZTS@Pt/g-C3N4 nanocomposite. The photocatalytic 692 

ability of CZTS@Pt/g-C3N4 ASS Z-scheme system was evaluated for photocatalytic CO2 693 

conversion into CO and CH4 with average yields of 17.351 and 7.961 µmolg-1h-1 which was 694 

about 3.31 and 5.56 times higher than bare g-C3N4. The mechanistic insight representing 695 

potentials and pathway of effectual photocatalytic CO2 reduction via more feasible Z-scheme 696 

mode over conventional type-I mode is depicted in Fig. 9d.  697 

Summarily, combining two semiconductor photocatalysts with a noble metal NP as electron 698 

mediator serves as a great for amended visible light harnessing and space charge isolation of 699 

photoinduced excitons. As a result, the photoreaction kinetics of photocatalytic system gets 700 

significantly improved owing to the presence of abundant charge carriers at the surface of 701 

photocatalyst which can participate in photo-redox reactions. However, in spite of ofdespite such 702 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 24  
 

fascinating features, certain inherent drawbacks of noble metal NPs limit the wide wide-scale 703 

applicability of them in photocatalysis.     704 

           <Please Insert Fig. 9 Here> 705 

  706 

 5.2 Carbon mediated ASS photocatalysts  707 

Low Low-cost carbon materials also serve as electron mediators in ASS Z-scheme photocatalysts 708 

since noble metals are expensive, photo-corrosive, and their recovery from solution is time-709 

consuming. Carbon Carbon-based materials have more active surface sites and can act as good 710 

sink and transporters of electrons [130]. Besides, the photostability of these materials under 711 

varying reaction conditions imparts exceptionally high reusability which boosts their 712 

performance as a catalyst for various solar energy conversion applications. For instance, in a 713 

fascinating work, Hu et al. represented the dual role of RGO as electron transmission bridge and 714 

binder in g-C3N4/BiOI/RGO ASS Z-scheme heterojunction system immobilized on Ni foam for 715 

efficient photocatalytic CO2 reduction [131]. The enhancement in photoefficacy of the Z-scheme 716 

system was ascribed by effectual isolation and space separation of charge carriers owing to the 717 

incorporation of RGO as electron mediator and substantial difference in work functions of g-718 

C3N4, BiOi and RGO which facilitated the migration of electrons from CB of g-C3N4 to VB of 719 

BiOI via RGO. The unique and significant role of carbonaceous material as electron sink and 720 

transfer medium not only foster electron migration but also improve the availability of excitons 721 

of photo-induced surface reactions leading to excellent photoactivity. 0D carbon dots (CD) are 722 

also facilely utilised as an electron mediator in a Z-scheme assembly of NiFe2O4 (NFO)/g-C3N4 723 

(CN) fabricated through a simple wet chemical method [132]. Incorporation of 0D CD aided to 724 

convert a type-II heterojunction into Z-scheme system with CD as electron donor/acceptor 725 

moiety. The improved charge carrier separation efficacy of ASS Z-scheme NFO/CN/CD 726 

nanoheterostructure was analysed with PL spectroscopic analysis which showed significantly 727 

decreased PL intensity of the nanocomposite as compared to bare samples. 728 

 In a similar study, nanocarbon (C) as solid electron mediator in ASS g-C3N4/ZnIn2S4 (ZIS) Z-729 

scheme photocatalytic system was reported [133]. The photoactivity of the as-tailored system 730 

was assessed by H2 production through water splitting. Moreover, the synergic effect of g-C3N4 731 

coupled with nanocarbon coated ZIS boosted the photocatalytic H2 generation due to the unique 732 

visible light harnessing as well as conducting ability of graphic phase nanocarbon. Due to the 733 
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conducting behaviour of nanocarbon present at the interface of g-C3N4 and ZIS, the transference 734 

of electrons and holes was significantly improved. SEM and TEM analysis were was utilized to 735 

examine the microstructure and composition of the as-synthesised g-C3N4/C/ZIS system as 736 

depicted in Fig. 10a-c. From HR-TEM analysis (Fig. 10c) the lattice spacing of 0.328 nm and 737 

0.321 nm corresponded to (002) plane of g-C3N4 and (102) plane of hexagonal ZIS, respectively 738 

were observed. While the solid solid-state nanocarbon electron mediator having deprived 739 

crystallinity did not show any clear lattice fringes. To further explore the presence of nanocarbon 740 

in the tailored g-C3N4/C/ZIS nanocomposite, thermogravimetric (TG) analysis were performed 741 

as shown in Fig. 10d and e. With increasing temperature range (400-602 °C) gradual decrease in 742 

the weight of g-C3N4/C/ZIS ASS Z-scheme system was observed suggesting the ignition of 743 

nanocarbon at this temperature. Furthermore, Raman spectrum displayed two apparent peaks at 744 

1375 and 1523 cm-1 which were ascribed to disordered (D) band and graphitic (G) band of 745 

carbon, respectively, and confirmed the presence of graphic carbon in the nanocomposite Fig. 746 

10f.  747 

 748 

<Please Insert Fig. 10 Here> 749 

Thus, solid-state electron mediator in the ASS Z-scheme systems can efficiently promote the 750 

migration of photocarriers and boost the photocatalytic performance by causing spatially 751 

separated charge carriers to induce photo-redox reactions at different semiconductors. However, 752 

using solid-state electron mediator as a transmission bridge between two semiconductor 753 

photocatalysts accompany several adverse effects on the overall photocatalytic efficacy which 754 

are summarized as below; 755 

(i) Use of coloured material in the electron transference process affects the effectual 756 

harnessing of visible light. 757 

(ii) Costly noble metal NPs are not only rare but also obstruct the visible light absorption 758 

due to their tendency to act as a strong absorber. 759 

(iii) The presence of photocorrosive noble metals substantially limits the photocatalytic 760 

activity over varying pH range. 761 

(iv) The transmission distance of electrons from one semiconductor to another is 762 

significantly large due to the presence of solid electron mediator.          763 
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Therefore, it became necessary to tailor a photocatalytic system which not only avoids the use of 764 

electron mediators but also offers significant photocatalytic ability under different reaction 765 

conditions. The latest third generation of Z-scheme i.e. direct Z-scheme photocatalytic systems 766 

seem to be an effective approach to overcome all the drawback associated with ASS Z-scheme 767 

and provide appropriate redox potential for H2 generation as well as for CO2 reduction.  768 

      769 

6.  Direct Z-scheme photocatalysts  770 

Direct Z-Scheme scheme nanohybrids were primarily introduced in 2013 which comprised of 771 

two semiconductor photocatalysts forming a compact surface junction and neglecting the 772 

requirement of Transmission Bridge for migration of electrons [134-136]. In comparison with 773 

traditional Z-scheme (generation I with redox mediator), direct Z-scheme system conquer 774 

backward reactions due to absence of redox mediators. Moreover, the shielding effect produced 775 

by charge carrier mediators (A/D pairs) is also effectively reduced. Furthermore, in contrast with 776 

ASS Z-scheme systems involving solid electron mediator, there is are no expensive and photo-777 

corrosive metals included in direct Z-scheme system. In addition, the transmission distance for 778 

electron transfer gets remarkably decreased due to the absence of electron migration bridge 779 

formed by solid-state mediators. Although the structure of both type-II and direct Z-Scheme 780 

scheme system is similar yet their charge transfer mechanism is totally different as ascertain by 781 

various characterization methods [137, 138]. As mentioned before, in direct Z-scheme system 782 

the spatial separation of EHP follows inter cross-sectional electron transfer mechanism 783 

stimulated by the induced electric field at the interfacial junction, totally different from 784 

conventional heterojunction photocatalysts. Both semiconductors (SC-I and SC-II) under visible 785 

light illumination, generates EHP which undergo inter cross cross-sectional electron transfer via 786 

transference of eCB
−  present in SC-II to VB of SC-I and combines with holes. Eventually, eCB

−   on 787 

SC-I and hVB 
+ of SC-II are spatially separated with high redox potential values than the potential 788 

for radical’s production (-0.33 V and +2.4 V vs. NHE for •O2
- and •OH radicals, respectively). 789 

Also, through direct Z-scheme migration pathway of photogenerated EHP, the photon shielding 790 

problem induced due to redox mediators is effectively overcome resulting in higher absorption of 791 

visible light by semiconductor photocatalysts.  792 
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For instance, Low et al. smartly designed reusable TiO2/CdS direct Z-scheme heterojunction 793 

system and evaluate its potential for photoassisted CO2 reduction into methane [139]. The 794 

formation of an intact surface junction between TiO2 and CdS as a result of direct Z-scheme 795 

coupling was investigated with in-situ irradiated X-ray photoelectron spectroscopy (ISI-XPS) as 796 

shown in Fig. 11a and b. Precisely, after the exposure of light, the slight positive shift in binding 797 

energy (by 0.3 eV) of Ti 2p peaks were observed owing to decreased electron density. Besides, 798 

under the same conditions, Cd 3d peaks exhibited negative shift by -0.2 eV due to increased 799 

electron density on CdS. These in-situ results depicted significant transference of electrons from 800 

