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Abstract 

Sustainable solar fuels production through reduction of molecular CO2 using photocatalysts would be an eco-

friendly and dependable source of energy for the future and for controlling the global warming. The growth 

of quantum dots, especially, the graphene quantum dots, a flat zero-dimensional material offering unique 

properties like enhanced solar light absorption, surface reactivity, charge separation and migration efficiency, 

which are invariably systemizing high solar photocatalytic CO2 reduction efficiency. This review discusses 

the insights of thermodynamics and kinetics of CO2 reduction, followed by detailed encapsulation of 

modification strategies of GQDs and intrinsic analysis of CO2 reduction utilising solar light. Progressively, 

the challenges and futuristic outlook of GQDs based photocatalytic systems for solar fuels production is also 

presented. 

 

Keywords: Graphene Quantum Dot (GQDs), photocatalytic CO2 fixation, sustainable energy production, solar 

to fuel conversion. 

 

Highlights: 

�x Key aspects of photocatalytic CO2 reduction are outlined with regard to thermodynamics and kinetics. 

�x Properties of graphene quantum dots and their application to photocatalytic CO2 reduction are reviewed.  

�x Strategies for modifying graphene quantum dot to promote photocatalytic CO2 reduction are presented. 
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Abbreviations 

�x (GA-A) - armchair edged graphene 

�x (GZ-A) - zig-zag edged graphene 

�x �¨�*�Û- change in standard Gibb’s free energy 

�x �¨�*�Ûf - standard Gibb’s free energy of formation 

�x AES- auger electron spectroscopy 

�x AM - air mass 

�x ANP - 6-amino-2-(9,10-dioxo-6-(2-(perylen-3-yl)-4,5-di-p-tolyl-4,5-dihydro-1H-imidazol-1-yl)- 9,10-

dihydroanthracen-2-yl)-1H-benzo[de]isoquinoline-1,3(2H)-dione 

�x BNTPL- 1,1’-bi(2-naphthylamine) 

�x CA - citric acid 

�x CB - conduction band 

�x CEE - cross-linked emission centres 

�x CH3OH- methanol 

�x CH4 - methane 

�x CNT - carbon nanotubes 

�x CO - carbon monoxide 

�x CO2 - carbon dioxide 

�x CQD - carbon quantum dots 

�x D I - deionized water 

�x DEF- diethylformamide 

�x DFT - density functional theory 

�x DMF - dimethyl formamide 

�x DOS - density of states 

�x DRS - diffused reflectance spectroscopy 

�x Eg - forbidden energy gap 

�x EIS - electrochemical impedance spectroscopy 

�x EN - electronegativity 

�x Eº - standard redox potentials 

�x EPR - electron paramagnetic resonance spectroscopy 

�x FLP - frustrated lewis pairs 

�x GHG - Greenhouse gases 

�x GO - graphene oxide 

�x GQDs - Graphene quantum dots 
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�x GT - gigaton 

�x HAD - hexadecyl amine  

�x HCHO - formaldehyde 

�x HCOOH - formic acid 

�x HOMO - highest occupied molecular orbital 

�x HR-TEM - High resolution transmission electron microscopy 

�x LED - light emitting diode 

�x LUMO - lowest unoccupied molecular orbital 

�x MPA - 3-mercaptopropionic acid 

�x MRI - magnetic resonance imaging 

�x NIR - near-infrared  

�x PCET - proton coupled multi-electron transfer 

�x PDOS - partial density of states 

�x PEG - polyethylene glycol 

�x PL - photoluminescence 

�x POSS - polyhedral oligomeric silsesquioxane 

�x P-TCN - phosphorous doped tubular hexagonal carbon nitride 

�x QY - quantum yield 

�x RT - room temperature 

�x SET - single electron transfer 

�x TEOA- triethanolamine 

�x TW - terawatt 

�x UA - uric acid 

�x UV - ultraviolet 

�x VB - valence band 

�x WE - working electrode 

�x XPS - X-ray photoelectron spectroscopy 
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1. Introduction 

Greenhouse gases (GHGs) strongly influence global temperature through the adsorption of solar radiation. 

Rising anthropogenic CO2 emissions since the Industrial Revolution are now widely accepted as responsible 

for global warming and associated extreme weather events, reflecting orders of magnitude greater emissions 

through fossil fuel combustion with respect to other gases with higher GHG potential ( CH4, N2O, CFCs).[1] 

Although CO2 emissions from vehicles decreased during the COVID-19 pandemic, overall CO2 emissions to 

almost 34 gigatons (GTs), with the US and China the world’s largest emitters.[2] Capture and/or conversion of 

atmospheric CO2 represents the most compelling solution to lowering atmospheric CO2 concentrations, 

alongside global decarbonisation efforts to minimise future emissions.[3] Significant progress has been made 

in direct air capture technologies for CO2 harvesting from the atmosphere, however subsequent subterranean 

sequestration faces huge scientific, political and economic barriers.[4][5] CO2 conversion, through chemical 

reduction, to fuels (notably CO, methane, methanol and formic acid) and chemicals (notably formaldehyde, 

olefins, carboxylic acids and esters) has proven more attractive.[4][5] Photochemical CO2 conversion using 

sunlight as the primary energy input, catalysed by inorganic semiconductors, mimics biological 

photosynthesis.[6] [7] However, the chemical stability of CO2 ���¨�*�Ûf � ���í�����������������N�-.mol�í1 �>���@), and large number 

of electron and proton additions required to form useful products from it, present significant scientific barriers 

so-called ‘artificial photosynthesis’. [9] The discovery by Inoue and co-workers that inorganic semiconductors 

could catalyse the photoinduced reduction of CO2 to hydrocarbons and oxygenates[10] stimulated a huge 

research effort to design and implement photocatalytic systems for efficient and selective CO2 photoreduction. 