TiO2 to CdS under visible light illumination suggesting the formation of direct Z-scheme system 801 

instead of conventional type-II heterojunction. Such in-situ experimental observations provide an 802 

effective insight into the mechanistic pathway of charge carrier’s migration and separation. In 803 

another study, a novel Z-scheme 2D/2D MnIn2S4/g-C3N4 (MnISCN) nanocomposite was 804 

prepared by hydrothermal route followed by in-situ loading of MnIn2S4 (MnIS) nanoflakes on g-805 

C3N4 (CN) nanosheets [140]. Photoactivity of the system was assessed for TC degradation and 806 

H2 production. X-ray diffraction (XRD) study supported the formation of an intact phase 807 

structure of MnISCN-20 system providing excellent constancy and durability of MnISCN 808 

nanocomposite. Furthermore, H2 evolution ability of obtained photocatalyst was determined 809 

under visible light irradiation in an aqueous solution containing 0.25 M Na2SO3 and 0.35 M 810 

Na2S. Bare CN and MnIS exhibited weak photocatalytic activity for H2 generation with an 811 

average efficacy of 24.5 µmol g-1 h-1 and 58.3 µmol g-1 h-1, respectively. Besides, MnISCN-20 812 

photocatalyst displayed substantial photocatalytic efficiency of 200.8 µmol g-1 h-1 which was 813 

about 3.5 times more than MnIS nanoflakes. The UV-Vis DRS results displayed that valance 814 

band maximum (VBM) of CN nanosheets and MnIS nanoflakes were at 2.35 eV and 1.15 eV, 815 

respectively. While, conduction band minimum (CBM) for CN nanosheets and MnIS nanoflakes 816 

were calculated to be at -0.58 eV and -0.74 eV, respectively. Thus, the narrow band gaps of both 817 

the photocatalysts facilitate visible light absorption leading to band-to-band transition of 818 

photocarriers. It was found that production of •OH radical was not feasible due to more negative 819 

VB edge (+1.15 eV vs. NHE) of MnIS than the standard redox potential of •OH/H2O (+1.99 eV 820 

vs. NHE), moreover, CB edge value of CN (-0.58 eV vs. NHE) was more positive as compared 821 

to standard potentials of O2/H2O2 (-0.695 eV vs. NHE). Hence, Z-scheme charge transfer 822 

mechanism was framed in which the photoexcited electrons get migrated from CB of CN to VB 823 
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of MnIS generating photoexcited EHP with enhanced redox abilities to produce •OH radicals as 824 

shown in (Fig. 11d). Evidently, tTypical double transfer mechanism (Fig. 11c) is excluded which 825 

is in accordance to with PL, ESR and trapping experiments. Thus, with the formation of the 826 

intact surface junction, direct Z-scheme heterojunction system endows superior optoelectronic 827 

properties which are in agreement with assorted characterisation techniques.  828 

Other than binary nanocomposites, g-C3N4 based ternary novel Z-scheme heterojunction g-829 

C3N4/MoS2/Ag3PO4 (CMA) was successfully designed for O2 evolution under white light 830 

illumination [141]. By exfoliation, highly conductive 2D MoS2 nanoflakes and altered g-C3N4 831 

nanosheets were concurrently coupled with Ag3PO4 (silver orthophosphate) resulting in a ternary 832 

direct Z-scheme CMA heterojunction system for enhanced O2 production through OWS. The 833 

CMA composites with distinct MoS2 amount showed significant variation in photocatalytic 834 

performances. Out of all the prepared CMA composites, CMA-20 composite (CMA composite 835 

with 20 mg MoS2 loading) attributed best photocatalytic water oxidation efficacy. SEM analysis 836 

illustrated that large amounts of ECN nanosheets and MoS2 were dispersed over uniform Ag3PO4 837 

particles. From DRS plots, the band gap of MoS2 nanosheets was determined to be 1.72 eV. 838 

Furthermore, CB and VB edge potential were estimated to be at -0.1 V and 1.71 V, respectively. 839 

Based on these potential values, the photocarriers migration pathway was direct Z-scheme as 840 

illustrated in (Fig. 11e). Under simulated visible light illumination, photoexcited CB electrons in 841 

Ag3PO4 get transmitted to VB of MoS2 and combines with photogenerated holes. Besides, photo-842 

induced CB electrons in MoS2 migrated and combined with VB holes of g-C3N4, leaving behind 843 

active holes in Ag3PO4 along with electrons in CB of g-C3N4 for effective photo-illuminated 844 

water splitting. In CMA nanocomposite, the presences of highly conductive MoS2, exceptionally 845 

boost the photocarriers transfer efficacy by suppressing photogenerated EHP. 846 

   <Please Insert Fig. 11 Here> 847 

Summarily, tailoring direct Z-scheme photocatalytic system with appropriate semiconductor 848 

photocatalysts is an effective strategy to overcome various environmental and energy issues. 849 

Since, direct Z-scheme photocatalytic systems hold great potential for superior migration and 850 

separation of photocarriers while maintaining the apt redox ability of the system. However, 851 

several challenges involving effectual solar light harvesting, high physicochemical stability, the 852 
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formation of intact surface junction and utilization of proper characterization techniques in order 853 

to investigate the charge migration pathways still needs improvement. Nevertheless, with 854 

breakthrough discoveries and an ever-growing number of publications in this area, it is evident 855 

that direct Z-scheme systems fan the flame in photocatalytic water splitting as well as CO2 856 

reduction applications. 857 

7. Applications of Z-scheme photocatalytic systems 858 

7.1 Photocatalytic CO2 reduction  859 

As the efforts of researchers on photoassisted CO2 reduction increases, new directions and 860 

tendencies emerges. Recent reports display certain common perspectives of designing and 861 

tailoring Z-scheme photocatalytic systems in order to stimulate high photo to functional energy 862 

conversion efficacy with high product selectivity. Since, photocatalytic Z-scheme setup involves 863 

two different semiconductor materials to bring about dual excitation after visible light exposure 864 

and efficaciously separate photocarriers. Thus, photocatalytic CO2 reduction into useful fuels 865 

utilizing Z-scheme photocatalytic systems seems as like a beneficial technique for 866 

contemporaneous environmental remediation and partly partial fulfilment of energy requirements 867 

[142-149]. However, designing of Z-scheme photosystems with utmost selectivity of products in 868 

case of CO2 reduction is very crucial. For instance, Jo et al. rationally tailored Bi2WO6/RGO/g-869 

C3N4 (BWO/RGO/CN) nanocomposite for photoassisted CO2 reduction into CO and CH4 [150]. 870 

The as-tailored ASS Z-scheme photocatalyst containing 15 wt% BWO and 1 wt% RGO 871 

displayed remarkable efficiency in the photoreduction of CO2 with notable selectivity of 92% 872 

against H2 production. The unique assembly of 2D photocatalytic materials along with the dual 873 

role of RGO (electron capture and redox mediator) in ASS Z-scheme system played a leading 874 

role in photoactivity enhancement. To scrutinize the CO2 reduction efficiency of the 875 

aforementioned system, experiments utilizing pristine as well as binary samples of BRC-15 PM 876 

(a mixture containing RGO- 1 wt%, CN and BWO- 15 wt%) and commercial P25 catalyst, as 877 

well as binary samples of BRC-15 PM (a mixture containing RGO- 1 wt%, CN and BWO- 15 878 

wt%) and commercial P25 catalyst, were performed as depicted in Fig. 12a. Clearly, 879 

BWO/RGO/CN ASS Z-scheme system exhibited superior photoreduction efficiency which was 880 

ascribed to the synergistic effect between 2D components of the heterojunction. Besides, the 881 

photocatalytic system also showed improved H2 evolution with 185 µmol quantum yield which 882 
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was far better than pristine and binary samples. Furthermore, to investigate the effectiveness of 883 

space charge separation as well as the dual functionality of RGO, transient photocurrent analysis, 884 

as well as the dual functionality of RGO, transient photocurrent analysis, was utilized. From Fig. 885 

12b the photocurrent responses of different photocatalysts during five on-off cycles of 886 

intermittent light exposure can be seen. Evidently, a All the BWO/RGO/CN nanocomposites 887 

exhibited better photocurrent responses in contrast with other photocatalysts suggesting a 888 

superior separation of photocarriers in the composite. Notably, the photocurrent results were well 889 

consistent with the PL as well as photocatalytic analysis. The proposed Z-scheme charge transfer 890 

mechanism of BWO/RGO/CN for photoassisted CO2 reduction is depicted in Fig. 12c. Through 891 