A plethora of materials, including metal oxides, chalcogenides, metal hybrids, nanocomposites, perovskites, 

MXenes, carbons, metal and covalent organic frameworks, of varying dimensionality, have been investigated 

to this end.[11] In consideration of 2030 United Nations Sustainable Development Goals, there is great interest 

in the development metal-free photocatalysts, with carbonaceous materials among the most promising due to 

their low cost, and tunable photophysical properties.[12] Sunlight also offers a vast renewable energy source, 

providing the Earth’s surface with a daily average of ~1 kW.m-2 (1.3×105 TW annual global total).[24] 

In common with other fields of catalysis, the performance of photocatalysts is heavily dependent on 

their geometric and electronic structure.[13] However, compared to thermal catalysis, bulk properties play a 

more significant role, as photon absorption and the associated generation of electron (e-) and hole (h+) charge 

carriers  is not confined to surface active sites. The electronic structure, and associated material properties 

(e.g. valence and conduction band energies, band gap charge and carrier mobility), can be tuned by quantum 

confinement effects.[14] Carbon quantum dots (CQD), whose sizes are typically <10 nm in all dimensions, 

possess desirable properties for exploitation in photocatalysis, notably high surface areas and tunable band 

gaps and photoluminescence (PL),[15] that are distinctive from other inorganic nanomaterials.[16] Since their 

reporting two decades ago, CQDs have found application as optical and energy materials,[17]  and their 

synthesis optimised for more efficient transformation of the energy from absorbed photons into charge 

carriers, termed the quantum yield (QY) �>����a-d]  , which underpins their photophysical properties.�>����e]  
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     Graphene quantum dots (GQDs) are a subset of CQDs, in which derivatives of graphene units are 

assembled into nanoscale structures. GQDs largely retain the sp2 hybridisation that confers the high electronic 

conductivity of graphene.[19] GQDs are more crystalline (possess less defects) than CQDs due to the ordered 

hexagonal arrangement of sp2 hybridised carbon atoms.[20] The small size of GQDs facilitates rapid transport 

of photoexcited charge carriers to surface active sites.[21d]  GQDs are also used as photosensitisers due to their 

broad spectral absorption and ability to act as e- donors/acceptors and mediators.[21] GQDs have been widely 

studied in solar energy conversion as photocatalysts for various redox reactions. GQDs reportedly offer 

excellent CO2 adsorption and activation due to their delocalised �Œ��e- network .[22]  The synthesis and application 

of GQDs in various energy applications  like water splitting, LEDs, photovoltaic devices, solar cells, etc., is 

previously reviewed.[23]  Here we review the use of GQDs and their analogues in photocatalytic CO2 reduction, 

exploring how doping, defect formation and particle morphology influence their activity and product 

selectivity, and highlight challenges and future opportunities. 

 

2. Fundamentals of CO2 reduction 

2.1. Thermodynamics and kinetics 

Photocatalytic CO2 reduction is intrinsically more complex than H2 production by water splitting, as the former 

may occur through a variety of multi-e- transfers, resulting in a range of possible products. Furthermore, 

cleaving the C=O bond (750 kJ mol-1) in CO2 requires more energy than to cleave C-H (411 kJ mol-1), C-C 

(336 kJ mol-1) and C-O (327 kJ mol-1) bonds encountered in the reduction products. In the absence of a catalyst, 

CO2 cannot be activated by visible or UV light of wavelengths between 200-900 nm.[24a,b] Thermal activation 

is possible, and indeed achieved in commercial processes whereby CO2 and H2 are passed over methanation 

catalysts, [24c]  but requires temperatures >200 °C and a sustainable source of H2.[25] Adsorption at a catalyst 

surface, and subsequent transfer of a single photoexcited e- of the appropriate energy, can induce a transition 

from linear CO2 to the bent CO2�x- radical anion.[26] However, such a single electron transfer (SET) has a high 

redox potential of -�����������9 relative to a normal hydrogen electrode (NHE), and hence is not spontaneous with 

a significant thermodynamic barrier.[27] In contrast, proton coupled multi-electron transfer (PCET) 

circumvents the necessity of forming a CO2
�x- intermediate, and as its name suggests, involves the simultaneous 

transport of photoexcited e- and protons to adsorbed CO2 through lower energy concerted reactions (Table 

1).�>�����@ 

 

Table 1. Electron transfer reactions and corresponding reduction potentials at pH 7. 

���
�	����������  �þ��𝐏𝐏 ����𝐏𝐏𝐏𝐏  �ó° ���� �ü�ö𝐍𝐍 (�� ) 

CO�6+  e�? �\ CO�6
�x�?  CO�6

�x�?
 