Z-scheme charge transfer mode containing RGO as the transmission bridge, the photoinduced 892 

holes were accumulated on VB of BWO while the photoexcited electrons were collected at CB 893 

of CN. As a result, the VB holes of BWO reacted with water to produce O2 and protons while the 894 

CB electrons of CN after returning to RGO interacted with adsorbed CO2 to produce CO2·
- 895 

radicals which in turn generated CO, CH4 and H2. Moreover, due to synergistic effect of BWO, 896 

RGO and CN in the photocatalytic system the reassembly of photocarriers was drastically 897 

decreased resulted in increased electron density on the system which effectively facilitated the 898 

formation of CH4 and CO.  899 

<Please Insert Fig. 12 Here> 900 

Till date, various photocatalytic systems utilizing photosensitive AgCl in Z-scheme 901 

photocatalysts have been explored due to their unique property of switching from Ag+ to metal 902 

Ag0 which facilitate the space isolation of photocarriers. Besides, due to appropriate band edge 903 

positioning of AgCl (EVB = 3.19 eV and ECB = -0.05 eV), it can be coupled with reductive g-904 

C3N4 photocatalyst in Z-scheme mode to stimulate the photoassisted reduction of CO2. Keeping 905 

that in mind, Murugesan et al. tailored a novel direct Z-scheme AgCl@g-C3N4 nanohybrid by 906 

loading different AgCl ratios on g-C3N4 through improved deposition-precipitation synthesis 907 

route [151]. Remarkably, the wide band gap of AgCl (3.26 eV) obstructed visible light 908 

absorption but localised SPR effect in Ag0 facilitated absorption of light leading to the generation 909 

of photocarriers. Also, PL studies supported the heterojunction formation between AgCl and g-910 

C3N4 resulting in suppressed recombination of photoinduced EHP. Notably, the PL emission 911 

intensity of aforementioned photocatalytic system decreased with the presence of AgCl in the 912 

composite suggesting the formation of intact surface junction which effectively inhibited the 913 
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reassembly of EHP. Detailed synthesis and charge migration route is are explicated in (Fig. 13). 914 

Proposed Z-scheme mechanism of 1%AgCl@g-C3N4 elucidated that accumulated 915 

photogenerated electrons on AgCl surface combine directly with VB holes of g-C3N4 suppressing 916 

EHP recombination. Further, photo-illuminated CB electrons of g-C3N4 owing sufficient 917 

potential can reduce CO2 into methane, acetic acid and formic acid as confirmed through gas 918 

chromatography analysis. The mechanistic reactions involving the photoreduction of CO2 is as 919 

follows: 920 

 921 

CO2 + 8H+ + 8e− → CH4 + 2H2O                        E0 = −0.24 V vs. NHE                        (20)  922 

2CO2 + 8H+ + 8e− → CH3COOH + 2H2O         E0 = −0.31V vs. NHE                        (21)     923 

CO2 + 2H+ + 2e− → HCOOH                                 E0 = −0.58 V vs. NHE                        (22)                            924 

       925 

<Please Insert Fig. 13 Here> 926 

 927 

Thus, the unique combination of semiconductors with complimentary band edge positioning to 928 

extend visible light absorption and to improve the redox ability of photocatalytic systems via 929 

efficient charge isolation can substantially enhance the photoreduction efficacy of CO2.  930 

In another study, Xu and his peer group designed a ternary Ag2CrO4/g-C3N4/GO nanocomposite 931 

(CAG) using a photosensitizer (Ag2CrO4) and a cocatalyst (GO) for CO2 reduction into CH3OH 932 

and CH4 [152]. Less particle size of Ag2CrO4 facilitated its combination with N-H groups 933 

present on the wrinkled g-C3N4 surface via co-ordination bond. As a result, the strong junction 934 

was established between g-C3N4 and Ag2CrO4 which in turn boosted space separation of 935 

photocarriers. The as-synthesised CAG photocatalyst displayed improved photocatalytic 936 

efficiency for CO2 conversion with 0.30 h-1 turnover frequency (2.3× ̴ g-C3N4). Similar band 937 

structure along with suitable loading ratio of Ag2CrO4 helped to construct direct Z-scheme 938 

heterojunction stimulated by an internal electric field (IEF) across Ag2CrO4/g-C3N4 junction 939 

resulting in CO2 adsorption and subsequent reduction (Fig. 14a). Also, the addition of GO as 940 

cocatalyst endorsed charge transfer along with plentiful adsorption and catalytic sites for CO2. 941 

Since, the 2D porous network structure of GO containing –COOH and –OH groups stimulated 942 

the transportation as well as binding of CO2 molecules. To investigate the effectiveness of charge 943 

migration and separation through Z-scheme mode, fluorescent spectroscopy along with 944 
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photocurrent measurements were carried out. Evidently, tThe ternary composite displayed 945 

weakest PL emission intensity which was attributed to the exceptional electron sink behaviour of 946 

GO resulted in inhibited direct recombination of photocarriers. Besides, the photocurrent 947 

analysis of ternary CAG photocatalyst also indicated the efficacious charge separation in the 948 

sample by showing the highest photocurrent response than that of pristine and binary samples . 949 

Upon visible light illumination and under the effect of IEF, CB electrons of Ag2CrO4 combined 950 

with photoinduced VB holes of g-C3N4 with an accumulation of electrons and holes in CB of g-951 

C3N4 and VB of Ag2CrO4, respectively. Photoinduced CB electrons of g-C3N4 with sufficient 952 

potential reduced CO2 into functional fuels like CH3OH and CH4 whilst, photogenerated VB 953 

holes of Ag2CrO4 reacted with water to produce O2. Besides, lower GO potential (-0.49 V vs. 954 

NHE, pH = 7) than g-C3N4 was a thermodynamically favourable condition for migration of CB 955 

electrons of g-C3N4 onto the conductive network surface of GO. Thereby, CAG ternary 956 

nanocomposite displayed improved photocatalytic CO2 conversion efficiency because of the 957 

effective synergetic outcome of Ag2CrO4, g-C3N4 and GO. Thus, it is quite evident that by 958 

combining plasmonic semiconductor photocatalyst with carbonaceous electron sink materials 959 

synergy between extended light absorption and charge separation can be achieved leading to 960 

boosted photocatalytic efficacy.  961 

It has been widely reported that the transition metal oxides with broad band edge positioning 962 

contains partly filled d-orbitals which extend the absorption of light in the visible region due to 963 

d-d transitions [153]. Typically, MnO2 with partly filled d-orbitals is a prominent transition metal 964 

oxide semiconductor photocatalyst having fascinating features like economic, abundance, 965 

superior physicochemical stability and environmental friendly. Moreover, due to the multiple 966 

valances of MnO2, it can act as a semiconductor photocatalyst which can effectively enhance the 967 

visible light absorption as well as photoactivity after coupling with reductive g-C3N4. For 968 

example, Wang at el. designed MnO2/g-C3N4 nanocomposite via facile in-situ oxidation-969 

reduction reaction comprising KMnO4 and MnSO4.H2O absorbed on the g-C3N4 surface [154]. 970 

The as-obtained enhanced CO2 reduction efficacy was accredited to synergetic catalytic effect 971 

developed during heterojunction construction between MnO2 and g-C3N4. Moreover, the 972 

interface bonding between Mn2+ and ubiquitously present NH2 functional groups on g-C3N4 973 

surface boosted the spatial separation of photocarriers. Also, through ohmic contact developed at 974 

the interface, the photogenerated CB electrons of MnO2 shifted to the VB of g-C3N4 (Fig. 14b) 975 
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provided effective space charge separation. Besides, CB electrons of g-C3N4 reacted with 976 

absorbed CO2 under the influence of protons to generate CO and H2O. To further elucidate the 977 

charge migration and effective separation, electrochemical impedance spectroscopy (EIS) as well 978 

as photocurrent responses, as well as photocurrent responses, were examined. It was observed 979 

that the MnO2/g-C3N4 nanohybrid exhibited exceedingly enhanced photocurrent density in 980 

contrast with bare g-C3N4 indicated highly suppressed reassembly and effective separation of 981 

EHP.  Thus, the notable features like: matched band alignments, improved visible light 982 

harvesting and synergistic interactions between MnO2 and g-C3N4 due to solid C-O bonding at 983 

the surface junction substantially incremented the photoassisted conversion of CO2 into CO. 984 