F1.85 

CO�6 +  2H�> +  2e�? �\  HCOOH HCOOH 
F0.61 

CO�6 +  2H�> +  2e�? �\  CO +  H�6O CO 
F0.53 
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CO�6 +  4H�> +  4e�? �\  HCHO +  H�6O HCHO 
F0.48 

CO�6 +  6H�> +  6e�? �\  CH�7OH +  H�6O CH�7OH 
F0.38 

CO�6 +  8H�> +  8e�? �\  CH�8 +  2H�6O CH�8 
F0.24 

2CO�6 +  12H�> +  12e�? �\  C�6H�8 +  4H�6O C�6H�8 
F0.34 

2CO�6 +  12H�> +  12e�? �\  C�6H�9OH +  3H�6O C�6H�9OH 
F0.33 

2CO�6 +  14H�> +  14e�? �\  C�6H�:  +  4H�6O C�6H�: 
F0.27 

3CO�6 +  18H�> +  18e�? �\  C�7H�;OH +  5H�6O C�7H�;OH 
F0.32 

2H�> +  2e�?  �\  H�6 H�6 
F0.42 

 

PCET reactions are favoured by the dissolution of CO2 in low pH polar media. However, such acidic media 

promote competing proton recombination and concomitant hydrogen generation, and lower the solubility of 

(non-polar) CO2.[29] These factors result in slow kinetics for the formation of carbon products.[30a]  

Furthermore, dissolved CO2 reacts with aqueous media to form bicarbonate ions, whose adsorption at the 

photocatalyst surface can blocking sites for direct CO2 adsorption.[30b] The kinetics of each reaction in Table 

1 strongly depend on reaction conditions, notably the intensity and spectral distribution of the light source, 

pH, temperature, and partial pressures of CO2 and H2O. Molecular level insight into such competing interfacial 

reactions requires sophisticated in-situ analytical techniques,[30c] or computationally demanding 

modelling,[30d] hindering the rational design of new photocatalysts.[30e] Nevertheless the adsorption geometry 

of CO2 at photocatalyst surfaces are amenable to spectroscopic measurement and computational modelling, 

which can help elucidate likely reduction pathways. 

 

2.2. CO2 adsorption and surface activation 

The CO2 molecule belongs to the �'�’�K���V�\�P�P�H�W�U�\���J�U�R�X�S, being linear with two delocalised �Œ-bonds resulting 

in a short bond length (1.16 Å) and high thermodynamic stability . Although once considered a weak ligand, 

CO2 is now recognised to adopt a range of activating bonding modes via coordination, insertion and interaction 

with frustrated Lewis pairs (FLPs). Electronegative O atoms in CO2 can donate an electron pair (acting as a 

Lewis base) and electron deficient C atoms can accept an electron pair (acting as a Lewis acid) enabling 

coordination by one or both elements. Bonding to early transition metals favours a linear configuration (I) 

(Figure 1) with minimal molecular distortion.[31] This configuration is also preferred on the surfaces of metal 

mono-oxides such as TiO, MnO, VO and CrO.[32] Late transition metals such as Ni and Cu, which can 

participate in Dewar-Chatt-Duncanson back-bonding from partially filled d orbitals into �Œ�
���P�R�O�H�F�X�O�D�U���R�U�E�L�W�D�O�V����

favour a bent CO2 configuration (II). Pt3Co octapods, RhW nanosheets, PdFe and intermetallic nanoparticles 

have been intentionally designed to direct this bonding configuration.[33] Metal carbonyl complexes, including 

AgCO2, AlCO2 and Ni(PCy3)2(CO2), adopt a type (III)  configuration in which a �V��bond forms between CO2 

and the metal by electron transfer into a vacant �@�í�.  metal orbital, and back-donation occurs from a metal dxy 

orbital into the vacant �Œ�
���R�U�E�L�W�D�O[34] stabilising side-on coordination.[35] More complex bonding configurations 
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include the type (IV) bidentate mode, as for adsorption over Cu43Ni12 nanocrystals, wherein CO2 adopts a 

slightly bent, bidentate configuration, [36] and type (V) and (VI) in which CO2 coordinates to multiple metal 

atoms acting simultaneously as an electron acceptor and donor. For example, over ZnCu (211), Cu bonds to 

the electrophilic C atom and Zn the electronegative O atoms in a bridged configuration involving a highly 

bend CO2 geometry.[31] CO2 also undergoes activation through insertion into M-X (X= H, N, O, C, P, S, Si, 

etc.) bonds (Figure 1) in which the C atom either binds to the electron-rich X atom (VII), as for Cu-Si,[37] Zn-

H,�>�����@ and aryl C-H moieties,[39] or to the electron-deficient M metal (VIII), as for Ni-H.[40] Finally, the Lewis 

acid and base character of CO2 promote its capture by FLPs (IX) whose sterics prohibit their adduct 

formation,[41] for example, Ce-BiOBr,[42] Zr+/P,[43] and the amphiphilic organocatalyst 1-Bcat-2-PPh2–C6H4 
[44], can activate CO2 in a bend configuration. 

 

  

Figure 1. CO2 bonding modes. Reprinted with permission.[25] Copyright 2021, American Chemical Society. 

 

2.3.  CO2 reduction pathways 

The photocatalytic reduction of CO2 occurs through a series of elementary steps, involving CO2 adsorption, 

C=O bond activation, and electron and proton transfer, to a range of products, each with a characteristic redox 

potential. These potentials are shown alongside the valence band (VB) and conduction band (CB) energies for 

common inorganic semiconductors in Figure 2, and the corresponding direct band gap energies. Three main 

pathways for CO2 reduction are proposed, involving (i) carbene, (ii) formyl, and/or (iii) glyoxal 

intermediates.[24a, 45]  

 



�� 
 

 

  

Figure 2. Valence (blue) and conduction (red) band positions and associated band gaps of inorganic 

semiconductors relative to the potentials for CO2 reduction to different products. Adapted from [16b] 

 

Carbene pathway: This involves the formation of an adsorbed CO intermediate following a 2e- transfer to 

CO2. A proton, typically generated by water splitting, first binds to the O atom of CO2 at the catalyst surface 

to yield a COOH���F radical. Electron transfer induces subsequent cleavage of the C-OH bond, and the 

concomitant production of H2O and chemisorbed CO (Figure 3). If this reactively-formed CO is strongly 

bound to the catalyst it may be resist further reduction and poison active sites. If adsorption is too weak, the 

reactively-formed CO will desorb intact.[45b, 46] For an intermediate binding strength, CO may undergo an 

additional 2e- and 1 proton transfer, wherein the O atom is protonated and OH- eliminated, leaving atomic 

carbon. The presence of such C radicals has been detected during the course of reaction by electron 

paramagnetic resonance (EPR), X-ray photoelectron (XPS) and Auger electron (AES) spectroscopies.[45b, 47] 

Sequential 1e- and 1 proton transfers to this surface carbon result in a methyl radical CH3
�x, which can react 

further with either a hydroxyl radical (OH�x via a hydroxyl anion and h+) to form methanol, or another e-+proton 

transfer to form methane. The latter is kinetically disfavoured, requiring the consecutive transfer of ���H- versus 

6e- to form methanol, consistent with electrochemical measurements.�>�����@ Kinetic modelling of CO2 

photoreduction evaluated by non-linear regression method over  pure anataseTiO2 (crystalline diameter – 

14nm) by Koci et al and Tan et al supports CO as the major intermediate to methanol production.[46, 49] 

However, CH2 and CH3 carbenes are also intermediates to C2 products by dimerisation to form ethene or 

ethane, respectively. Such C-C coupling requires strong adsorption of carbene intermediates to permit 

sufficiently long surface lifetimes for the requisite additional e-/proton transfers versus desorption of C1 

products. Carbene radicals may also react with C2 surface intemediates to form C3+ products, although such 

reactions are extremely slow and yields correspondingly low.[50]  

CO2 / HCOOH

+1.0

+2.0

+3.0

-2.0

-1.0

0 CdSe Fe2O3 WO3

BiVO4

TiO2 ZnO CdS TaNO Si
Cu2O

Bi2WO6

2.1 eV

1.7 eV

2.6 eV
2.8 eV

2.4 eV

3.2 eV

3.3 eV

2.4 eV

1.1 eV
2.0 eV

2.4 eV

CO2 / CO

CO2 / CH4

CO2 / HCHO

O2 / H2O

CO2 / CH3OH

H2O/ H2

�(
�Û R

ed
ox

V
 v

s.
 N

H
E

 (
pH

=
7)



9 
 

 

Formyl pathway: Selective formation of formic acid (HCOOH) from chemisorbed CO2 is also possible 

through an initial e- transfer to form a carboxylate anion, and a subsequent 1 e- and 1 proton transfer, to yield 

a formate (HCOO-) surface intermediate without bond cleavage (Figure 3). The reaction of formate with a 

proton liberates HCOOH.[51] Alternatively, formate may undergo C-O bond cleavage to yield a formyl surface 

intermediate (HC=O*, also accessible from chemisorbed CO via a 1 e- and 1 proton transfer), a precursor to 

formaldehyde (H2CO) through a further 1 e-/1 proton transfer. Quantum molecular dynamics simulations 

predict that protons preferentially attack the C in CHO* rather than the O in COH*, favouring the formyl 

versus carbene pathway.[52] The thermodynamic barrier to CH2O from formyl is higher than that to CHOH*, 

experimentally confirmed over a Cu(100) single crystal. At low pH, simulations indicate H2C-O* undergoes 

further reduction through a series of e- and proton transfers to form a CH3
�x radical and then CH4. At high pH, 

simulations suggest HC=O*, H2C-O* and CHOH* intermediates all favour e- and proton transfers resulting 

in methanol production due to a locally hydrophobic environment. The formyl pathway is characterised by 

surface intermediates coordinated by a C atom, and offers high selectivity to methanol. [52] 

 

Glyoxal pathway: The high reactivity of formyl intermediates affords an alternative reaction pathway 

involving their homocoupling to form glyoxal (OCHCHO) the smallest dialdehyde. Glyoxal can itself undergo 

1 e- and 1 proton transfers via trans-ethan-1,2,-semidione (HO-C*H-CHO) and vinoxyl radicals (*CH2CHO) 

to glycolaldehyde (HOCH2�íCHO) and acetaldehyde (CH3CHO) products. Acetaldehyde may react with 

photoexcited h+ and oxidise to acetic acid, or decarbonylate to CH3
�x prior to a further 1 e- and 1 proton transfer 

to form methane. Reactively-formed CO can be detected as an evolved by-product alongside methane. The 

glyoxal pathway is distinguished from the other pathways by oxidation steps, but is closely connected to the 

formyl pathway by the tendency of CH3OH and CH2O to act as hole scavengers. As C2 products of the glyoxal 

pathway may be reduced back to C1 products, desorption of the former is desired before they can undergo 

decarbonylation.�>�����E���������@  
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Figure 3. Proposed reaction pathways for CO2 reduction. Reproduced under terms of the CC-BY license.[54] 

Copyright 2022, American Chemical Society.  