As a whole, a large number of semiconductor photocatalysts have been developed lately in order 985 

to get the optimal photocatalytic CO2 conversion efficiency. However, with the present scenario 986 

of photocatalytic materials and photo-efficiency, the photoassisted reduction of CO2 cannot be 987 

implemented on an industrial scale. The improved results obtained from Z-scheme photocatalysis 988 

involving fascinating reductive type g-C3N4 semiconductor seems to be a good approach to attain 989 

widespread applications. However, the selection of adjoining semiconductor photocatalyst, 990 

design of photoreactor and selective reduction of CO2 into functional hydrocarbon fuels still 991 

require more attention by researchers. 992 

                                                            <Please Insert Fig. 14 Here> 993 

 994 

7.2 Photocatalytic water splitting  995 

Photocatalytic water splitting is vital in order to meet desirable energy source, without reckoning 996 

on fossil reserves [155-163]. However, even after breakthrough discoveries in photocatalysis, H2 997 

generation through photoassisted water splitting utilizing semiconductor materials is still far 998 

from the reach of pilot pilot-scale applications.  In order to improve the visible light harnessing 999 

along with resultant photo efficiency a number of several strategies involving texture 1000 

engineering, bandgap modifications, incorporation of co-catalyst and so on, have been 1001 

developed. So far, mimicking natural photosynthesis to form artificial Z-scheme photocatalysis 1002 

empowers efficient solar energy utilization for photocatalytic H2 generation through water 1003 

splitting. In that regard, metal-free 2D reductive type g-C3N4 promptly becomes a promising 1004 

candidate for photocatalytic H2 generation due to its exceptional physicochemical features. 1005 

Hybridising g-C3N4 with another metal-free semiconductor photocatalyst to form a Z-scheme 1006 
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heterojunction system can effectively impart high photocarriers separation efficacy along with 1007 

superior redox ability to enhance the overall photoactivity.   For example, innovative work by 1008 

Wang et al. anticipated two metal metal-free C3N/g-C3N4 nanocomposites in which g-C3N4 sheet 1009 

(single layer/bilayer) was concealed with monolayer C3N [164]. Investigations revealed that the 1010 

band bending caused by strong internal electric fields at the respective interface region of 1011 

photocatalysts facilitate the migration of photocarriers through Z-scheme rather than type-II 1012 

route. A proposed direct Z-scheme mechanism for OWS (Fig. 14c) explicates photoexcited CB 1013 

electrons of C3N monolayer possess sufficient potential for HER while VB holes of g-C3N4 are 1014 

used to oxidise H2O into O2. From experimental results, it was observed that due to migration of 1015 

photoinduced electrons from C3N to monolayer or bilayer g-C3N4 sheet, strongly built built-in 1016 

electric field was induced which caused band bending in C3N and g-C3N4 sheets upward and 1017 

downward, respectively. Consequently, the CB edge potential of C3N monolayer and VB edge of 1018 

g-C3N4 in the nanocomposite were suitable enough with the photocatalytic water redox 1019 

potentials. Moreover, the synergistic effect induced due to coupling of two metal metal-free 2D 1020 

materials facilitated the harnessing of visible light from visible to NIR region.   1021 

The concept of hydrogen evolution through water decomposition using Z-scheme photocatalysis 1022 

is a ground breaking strategy for the sustainable and eco-friendly method for energy 1023 

development [165-174]. However, the key concern of tailoring a Z-scheme photocatalytic system 1024 

involves the semiconductor photocatalysts with well-matched band alignments best suited for 1025 

water redox potentials. Coupling g-C3N4 with TiO2 serves as a great deal since, there band edge 1026 

positions match well together. Besides, the involvement of Au NPs as a solid electron mediator 1027 

with dual functionality to act as a photosensitizer as well as their ability of SPR effect can 1028 

significantly boost the photocatalytic H2 generation. Best The best example in this regard is the 1029 

work by Zou et al. who engineered g-C3N4/Au/C-TiO2 hollow spheres as ASS Z-scheme 1030 

photocatalyst with Au NPs as solid-state electron mediator [175]. Upon solar light illumination, 1031 

incremented photocatalytic efficacy of g-C3N4/Au/C-TiO2 nanocomposite was evaluated for H2 1032 

production. It was reported that incorporation of Au NPs as electron mediator facilitated the 1033 

absorption of light in visible range due to SPR effect. From HR-TEM experiments, presence of 1034 

Au NPs in the heterojunction system was evaluated where the lattice fringes with d-spacing of 1035 

0.35 nm ((001) facet of anatase TiO2) and 0.24 nm ((111) facet of Au) were observed. On the 1036 

other hand, C-doping introduced a mid-gap state near the VB of TiO2 extending light absorption 1037 
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to longer wavelength. PL studies indicated that •OH radicals were the leading ROS for 1038 

photocatalytic H2 evolution which is possible only through the Z-scheme migration pathway. 1039 

Since, through the double-charge migration route, the redox potential of the system was not 1040 

sufficient enough for the generation of •OH radicals in the majority. The proposed ASS Z-1041 

scheme charge transfer mode illustrating the band alignments of g-C3N4, Au and C-doped TiO2 1042 

is depicted in Fig 15a. The electrons from CB of C-TiO2 migrated through Au NPs to VB of g-1043 

C3N4 and combined with holes. Simultaneously, photogenerated CB electrons in g-C3N4 reduced 1044 

H+ to H2 besides VB holes of C-TiO2 oxidized sacrificial agents into products. As a result, the 1045 

aforementioned nanocomposite exhibited superior photoassisted H2 evolution rate which was 42 1046 

and 86 times higher than that of g-C3N4 and C-TiO2, respectively. Thus, efficient visible light 1047 

harnessing, superior redox ability and effectual migration/separation of photocarriers through 1048 

ASS g-C3N4/Au/C-TiO2 nanocomposite synergistically stimulated the photocatalytic efficacy.  1049 

In summary, the reductive type g-C3N4 with appropriate CB and VB edge potentials is 1050 

undoubtedly a fascinating semiconductor photocatalyst in Z-scheme water splitting applications. 1051 

Also, the coupling of g-C3N4 with an appropriate photocatalyst in order to form a Z-scheme 1052 

hybrid is a promising tactic to boost its photoassisted water splitting performance. Various direct 1053 

Z-scheme photocatalysts with their photocatalytic abilities for H2 generation and CO2 reduction 1054 

are summarised summarized in Table. 2.  1055 

    <Please Insert Fig. 15 Here> 1056 

 1057 

7.3. Other applications 1058 

Although dinitrogen (N2) is the most abundant gas in the atmosphere, yet ‘fixed’ nitrogen form 1059 

bioavailability for living organisms is minimal [176]. In order to fulfil these necessities, nitrogen 1060 

fixation under mild conditions is essential since artificial N2 fixation through the Haber-Bosch 1061 

process involves high energy involvements. Thus, developing advanced strategies which involve 1062 

green and sustainable energy sources is highly desired. Photocatalytic N2 fixation utilizing never 1063 

lasting solar energy is a green and economical technique for the conversion of N2 into NH3 [177, 1064 

178]. For example, Cao et al. described aromatic rings of 3, 4-dihydroxybenzaldehyde (DBD) as 1065 

an electron mediator in Ga2O3/graphitic carbon nitride (Ga2O3-DBD/g-C3N4) ASS Z-scheme 1066 

heterojunction for solar light assisted photocatalytic nitrogen fixation [179]. The as-tailored 1067 

nanocomposites were found to exhibit high photocarriers separation efficacy, improved visible-1068 
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light absorption along with high redox capacity due to the formation of a conductive interface 1069 

between Ga2O3-DBD and g-C3N4. The proposed charge migration mechanism in relevance with 1070 

experimental results was Z-scheme mode with DBD rings as electron mediator instead of typical 1071 

type-II as illustrated in (Fig. 15b). Spin trapping electron paramagnetic resonance (EPR) 1072 

technique confirmed •CO2
- as the main active species responsible for N2 fixation (Fig. 15c). 1073 

Moreover, the facile generation of •CO2
- (E0 = 1.8V) radicals with sufficient potential prompted 1074 

the photoassisted reduction of N2 to NH3. The photocurrent measurements observed for 2.4% 1075 

Ga2O3-C3N4 and 2.4% Ga2O3-DBD/g-C3N4 are depicted in Fig. 15d. It can be clearly seen that 1076 

the photocurrent response of 2.4% Ga2O3-DBD/g-C3N4 was observed to be much higher than 1077 

that of 2.4% Ga2O3-C3N4, suggesting the superior space charge separation due to the 1078 

construction of Z-scheme involving DBD rings as the electron mediator. Due to Z-scheme 1079 

charge migration route, high potential photogenerated CB electrons of g-C3N4 converted O2 to 1080 

H2O2 while VB holes of Ga2O3 with sufficient redox potential generated •OH radicals from H2O. 1081 

Furthermore, •OH radicals reacted with CH3OH to produce •CO2
- which facilitated the reduction 1082 

of N2 to NH3.  1083 

<Please Insert Fig. 15 Here> 1084 

In another work, Liu and his team reported the facile fabrication of porous g-C3N4 loaded with 1085 