 

3. Graphene quantum dots as photocatalysts 

3.1. Elucidation of photocatalytic properties  

Low dimensional GQDs offer tunable photoluminescence (PL) and cross-linked emission (CEE) centres, 

wherein electron delocalisation across the conjugated system improves their quantum yield (QY), which can 

reach 90 %.�>�����@ GQDs exhibit size-dependent bandgaps (Eg) spanning 2.2 to 3.1 eV, which can be narrowed 

�E�\���H�[�S�D�Q�G�L�Q�J���Œ���F�R�Q�M�X�J�D�W�L�R�Q���R�U���I�X�Q�F�W�L�R�Q�D�O�Lsation with e--donating groups which may act as a photosensitizer.[60] 

The honeycomb-like, hexagonal non-Bravais lattice structure and high surface:volume ratio of GQDs create 

a Brillouin zone that promotes high charge carrier mobility and hence interfacial redox reactions over 

recombination.[61] Selectively doped GQDs heterostructures can generate p-n junctions with enhanced charge 

carrier separation (Figure 4).[62]  

   

Figure 4. Band energy diagram of n- and p-type domains of a doped GQD photochemical diode exhibiting an 

Ohmic contact. Reprinted with permission.[62] Copyright 2014, John Wiley and Sons. 

 

3.2. GQD modification 

A range of modification strategies have been developed to tune the photophysical properties of GQDs (Table 

2). 
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Heteroatom/ 

function 

Precursors 

X: C source; Y: 

dopant  

Synthesis  Reaction 

conditions 

Reference 

N X: Graphene film 

Y: TBAP 

electrochemical C-V scan: ±  3V 

0.1M TBAP 

[63] 

N X: GO 

Y: DMF 

one-pot 

hydrothermal 

�+�H�D�W�L�Q�J�� �D�W�� �������Û�� �&����

4.5 h 

[64] 

N X: Glucose 

Y: NH4OH 

solution  

microwave ���������:���������P�L�Q [65] 

N X+Y: 

Glucosamine-HCl 

microwave 450 W; 40 min [66] 

N X: Citric acid (CA) 

Y: 

Diethylenetriamine 

solvothermal �������Û�&�������K [67] 

S X: Graphene 

Y: NaHS 

hydrothermal �������Û�&���������K �>�����@ 

S X: Glucose 

Y: 

Mercaptosuccinic 

acid 

hydrothermal �������Û�&���������K [69] 

S X: Citric acid 

Y: 3-

mercaptopropionic 

acid (MPA) 

pyrolysis �������Û�&�����������P�L�Q [70] 

B X: 4-

Vinylphenylboronic 

Y: Boric acid 

hydrothermal �������Û�&�����������K [71] 

B X: Sucrose 

Y: Boric acid 

hydrothermal �������Û�&�����������K [72] 

S + N X: Citric acid 

Y: Thiourea 

hydrothermal �������Û�&���������K [73] 

B + N X: Citric acid  

Y: Boric Acid & 

MPA 

pyrolysis �������Û�&�����������P�L�Q [74] 
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F X+Y: Fluorinated 

graphite 

Hummer’s method - [75] 

N + F X: GO 

Y: NH3 gas & 

fluorinated plasma 

CVD followed by 

plasma assisted at 

ambient pressure 

�������� �Û�&�� ���$�U flow); 

2h &  

[76] 

S + N + F X: CNT 

Y: Ionic liquid {1-

methyl-1-

propylpiperidinium

bis (trifluoro 

methylsulfonyl)imi

de} 

microwave 1100 W; 15 min [77] 

Cl + N X: Citric acid 

Y: 3,4-

dichloroaniline 

solvothermal �������Û�&�����������K �>�����@ 

Cl X & Y: Sucralose electrochemical DC supply; 7.5 min [79] 

Cl �;������-cyclodextrin 

Y: HCl 

hydrothermal �������Û�&���������K �>�����@ 

Se X: GO 

Y: NaHSe 

hydrothermal �������Û�&�����������K �>�����@ 

P X: Graphite rod 

Y: Sodium phytate 

electrochemical DC supply; 5V for 

12 h (CV scanning 

mode) 

�>�����@ 

P + N X: Pyrene 

Y: Nitic acid & 

ammonium 

dihydrogen 

phosphate 

hydrothermal �������Û�&���������K �>�����@ 

N + P + S X+Y: Anthracite 

coal 

pyrolysis �������Û�&�����������K �>�����@ 

Mn X: Lignosulfonic 

acid 

sodium salt 

Y: MnCl2 

hydrothermal �������Û�& �>�����@ 
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Table 2. Synthetic strategies to modify GQDs. 

 

3.2.1. Doping 

A variety of elements including nitrogen, sulphur, boron, and phosphorous have been introduced into the 

graphitic lattice of GQDs, altering the VB (akin to the highest occupied molecular orbital, HOMO) and CB 

(akin to the lowest unoccupied molecular orbital, LUMO) and band gap (Figure 5. ii) . Such doping can  

improve the dynamics of photoexcited charge carriers, and resulting QY and promote reactant adsorption.[101]  

N doping is most readily achieved due to the similar size of N and C atoms, and high electron affinity of N 

(3.04 eV) which permits isostructural substitution.[102] Jiang et al investigated the influence of N dopants and 

their spatial distribution on the spin density of pristine GQDs. Graphene clusters exhibiting zig-zag (GZ-A) and 

armchair edges (GA-A) have a higher spin density than those with only armchair edges. DFT calculations 

predict that the position at which N atoms are doped is more important than the number of dopant atoms 

introduced for N-doped GZ-A, whereas the converse was predicted for N-doped GA-A (Figure 5. i).[93] By 

dampening the local density of states (DOS), N- doping may create a band gap close to the Dirac point, 

imparting n-type semiconducting characteristics.[103]  

 