Fe2O3 for the photocatalytic conversion of N2 to ammonia [180]. Coupling g-C3N4 (porous) with 1086 

Fe2O3 substantially incremented the photocatalytic N2 reduction rate driven by artificial solar 1087 

light. Of note, the g-C3N4/Fe2O3 (< 1 wt%) (GF) nanocomposite exhibited 47.9 mg/L/h rate of 1088 

photocatalytic production NH3 from N2 reduction which was about 6 times higher than pristine 1089 

g-C3N4. To examine the photocatalytic activities of GF composites annealed at different 1090 

temperatures for the photoassisted reduction of N2, the experiments were performed in a water 1091 

system with bubbling N2 atmosphere under the exposure of 300 W Xe lamp. And the rate of NH3 1092 

production by different GF composites is depicted in Fig. 16a. The investigation further revealed 1093 

that the GF composite annealed at 500 °C (GF-500) exhibited an exceedingly high rate of NH3 1094 

generation (47.9 mg/L/h) which significantly decreased after an additional increase in annealing 1095 

temperature, suggesting the importance of Fe2O3 in the composite. Moreover, the photocurrent 1096 

responses also suggested that the GF composites exhibited higher photocurrent intensity due to 1097 

the effectual separation of photocarriers (Fig. 16b). The GF-500 composite displayed 1098 

photocurrent intensity of 4.5 × 10-6 A which was much higher than that of g-C3N4 (1.0 × 10-6 A). 1099 
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Furthermore, the possible Z-scheme charge transfer pathway is depicted in Fig. 16c. Because of 1100 

suitable band edge positioning, the photo-excited CB electrons of Fe2O3 rapidly combine with 1101 

VB holes of g-C3N4 and form a Z-scheme system. Due to Z-scheme charge transfer mode, 1102 

effectual space charge separation was attained resulted in well well-maintained redox abilities 1103 

suitable for photocatalytic N2 reduction. 1104 

<Please Insert Fig. 16 Here> 1105 

Other than energy conversion applications, photocatalysis is in constant limelight for 1106 

environmental remediation involving biotic and abiotic pollutant degradation, noxious gases 1107 

removal and harmful electromagnetic waves absorber [181-185]. Thus, with consistent research 1108 

efforts in the field of photocatalysis, more efficient semiconductor materials with high stability, 1109 

recyclability, non-toxicity and extended visible spectral response can be designed with critical 1110 

significance in both theory and practice.            1111 

 1112 

8. Conclusion and viewpoint   1113 

The discussion in the present review highlights the photoassisted energy conversion applications 1114 

that could provide a light of hope to overcome the energy issues rising globally. Selecting an 1115 

appropriate photocatalytic material which fulfils all the imperative criteria is of utmost concern.  1116 

Architecting visible light stimulated Z-scheme photocatalysts is in rife attention by dint of its 1117 

great potential in various photocatalytic applications that aids to serve as a promising aspirant for 1118 

solar light harvesting and environmental restoration. As explained in a review of literature, 1119 

fascinating properties of reductive type g-C3N4 like its tunable electronic structure and first-rate 1120 

physicochemical stability complements its coupling with other semiconductor materials with 1121 

appropriate band potentials in order to achieve improved photoactivity. This review encircles far-1122 

reaching aspects of recent research work on all solid state and direct Z-scheme photocatalysis 1123 

inspired by artificial photosynthesis together with its captivating applications like CO2 reduction, 1124 

photocatalytic water splitting and nitrogen fixation (Fig. 17). Construction of Z-scheme 1125 

photocatalysts involving reduction type photocatalysts has some characteristic qualities which 1126 

extend its application in various pitches as: 1127 

 (1) To attain water splitting, Z-scheme system involving reduction type photocatalysts has 1128 

overruled conventional double transfer system by outspreading wavelength towards NIR to offer 1129 

maximum optical absorption along with improved redox ability. Furthermore, the Z-scheme 1130 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 38  
 

photocatalytic system is capable to encompass both half-cell reactions deprived using sacrificial 1131 

reagents for water splitting.  1132 

(2) For photocatalytic CO2 reduction, constructing reduction type g-C3N4 based Z-scheme 1133 

photocatalytic system provides efficiently high redox ability. Since g-C3N4 is a reduction type 1134 

photocatalyst moreover existence of ubiquitous -NH and -NH2 Lewis basic groups provide 1135 

effective absorption sites for CO2 along with the generation of photocarriers for its reduction. 1136 

(3) Tailoring of Z-scheme systems which include reductive photocatalysts render sufficient 1137 

catalytic surface sites, improved generation of ROS and suppressed EHP recombination which 1138 

boosts the overall photocatalytic efficacy. 1139 

(4) Integrating g-C3N4 with a suitable photocatalytic material which offers SPR effect is of great 1140 

potential as it extends visible light harnessing ability of Z-scheme system. As a result, the Z-1141 

scheme mode synergistically improves optical response along with charge carrier isolation 1142 

efficiency.  1143 

(5) Involvement of carbonaceous material as electron sink provides additional help to boost the 1144 

charge carrier’s kinetics and enhance the availability of electrons to participate in photo-redox 1145 

reactions.  1146 

<Please Insert Fig. 17 Here> 1147 

 Current scenario 1148 

To date, Z-scheme photocatalysis is a developing strategy as it provides superior photocatalytic 1149 

efficacy over traditional double charge transfer mechanism. The reason of improved 1150 

photoactivity is ascribed by its ability to generate photo-illuminated charge carriers, their 1151 

effective spatial separation, more catalytic surface sites, the formation of active species, a 1152 

prolonged life time of ROS and enhanced redox abilities by using two photocatalysts. However, 1153 

the first and second generation of Z-scheme photocatalysis has some pitfalls which restrict their 1154 

widespread applications. In detail, traditional or liquid-phase Z-scheme photocatalysts use liquid 1155 

state redox mediators which undergo thermodynamically favourable backward reactions 1156 

resulting in low photoactivity. Moreover, in the second generation of the Z-scheme system, use 1157 

of noble-metals as solid-state electron mediators not only renders visible light absorption but is 1158 

also photo-corrosive which affect the photocatalytic efficiency. In ASS Z-scheme system, 1159 

optimal modification in the geometrical configuration is the most desirable strategy to boost the 1160 

photocatalytic performance. On the other hand, various efforts in in-band modification of direct 1161 
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Z-scheme photocatalysis unleashed its inside out properties. Still, significant efforts by 1162 

researchers are underway to architect more efficient systems of this type.      1163 

 Challenges and outlook for researchers 1164 

In Z-scheme systems, a rational assortment of photocatalytic material is protagonist among all 1165 

other conditions. Choosing an appropriate semiconductor material with apt band edge potentials 1166 

is of foremost importance along with some other ‘nuts-and-bolts’; 1167 

(1) Semiconductors with narrow band gap and sufficient redox sites are favourable for the 1168 

development of Z-scheme photocatalysis as it expedites harnessing of visible light and 1169 

generation of active species for various oxidation/reduction reactions.  1170 

(2) Morphological features also play an important role in active species generation as 1171 

semiconductor materials with ultrathin structure accelerates the diffusion of 1172 

photoinduced carriers onto the semiconductor surface and stimulates redox reactions.  1173 

(3) Alongside, fabrication of new coupled systems hinge on rational interface-engineering 1174 

methodologies is an additional tactic that should be taken into account. In direct Z-1175 

scheme systems establishment of surface phase junction between two photocatalysts 1176 

plays a key role in space charge separation due to induced internal electrical field. 1177 

Nevertheless, it is important that the migration pathway of photocarriers and direction of 1178 

built-in electric field must overlap each other in order to achieve accelerated charge 1179 

separation which can be further improved by band bending through polarization.  1180 

(4)  For effective forward charge transference and utilization along with suppressed 1181 

reassembly, integrated co-catalyst/semiconductor systems should be rationally designed. 1182 

Of note, challenging deposition of ultrathin layer precisely on the semiconductor surface 1183 

without obstruction in migration of photocarriers to co-catalyst can be prevailed partially 1184 

using atomic layer deposition technique. 1185 

(5) Deprived absorption of undeviating sun-light is another bottleneck along with scalability 1186 

and operability of photocatalytic material for their long lifespans in forthcoming 1187 

practical applications. 1188 

(6) Higher practicability of a photocatalyst is associated with its separation efficiency, 1189 

thereby, semiconductor materials should be anchored on functional polymeric inorganic 1190 

membranes to achieve effectual separation efficacy.   1191 
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(7) Advanced characterization techniques should be implemented to understand interfacial 1192 

activities of semiconductors to utilize their worth fully in photocatalytic activity. 1193 

(8) More in-situ investigation techniques should be incorporated in order to examine the 1194 

charge migration pathway and the underlying reaction mechanism.  1195 

To trigger a plethora of attempts in the modification of g-C3N4 based Z-scheme photocatalysis, 1196 

some other considerations should also be envisaged like; semiconductor material should have 1197 

improved visible light response, relatively high VB edge to provide strong oxidation potential, 1198 

high physicochemical endurance and surface contact should be compact. From future 1199 

perspectives, the development of Z-scheme photocatalysis involving reductive photocatalysts is 1200 

in need ofneeds revision as; the mechanistic charge transfer pathway on the surface of 1201 

semiconductors is still blurred and should be explored more. In ASS systems fermi level 1202 

positions of solid-state electron mediator and semiconductor must be precisely concerned. 1203 

Furthermore, modification in band edge positioning should be exploited in order to achieve 1204 

superior redox abilities. Also, factors which influence the quantum efficiency of photocarriers 1205 

should be evaluated. Only a few studies have reported in-situ characterisation techniques for 1206 

clarity of charge carrier migration pathway via Z-scheme mode. More such techniques should be 1207 

involved for scrutinising charge transfer pathways through Z-scheme mechanism.    1208 

Considering our present level of knowledge and available technology, updating photocatalytic 1209 

efficacy on industrial level utilizing narrow band-gap semiconductors which are lucrative and 1210 

abundant still needs improvement. More development in the field of Z-scheme photocatalysis is 1211 

peremptory, preferably in conjunction with innovative discoveries emanate from inclusive 1212 

research areas. Thus, it is our genuine hope that putting more efforts on this research area will 1213 

definitely accelerate its widespread applications. 1214 
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Fig. 1. (a) Schematic illustration of basic principle of photocatalysis. Traditional heterojunction 

photocatalysis illustrating double charge transfer mechanism in: (b) Type-I heterojunction, (c) 

Figure



type-II heterojunction and (c) representation of broken band gap situation in type-III 

heterojunction, SC-I and SC-II represents semiconductor-I and semiconductor-II, respectively. 

 

 

Fig. 2. Schematic illustration showing progression of Z-scheme photocatalysis from 1st 

generation to current 3rd generation. A/D, Acceptor/Donor pair. 

 

 

 

 



 

 

Fig. 3. (a) A schematic representation of double excitation process occurring on P680 and P700 

through Natural Photosynthesis. (b) Charge transfer mechanism in traditional Z-scheme system 

with liquid-phase redox mediators, A and D represents Acceptor and donor pairs, respectively. 

(c) Charge transfer mechanism in all-solid-state Z-scheme system with solid state electron 

mediator and (d) Scheme of charge transfer and separation in direct Z-scheme system. 

 

 



 

 

Fig. 4. (a) Total publications from 2009 to January, 2020 through Scopus Search Engine using 

keywords “All solid state Z-scheme Photocatalysts” and “Direct Z-Scheme Photocatalysts”. 

Environmental and energy applications representing the total percentage of; (b) All solid state Z-

scheme photocatalysts and (b) Direct Z-scheme photocatalysts.  



 

 

Fig. 5. Schematic illustration of visible light driven water splitting process carried on a single 

photocatalyst system.  

 

 

 

 

 

 



 

 

 Fig. 6. Diagrammatic representation of basic aspects involved in selectivity of photocatalyst.  



 

 

Fig. 7. Representation of redox potentials of various photocatalysts for their application in 

environmental and energy remediation.  

 

 

 



 

 

Fig. 8. Schematic illustration of: (a, b) TEM images of g-C3N4/Ag/LaFeO3 nanohybrid, (c) EIS 

spectrum and (d) photoinduced fluorescence spectroscopic analysis of g-C3N4, g-C3N4/LaFeO3 



and g-C3N4/Ag/LaFeO3 nanohybrid. Adapted from Elsevier under License No. 4891440827977) 

[127]. 



 



Fig. 9. Schematic illustration of: (a) mechanistic insight into the synthesis process of 3DOM-

CNPTC photocatalyst, (b) Photocurrent responses of various samples, (c) LSV curves of various 

samples under dark and light illumination, adapted with permission from Elsevier (License no. 

4891450608052) [128], and (d) distinct charge migration modes for photocatalytic CO2 

reduction in CZ/3 wt% PCN heterostructures, reproduced with permission from Elsevier 

(License no. 4891450418062) [129].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Fig. 10. (a) SEM image, (b) TEM image and (c) HR-TEM image of CN/C/ZIS nanocomposite. 

TG curves of the samples: (d) ZIS, CN/ZIS, C/ZIS and CN/C/ZIS; (e) CN and C/CN. (f) Raman 

spectra of CN/C/ZIS nanocomposite. CN represents g-C3N4. Reprinted with permission from 

RSC [133]. 

 

 

 

 



 

Fig. 11. Schematic illustrating the high-resolution XPS of: (a) Ti 2p and (b) Cd 3d in TiO2/CdS 

nanocomposite, Reproduced with permission from Elsevier (License no. 4891850467496) [139] 

(c) Typical double charge transfer in MnIn2S4/g-C3N4 (MnIS/CN) heterojunction system, which 

do not form. (d) Direct Z-scheme MnIS/CN photocatalyst for H2 production, reprinted with 

permission from Elsevier (Licence no. 4566470506559) [140]. (e) Ag3PO4/MoS2/g-C3N4 ternary 

Z- scheme photocatalyst for O2 evolution from overall water splitting, ECN represents modified 

g-C3N4 nanosheets.  

 



 

Fig. 12. (a) Comparison of the photoassisted CO, CH4, H2, and O2 production rates of all the 

synthesized photocatalysts under visible light illumination for 5 h. (b) Photocurrent responses of 

CN, BWO, BWO/CN, RGO/CN, and BWO/RGO/CN photocatalysts. (c) Schematic illustration 

of the proposed mechanism for CO2 photoreduction in the BWO/RGO/CN nanohybrid. 

Reproduced with permission from Elsevier (License No. 4700150753077) [150]. 



 

Fig. 13. Synthesis route along with spatial charge separation of a direct Z-scheme AgCl@g-C3N4 

photocatalyst for CO2 reduction into CH4, CH3COOH and C2H5OH, reproduced with permission 

from Elsevier (Licence no. 4566480298200) [151]. 

 

 

 

 

 



 

Fig. 14.  Schematic representation of: (a) A novel ternary Ag2CrO4/g-C3N4/GO Z-scheme 

photocatalyst for CO2 reduction into CH3OH and CH4, reproduced with permission from 

Elsevier (Licence no. 4566481143580) [152]. (b) Charge carrier migration in g-C3N4/MnO2 

photocatalyst through interfacial ohmic-contact, reprinted with permission from ACS [154], (c) 

Charge transfer pathway in metal free C3N/g-C3N4 photocatalyst for overall water splitting [164].  

 



 

 



Fig. 15. Schematic representation of: (a) Au mediated all-solid-state Z-scheme photocatalyst for 

H2 production, reprinted with permission from Wiley (license no. 4566490300093) [175], (b) 3,4-

dihydroxybenzaldehyde (DBD) as an electron mediator in Ga2O3/g-C3N4 for visible light assisted 

photocatalytic N2 fixation. (c) DMPO spin-trapping ESR spectra recorded for CO2
− in 

0.2 mol L−1 methanol aqueous solution. (d) Photocurrent transient responses of 2.4%Ga2O3/g-

C3N4 and 2.4%Ga2O3-DBD/g-C3N4, reproduced with permission from Elsevier (Licence no. 

4703761323347) [179],   

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Fig. 16. (a) Rates of NH3 generation of GCN, GF-400, GF-450, GF-500, GF-550, G-500, and HCl 

solution treated GF-500 (GF-500_A) as well as GF-500 in a control experiment with Ar. (b) 

Photocurrent generation analysis of different composites. (c) Schematic representation of 

photocatalytic N2 reduction over Fe2O3 loaded g-C3N4. Reprinted with permission from Elsevier 

(License No. 4703770265600) [180]. 



 

Fig. 16. Conclusive overview of g-C3N4 based Z-scheme photocatalytic system. 

 

 

 

 

 



 

Table 1: Summary of ASS Z-scheme photocatalytic systems for H2 production and CO2 reduction.  

Photocatalyst Solid-state 

electron 

mediator 

Synthesis route Active 

species 

Application Enhanced photocatalytic 

efficiency (%)/ Activity 

Ref. 