Fe + S X: GO 

Y: FeSO4  

hydrothermal �������Û�&���������K �>�����@ 

Amine X: GO 

Y: PEG-diamine, 

N2H4 

chemical reduction �������Û���&�����������K �>�����@ 

Amine X: GO 

Y: 2-

aminoterephthalic 

acid 

hydrothermal �������Û���&���������K �>�����@ 

Amine X: GO 

Y: Ammonia 

solution 

hydrothermal �������Û���&���������K �>�����@ 

Hydroxyl X: Pyrene 

Y: NaOH 

hydrothermal �������Û���&���������K [90] 

COOH X: Carbon black 

Y: Citric acid 

refluxing �����Û���&�����������K [91] 

COOH X: Dextrose 

Y: H2SO4 

hydrothermal �������Û���&���������K [92] 
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Figure 5. (i) Isosurface spin densities of N-doped GQDs. Red circles indicate N doping, yellow and blue 

indicate positive and negative spin densities, respectively. Reprinted with permission from [93], copyright 2022 

American Chemical Society. (ii) HOMO and LUMO levels of GQDs (a) simulated by DFT, and (b) 

experimentally measured. Reprinted with permission from [94], copyright ����������American Chemical Society. 

(iii) Schematic of defective B-GQDs. Reprinted with permission from [95], copyright 2017, John Wiley and 

Sons. (iv) Structures of (a-e) defect-free, monovacant, bivacant, trivacant and tetravacant GQDs respectively. 

Reprinted with permission [96], c�R�S�\�U�L�J�K�W���������������5�R�\�D�O���6�R�F�L�H�W�\���R�I���&�K�H�P�L�V�W�U�\�������Y�������D�����6�F�K�H�P�D�W�L�F���R�I���*�4�'�V���D�Q�G��

PL quenched surface functionalised GQDs, (b) schematic of F-GQDs based converted LED chip, (c) digital 

photographs of POSS-, PEG- and HAD-functionalised GQDs. Reprinted with permission [97], copyright 2021 

John Wiley and Sons. (vi) a) Steady-state PL spectra (b) (EIS), (c) transient-state PL spectra, and (d) transient 

photocurrent response of RF and RF-GQDs-0.4 respectively. Reprinted with permission �>�����@, copyright 2022 

John Wiley and Sons. (vii) (a) Synthesis of N-GQDs/CsPbBr3 nanocrystals, (b) PL spectra for CsPbBr3 and 

N-GQDs/CsPbBr3, and (c) digital photographs of N-GQDs/CsPbBr3 under 365 nm irradiation. Reprinted with 
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permission [99], copyright 2019, American Chemical Society. (viii) (a) Rate of H2 evolution for P-TCN/GQDs 

nanostructures, (b) H2 evolution profile, (c) transient photocurrent under 420 nm irradiation, and (d) EIS for 

BCN, P-TCN and PTCN/GQDs-0.15. Reprinted with permission [100], c�R�S�\�U�L�J�K�W�������������-�R�K�Q���:�L�O�H�\���D�Q�G���6�R�Q�V�� 

 

Many S-doped GQDs are also reported which exhibit superior conductivity to other doped GQDs, attributed 

to their narrower bandgaps and increased charge carrier conduction.[104] However, such improvements are 

modest due to the small electronegativity difference between C and S, and hence weak C-S bond polarisation. 

Co-doping N and S into GQDs confers a significant synergy.[105] Cheng et al synthesised S and N co-doped 

GQDs, which proved stable and displayed better luminescence properties and photochemical energy 

conversions with a QY of 61 % versus undoped GQDs.[105-106] The size match of B and C atoms permits for 

in-plane B doping of the carbon lattice in GQDs while retaining a planar structure. B is trivalent, and hence 

its substitution for C creates a h+ in the graphene substrate imparting p-type semiconductor behaviour and 

downshifts the Fermi level to the Dirac point.[107] Wang et al developed B-GQDs dispersed over carbon 

nanotubes (CNTs) as metal-free catalysts for sensing uric acid (UA). B doping increased the catalytic activity 

with high sensitivity of  �����������“���������������$�����0–1 cm–2 �F�R�P�S�D�U�H�G���W�R���S�U�L�V�W�L�Q�H���&�1�7�V���������������“���������������$�����0–1 cm–2) 

and adsorption of UA over undoped GQDs.�>�������@ Co-doped B, N-GQDs reportedly show higher conductivity 

and surface areas, also contributing to their superior electrocatalytic activity.[110] Budak et al demonstrated the 

cost-effective production of co-doped B,N-GQDs with controllable dual emissive characteristics  at 430 nm 

�D�Q�G�� �������� �Q�P�� �X�S�R�Q�� �H�[�F�L�W�D�W�L�R�Q�� �D�W�� �E�R�W�K�� �������� �Q�P�� �D�Q�G�� �������� �Q�P����that were favourable compared to toxic, metal-

containing semiconductor Cd and In-QDs.[111] Although P is isovalent with N, polarisation of the C-P bond 

polarity is opposite to that for C-N bonds, disrupting the planarity of graphene sheets, and inducing defects 

which decreases the conductivity of P-GQDs.[109] 

 

3.2.2. Vacancy formation 

Vacancy formation in graphene structures increases the electron density between carbon atoms resulting in 

shorter C-C bonds and the formation of pentagonal carbon rings (Figure 5. iv), which aids adsorbent 

activation. These local changes in turn induce band gap narrowing and lowers the polarisation resistance 

towards adsorbates.[96] Vacancies can be introduced during top-down synthesis of GQDs, redshifting their PL 

emission wavelength with respect to that obtained by bottom-up synthesis.[112] Lu et al reported large scale 

GQD production and selective vacancy formation via ultrasound-assisted liquid phase exfoliation of carbon 

precursors. Highly defective (HD) GQDs were associated with a strong D band in Raman spectra characteristic 

of disordered graphene. The QY and optical properties of HD GQDs were worse than those of low defect 

(LD) GQDs due to the presence of sp3 carbon atoms in the former.[113] B-doped, metal-free GQDs, which 

exhibit high concentrations of vacancies are paramagnetic with localised spins due to �Œ-bond cleavage.[95] 

Such materials have been exploited as non-toxic T1 contrast agents for magnetic resonance imaging (MRI). 4-

vinylphenylboronic acid (VPBA) was reacted with boric acid at 200 °C to prepare defective B-GQDs (Figure 
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5. iii). The intensity ratio of G:D bands by Raman spectroscopy was unity, evidencing a high degree of 

graphitisation and the presence of vacancies. B-GQDS also exhibit tunable excitation wavelength 

photoluminescence, enabling their use as in confocal fluorescence and NIR imaging measurements.[95]      

 

3.2.3. Surface functionalisation 

GQDs often possess surface oxygenate functions which may enhance electron transfer from the carbon core 

to the interface. The concentration of such functional groups, which being hydrophilic aid dispersion in water 

and biocompatibility, can be controlled through the GQD synthesis and enable covalent and hydrogen bonding 

to other modifiers. Chemical modification by electron-withdrawing modifiers lowers the LUMO while 

electron donating groups raise the HOMO, tuning the GQD electronic properties.[114] Vázquez-Nakagawa et 

al introduced chiral amides and pyrene by functionalising the edges of GQDs.[115] Amide H-bonding and 

�S�\�U�H�Q�H���Œ-�Œ���L�Q�W�H�U�D�F�W�L�R�Q�V���E�H�W�Z�H�H�Q���W�K�H��graphitic layers conferred chirality to the overall supramolecular GQD 

assembly. Resulting fluorescence emission spectra presented a weak red emission and brighter green emission 

deemed consistent with self-assembled chiral GQDs moieties.[115-116]  

 

For successful implementation in optoelectronics (e.g. UV-LED chips), it is desirable to minimise PL 

quenching in GQDs. This may be achieved by their functionalisation with polyhedral oligomeric 

silsesquioxane (POSS), poly(ethylene glycol) (PEG) or hexadecyl amine (HDA). Such organic moieties 

weaken �Œ-�Œ���V�W�D�F�N�L�Q�J��between graphitic layers in the GQDs (Figure 5. v), thereby achieving a 9.5, 9.0 and 5.6-

fold (in spin-coated films���� �D�Q�G�� ���������� �������� �D�Q�G�� ������-fold (in drop-cast films) suppression of PL quenching 

respectively, compared to unmodified GQDs.[97] According to Zhang et al, the reduction of GQDs by 

N2H4.H2O resulted in hydrazide moieties at the periphery of the GQDs through an esterification reaction with 

pre-existing COOH groups. These hydrazide groups promoted �Œ�:�Œ�
���D�Q�G���Q�:�Œ�
���W�U�D�Q�V�L�W�L�R�Q�V��accompanied by 

a strong yellow luminescence. In contrast, the reduction of GQDs by NaBH4 only induced weak blue 

photoluminescence.[117] Sheely et al computed the electronic structure of edge-functionalised GQDs by DFT. 

Functionalisation disrupts the GQD symmetry such that doubly degenerated excited states present in the 

pristine dots are split into distinct energy states. Analysis of the spatial distribution of excited states revealed 

that functionalisation results in a non-planar (buckled) sheets in two stable conformations, each exhibiting 

unique optical properties that are red-shifted;[61] controlling structural deviations from planarity offers a novel 

method for optical tuning. 

 

3.2.4. Composite formation 

The photophysical properties of freestanding GQDs are suitable for photocatalysis, however they may also be 

incorporated into nanocomposites with improved stability and activity. Synergy between individual 

components materials can enhance electronic conductivity.�>�������@ Composites of GQDs with resorcinol-

formaldehyde (RF) resin are efficient photocatalysts for H2O2 production.�>�����@ Electrostatic interactions 
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between polymer and GQD arise due to electron donation (donor, D) from the RF resin to the GQD acceptor 

(A) to create a D-A pair. The composite RF-GQDs-0.4 exhibited slower recombination and a higher 

photocurrent response, which increased charge carrier separation and transfer efficiency to reactants. (Figure 

5. vi). The composite photocatalyst delivered 5.1 and 15.6 times greater H2O2 productivity (2.45 mmol.h-1.g-

1) than pristine RF and bulk g-C3N4 respectively, with a solar to chemical conversion (SCC) efficiency of 

1.1%. 

     To increase excited state lifetime, Park et al designed stable, metal-free composites of amphiphilic, 

hexylamine functionalised GQDs (HA-GQDs) with thermally activated, delayed fluorescence (TADF) 

photosensitisers such as electron donors like NAPTPA-2Br.[119] These composites system show promise in 

the photocatalytic hydrogen evolution reaction (HER) under visible light �����!�������� �Q�P����irradiation. In the 

presence of triethylamine (TEA) as a sacrificial hole acceptor, a GQD-HA (5% HA)/NAPTPA-2Br composite 

produced 11.64 mmolH2
-1.gcatalyst

-1 over 14 h visible light irradiation. HA was proposed to promote n-type 

conduction by passivating electron traps. Photocatalyst �D�F�W�L�Y�L�W�\���R�Q�O�\���V�O�L�J�K�W�O�\���G�H�F�U�H�D�V�H�G���W�R���������������R�I���W�K�H���L�Q�L�W�L�D�O��

level after three reaction cycles. Xue et al prepared inorganic perovskites in the presence of N-GQDs (N-