Zn0.5Cd0.5S-

MWCNT-TiO2 

multi-walled 

carbon 

nanotubes 

(MWCNTs) 

coating and 

hydrothermal 

route  

 

- H2 production Zn0.5Cd0.5S-MWCNT-TiO2: 

21.9 µmol h-1 

[186] 

TiO2/RGO/Metal 

sulphide 

RGO Photodeposition 

method 

 Overall water 

splitting 

H2 production :19.8 µmol h-1 

O2 production : 10.3 µmol h-1 

[187] 

CdS/RGO/g-C3N4 RGO Hydrothermal 

process 

e- and 

h+ 

H2 production and 

Atrazine 

degradation 

 

H2  production :  

CdS/RGO/g-C3N4 : 1980.2 

μmol g−1 

Atrazine degradation : 

CdS/RGO/g-C3N4  : 90.50 % 

[188] 

PRGO/Ru/SrTiO3 : 

Rh (BiVO4) 

Photoreduced 

graphene 

oxide 

(PRGO) 

Photoreduction 

method 

h+ and 

e- 

Overall water 

splitting 

H2 production : 

Ru/SrTiO3:Rh/PRGO(BiVO4) : 

11 μmol 

O2 production : 

Ru/SrTiO3:Rh/PRGO(BiVO4) : 

5.5 μmol 

[189] 

ZnRh2O4/Au/Bi4V2O11 Au Calcination 

method 

e- and 

h+ 

Overall water 

splitting 

H2 production :  

ZnRh2O4/Au/Bi4V2O11: 0.016 

µmol h-1 

O2  production : 

ZnRh2O4/Au/Bi4V2O11: 0.088 

µmol h-1
 

[190] 

Table



g-C3N4/Ag/MoS2 Ag Calcination 

followed by 

photodeposition 

•O2
-, 

•OH, e- 

and h+ 

RhB degradation, 

H2 production 

MoS2 : 16.2% 

g-C3N4 : 50.02% 

 g-C3N4/Ag/MoS2 : 95.8 % 

H2  production: 

 g-C3N4/Ag/MoS2 : 10.40 µmol 

h-1 

[191] 

CdxZn1–xS/Au/g-C3N4 Au Deposition 

method 

𝑒𝐶𝐵
−  H2 production Cd0.8Zn0.2/Au/g-C3N4 : 123 

µmol h-1 g-1 

(52.2× ̴  Au/g-C3N4  ) 

(8.63× ̴ CdS/Au/g-C3N4) 

[192] 

C3N4/Au/CdZnS Au Hydrothermal 

followed by 

Deposition 

e- and 

h+ 

H2 production C3N4/Au/CdZnS : 24.6 mmolg-1 

(6.3× ̴  C3N4/CdZnS ) 

[193] 

g-C3N4/Au/P25 Au Calcination 

method 

e- H2 production g-C3N4/Au/P25 : 259 µmol h-1 

g-1 

(30 × ̴ g-C3N4) 

[194] 

g-C3N4-Ni-NiS Ni In-situ process e- H2 production g-C3N4 : 0.5%   

Ni :1.0 %  

NiS : 515 µmol h-1 g-1 

(2.8 × ̴ g-C3N4-1.0 % NiS) 

(4.6 × ̴ g-C3N4-0.5 %Ni) 

[195] 

Ag3PO4/Ag/g-C3N4 Ag In-situ process h+ O2 evolution Ag3PO4/Ag/g-C3N4 : 19 µmol 

 L-1 

[196] 

g-C3N4/Au/C-TiO2 Au Photodeposition •OH H2 20 % g-C3N4/2 % Au/C-TiO2 : 

129 µmol h-1 g-1 

 

[175] 



Ag3PO4/g-C3N4 Ag In-situ 

deposition 

method 

•O2
−an

d h+ 

CO2 reduction CO2 reduction : 57.5 μmol 

h-1gcat-1 

[197] 

g-C3N4/BiOBr/Au Au Xe lamp 

irradiation 

•O2
− CO2 reduction g-C3N4/BiOBr/Au-S : 

CO : 0.39 µmol h-1 g-1 

CH4 : 0.05 µmol h-1 g-1 

 

[198] 

 



Table. 2. Summary of direct Z-scheme photocatalytic systems for various applications. 
 

Photocatalyst Synthesis route Active 

species 

Application Enhanced photocatalytic efficiency 

(%)/ Activity 

Ref. 

LaMnO3/g-C3N4 Heat-treatment 

method 

h+ and •O2
- TC degradation LaMnO3(4.6 Wt %)/g-C3N4: 56.3 % 

LaMnO3(9.8 Wt %)/g-C3N4: 61.4 % 

LaMnO3(14.6 Wt%)/g-C3N4: 43.1 % 

[201] 

β-CoOOH/g-C3N4 Thermal 

polymerization 

followed by 

exfoliation 

•O2
-, •OH 

and h+ 

MO and phenol 

degradation 

MO degradation: 

15 % β-CoOOH/g-C3N4: 92.1 % 

Phenol degradation: 

15%β-CoOOH/g-C3N4: 72.2 % 

[202] 

2D/2D g-C3N4/MnO2 In-situ method •O2
- and 

•OH 

RhB and phenol 

degradation 

RhB degradation: 

g-C3N4/MnO2: 91.3 %,  

g-C3N4: 19.6 %,  

MnO2: 22.3 % 

Phenol degradation: 

g-C3N4/MnO2: 73.6 %,  

g-C3N4: 12.3 %,  

MnO2: 35.4 % 

[203] 

g-C3N4/NiWO4 

 

 

 

 

 

Hydrothermal 

method 

•OH Toluene 

degradation 

Removal efficiency: 

g-C3N4/NiWO4 (1C/1N): 95.3 % 

Mineralization efficiency: 

g-C3N4/NiWO4 (1C/1N): 99.1 % 

[204] 

Table



g-C3N4/CeO2 Calcination method •OH and h+ Methylene blue 

(MB) 

degradation 

Degradation rates: 

g-C3N4/CeO2: 0.246 h-1 

[205] 

1D/2D V2O5/g-C3N4 Impregnation method •O2
- and 

•OH 

Congo red (CR) 

degradation 

V2O5 nanorods (VONRs):  

5 % 

g-C3N4 nanosheets (CNNs): 34 % 

4-VONRs/CNNs: 90 % 

 

[206] 

La2NiO4/g-C3N4 Mixed calcination 

route 

h+ and •O2
- MO 

degradation 

La2NiO4(33 wt. %)/g-C3N4: 36.2 % 

g-C3N4: 12.4 % 

[207] 

PTCDA(Perylene-

3,4,9,10-tetracarboxylic 

dianhydride)/g-C3N4 

Calcination followed 

by hydrothermal 

h+ and •O2
- Photooxidation 

of benzylamine 

--- [208] 

Fe2O3-xSx/S-doped g-

C3N4 (CNS) 

One-pot in-situ 

process 

•O2
- and 

•OH 

MB 

degradation 

Fe2O3-xSx/ (CNS) (6.6 wt. % Fe2O3): 

82 % 

Fe2O3: 28 % 

CNS: 54 % 

[209] 

LaFeO3/g-C3N4 In-situ growth h+ and •O2
- MO and TC 

degradation 

MO degradation: 

LaFeO3/g-C3N4: 85 % 

TC degradation: 

LaFeO3(2.0wt %)/g-C3N4 : 65.4 % 

[210] 

(BiO)2CO3/g-C3N4 Hydrothermal route •O2
-, •OH 

and h+ 

RhB 

degradation 

--- [211] 

g-C3N4/Bi2O3@N-

HMCs (CBH) 

Thermal process •O2
-, •OH 

and h+ 

Tetracycline  

hydrochloride 

(TCH) and 

ciprofloxacin 

hydrochloride 

(CFH) 

degradation 

TCH degradation: 

CBH: 90 %,  

g-C3N4/Bi2O3: 68.78 %,  

g-C3N4/N-HMCs: 53.30%,  

Bi2O3/N-HMCs: 37.35% 

[212] 



CFH degradation: 

CBH: 78.06% 

Bi2WO6/g-C3N4 Hydrothermal 

process 

•O2
- RhB 

degradation 

4% Bi2WO6/g-C3N4: 68% [37] 

BiOI/g-C3N4 In-situ 

transformation 

process 

•O2
- and 

•OH 

Phenol 

degradation 

--- [213] 

β-Bi2O3/g-C3N4 (BC) Combined 

hydrothermal-

calcination method 

h+ and •O2
- RhB 

degradation 

BC70: 98% 

g-C3N4: 87% 

β-Bi2O3: 67% 

[214] 

Bi2O3/g-C3N4 In-situ fabrication h+ and •O2
- Phenol 

degradation 

--- [215] 

Bi2O3/g-C3N4 One-step calcination 

method 

•O2
-, •OH 

and h+ 

MB 

degradation 

Photocatalytic activity rate constant : 

0.063 min-1 

[216] 

WO3/g-C3N4/Bi2O3 

(CWB) 

One-step co-

calcination method 

•O2
-, •OH 

and h+ 

TC degradation CWB: 80.2%,  

WO3/g-C3N4: 48.54%,  

Bi2O3/g-C3N4: 44.53% 

[217] 

FeWO4 nanorodg-C3N4 

(FWO/g-CN) 

In-situ hydrothermal 

method 

•O2
-, •OH 

and h+ 

Salicylic acid 

(SA) 

degradation 

FWO/g-C3N4: 95 % 

g-C3N4: 36% 

[218] 

N-K2Ti4O9/g-C3N4/UiO-

66 

Calcination •O2
-, •OH 

and h+ 

RhB 

degradation 

--- [219] 

g-C3N4/α-Fe2O3 In-situ h+ and •O2
- RhB 

degradation 

g-C3N4/α-Fe2O3: 99 %,  

g-C3N4: 67 %,  

α-Fe2O3: 6 % 

 

[123] 

Monoclinic- 

Bi2O4/nitrogen doped 

carbondots (m-

Bi2O4/NCDs) 

One-step 

hydrothermal method 

h+ and •O2
- MO and phenol 

degradation 

MO degradation:  

m-Bi2O4/NCDs-4: 94.3 %, m-

Bi2MO3: 8.64 % 

Phenol degradation:  

m-Bi2O4/NCDs-3: 96.8 %, m-

[50] 



Bi2MO3: 70.4 %, 

 

3:7 BiVO4/g-C3N4 Calcination •O2
- and 

•OH 

RhB 

degradation 

3:7 BiVO4/g-C3N4 = 10.36× ̴ g-C3N4 

3:7 BiVO4/g-C3N4 = 10.68× ̴ BiVO4 

[220] 

MnIn2S4/g-C3N4 

(MnISCN) 

Hydrothermal route h+ and •O2
- TCH 

degradation 

and H2 

production 

TCH degradation: 

MnIn2S4: 60.5 % 

H2 production: 

MnISCN-20: 200.8 µmol h-1 g-1 

(3.5× ̴ MnIS) 

[116] 

g-C3N4/0D-ZnO 

(CN/0DZnO) 

Solution conversion, 

calcination and 

exfoliation 

•O2
- and 

•OH 

4-chlorophenol 

(4CP)degradati

on and H2 

production 

4CP degradation: 

CN-10/0D-ZnO: 95 %,  

0D-ZnO: 64.2 %,  

g-C3N4: 34.2 % 

H2 production: 

CN-20/0D-ZnO: 32.2 µmol h-1 

(5× ̴ g-C3N4) 

[221] 

Fe2O3/g-C3N4 Electrostatic self-

assembly method 

e- and h+ H2 production 10 % Fe2O3/g-C3N4: 398.0 µmol h-1 

g-1 

(13× ̴ g-C3N4) 

 

[222] 

α-Fe2O3/g-C3N4 Solvothermal and 

calcination 

•O2
- and 

•OH 

Overall water 

splitting 

H2 production: 38.2 µmol h-1 g-1 

O2 production: 19.1 µmol h-1 g-1 

[223] 



ZnO/ZnS/g-C3N4 Two-step chemical 

route 

-- H2 production ZnO/ZnS/g-C3N4: 1205 8 µmol g-1 

ZnO/ZnS: 768 µmol g-1 

 

[224] 

N-ZnO/g-C3N4 calcination •O2
- and 

•OH 

H2 production N-ZnO/g-C3N4: 152.7 µmol h-1 

ZnO/g-C3N4: 36.4 µmol h-1 

g-C3N4: 28.6 µmol h-1 

[225] 

Bi2O2CO3/g-C3N4 In-situ thermal 

growth 

e-,  h+ and 

•OH 

H2 production Bi2O2CO3/g-C3N4: 965 µmol 

h-1 g-1 

g-C3N4:337 µmol h-1 g-1 

 

[226] 

g-C3N4/PSi Magnesiothermic 

reduction and 

polycondensation 

e- H2 production g-C3N4/(2.50 wt. %) PSi: 870.4 µmol 

h-1 g-1 

(2× ̴ g-C3N4) 

[227] 

WO3/g‐C3N4/Ni(OH)x Calcination and 

photodeposition 

•O2
- and 

•OH 

H2 production 20 wt. % WO3/g-C3N4/4.8 wt. % 

Ni(OH)x: 576 µmol h-1 g-1 

(10.8× ̴ 20 wt. % WO3/g-C3N4) 

[228] 

NiCo2O4/g-C3N4 Calcination and 

hydrothermal method 

h+ H2 production 17.5 wt %-NiCo2O4/g-C3N4: 5480 

µmol h-1 g-1 

[229] 

Mo-Mo2C/g-C3N4 Ultrasound assisted 

deposition method 

-- H2 production 2.0 wt % Mo-Mo2C/g-C3N4: 219.7 

µmol h-1 g-1 

(440× ̴ g-C3N4, 3.6× ̴ 2.0 wt. % 

Mo2C/g-C3N4) 

[230] 

KTa0.75Nb0.25 (KTN)/g-

C3N4 

Microwave heating -- H2 production (KTN)/g-C3N4: 1673 µmol h-1 g-1 

(2.5× ̴  KTN) 

(2.4× ̴ g-C3N4) 

[231] 

2D/2D WO3/g-C3N4 Ultrasonication and 

two-step thermal-

etching 

•O2
- 

 

H2 production 15 % WO3/g-C3N4: 982 µmol h-1 g-1 

(1.7× ̴ g-C3N4) 

[232] 

g-C3N4-CoNiSe Calcination under N2 

atmosphere 

e- H2 production CN-CoNiSe = 87.4× ̴  g-C3N4 [233] 



WO3/g-C3N4 Pyrolysis -- H2 production 9 % WO3/g-C3N4: 11,000 µmol g-1 

 

[234] 

2D SnS2/g-C3N4 Microwave assisted e- H2 production 5wt % SnS2/g-C3N4: 972.6 µmol h-1 

 g-1 

[235] 

Metakaolin/g-C3N4 

(MK/CN) 

One-pot heating 

treatment 

e- H2 production MK/CN-70.4 % : 288 µmol h-1 g-1 

(1.5× ̴ g-C3N4) 

[236] 

g-C3N4-Ni2P-MoS2 In-situ 

phosphorization 

reaction 

-- H2 production g-C3N4-1 % Ni2P-1.5 % MoS2 : 

532.41 µmol h-1 g-1 

(2.47× ̴ g-C3N4-1.5 % MoS2) 

(5.15× ̴ g-C3N4-1 % Ni2P) 

[237] 

Cu-loaded g-C3N4/1D 

hydrogenated black 

TiO2 nanofiber 

(CuCNBTNF) 

Electrospinning 

process followed by 

thermal treatment 

•O2
- 

 

H2 production CuCNBTNF-5: 3.3 mmol h-1 g-1 

 

[238] 

SnO2-coupled boron 

and phosphorus co-

doped g-C3N4(SO/B-P-

CN) 

Calcination •OH CO2 reduction 6SO/0.12B-0.2P-CN:  49  µmol h-1 

 g-1 

(9× ̴ g-C3N4) 

[239] 

g-C3N4/ZnO Hydrothermal-

calcination process 

•OH and e- CO2 reduction CH3OH production: 

g-C3N4/ZnO: 1.32 µmol h-1 g-1, 

(2.1× ̴ ZnO), (4.1× ̴ µmol h-1 g-1) 

[240] 

Porous g- C3N4/Sn2S3
-

diethylenetriamine (Pg-

C3N4/Sn2S3
-DETA) 

Hydrothermal 

process 

e- and h+ CO2 reduction 5 % Pg-C3N4/Sn2S3
-DETA : 

CH4: 4.93 µmol h-1 g-1 

CH3OH: 1.49 µmol h-1 g-1 

[241] 

g-C3N4/ZIF-67 Aging process e- and h+ CO2 reduction C2H5OH production: 

g-C3N4/ZIF-67: 325.5 μmol. gcat−1 

(2× ̴ g-C3N4) 

[242] 

g-C3N4/SnS2 Hydrothermal 

process 

e- and h+ CO2 reduction CH3OH production: 

g-C3N4/SnS2: 2.3  µmol g-1 

CH4 production: 

g-C3N4/SnS2: 0.64  µmol g-1 

 

 

[243] 

Cu2V2O7/g-C3N4 Hydrothermal and 

calcination 

e- and h+ CO2 reduction CH4 production: 

50 Cu2V2O7/50 g-C3N4: 305 μmol.  

g-1cat. h-1 

CO production: 

50 Cu2V2O7/50 g-C3N4: 166 μmol.  

g-1cat. h-1 

O2 production: 

50 Cu2V2O7/50g-C3N4: 706 μmol.  

g-1cat. h-1 

[58] 

CdS/g-C3N4 Polycondensation 

and hydrothermal 

method 

e- and h+ CO2 reduction Methyl formate production: 

1 % CdS/2 % g-C3N4: 1352.07 μmol. 

g-1cat. h-1 

[244] 
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