GQDs/CsPbBr3) through an antisolvent method at room temperature to address the polarity and thermal 

stability of CsPbBr3.[99] The N-GQDs/CsPbBr3 composites showed high chemical stability in a polar 

environment (Figure 5. vii), emitting blue light ����� ���������Q�P�����Z�L�W�K��a high PL quantum yield; perovskite and N-

GQDs alone emitted green light. High photostability of the composite was observed, with 93% of the PL 

quantum yield retained after one week’s immersion in aqueous solution. GQDs have also been combined with  

phosphorous doped tubular hexagonal carbon nitride (P-TCN) by freeze drying to prevent agglomeration and 

retain the morphology of each component in the resulting composite.[100] An optimal loading of 0.15 wt% 

GQDs increased H2 productivity nine-fold (112.1 ���P�R�OH2. h�í1) compared to the pristine carbon nitride. The 

GQDs served as a photosensitiser and electron reservoir, extending the visible light response by tuning the 

bandgap to 2.49 eV, and enhancing e--h+ separation. Good stability was observed after 5 cycles (Figure 5.  

viii). 

 

3.2.5. Stone-Wales (SW) defects 

The conductivity, stability and optical transparency of GQDs are influenced by topological defects in the 

graphene lattice, such as point defects or line defects.[120] Such defects typically arise from the introduction of 

vacancies or interstitial atoms as point or line defects (dislocations). However, graphene can also undergo 

reconstruction by C-C bond rotation to form non-hexagonal rings, termed Stone-Wales (SW) defects (Figure.  

6), wherein four C-C bonds rotate by 90° to yield two pentagons and two heptagons. The energy to form this 

SW(55-77) defect is ~5 eV. Note that these C-C bond rotations exceed those in nanoribbons discussed earlier. 

The high energy for SW defect formation suggest that their equilibrium concentration should be negligible at 

temperatures <1000 °C. However, the genesis of SW defects under non-equilibrium conditions can lock them 

in at room temperature due to the high barrier to the structural reversion of graphene to its normal form.  
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Figure 6. Schematic of SW(55-77) defect formation by 90° C-C bond rotation in a graphene lattice.[121]     

 

There are other SW defects usually occur at the arm-chair positions of graphene lattice such as pentagon-

hexagon structure, ac (56) and hexagon–heptagon-heptagon structure named ac (677). The hexagonal network 

is the perfect structure for GQDs, and SW defects correspond to the dipole of ring pairs 5–7. The production 

energy of SW defects has to be determined in order to validate the existence of this faulty structure.[121-122] 

The presence of defects could be determined by property enhancement and characterization analysis. DFT 

calculations placed the activation energy of the SW transition between 9 and 11 eV, whereas the threshold 

energy for the irradiation-induced reaction was 19 eV.[123] In-situ studies of SW defect generation in single 

layer graphene were made by Hashimoto et al. and observed using high-resolution transmission electron 

microscopy (TEM).[124] Utilizing these imperfections, which may be generated locally during electron 

irradiation, allows us to conceive more diverse uses of carbon nanomaterials. 

 

3.3. GQDs as a co-catalyst  

Due to the high electron reserving capacity, long-�U�D�Q�J�H���Œ-electronically conjugated high electron conductivity 

and advantageous Fermi levels, the GQDs are typically used as electron collectors and transferring medium 

to facilitate charge separation. Wang et al. derived GQDs from Ti3C2 behaves as co-catalyst for La2Ti2O7/Ti3C2 

composites (LTC) for photocatalytic hydrogen production. During the course of the reaction, Ti3AlC2 (MAX 

phase) chemically changes to Ti3C2 by HF etching with subsequent removal of Ti atoms from the lattice points 

�O�H�D�Y�L�Q�J�� �W�K�H�� �X�Q�V�D�W�X�U�D�W�H�G�� �F�D�U�E�R�Q�� �E�R�Q�G�V�� �W�R�� �F�U�D�I�W�� �Z�L�W�K�� �H�D�F�K�� �R�W�K�H�U�� �S�U�R�G�X�F�L�Q�J�� �F�R�Q�M�X�J�D�W�L�Q�J�� �Œ-system with sp2 

framework of GQDs (Figure 7). The in-situ formation of GQDs in La2Ti2O7/Ti3C2 composites improved the 

electron hole pairs separation and transfer efficiency resulting in increased hydrogen production, 16 times 

higher than the pristine La2Ti2O7.[125]  



19 
 

Figure 7. a) Formation of GQDs of from Ti3C2 via HF etching of Ti3AlC2    b) chemical reaction between as-

formed GQDs and La2Ti2O7. Reprinted with permission.[125] Copyright 2020, John Wiley and Sons. 

 

Liu et al. designed a N-GQDs/SrTiO3(Al)/CoOx photocatalyst for water splitting, CoOx is applied as co-

catalyst for oxygen evolution and N-GQDs as hydrogen evolution co-�F�D�W�D�O�\�V�W�����)�L�J�X�U�H�����������7�K�R�X�J�K���*�4�'�V���V�X�I�I�H�U��

from poor crystallinity, doping creates heteroatom rich high conductive carbon core with consensual electron 

movement improving the charge density. The strong coupling of NGQDs with SrTiO3(Al) through Ti-O-C 

chemical bonds significantly improved light harvesting and charge separation and transfer efficiency which 

�O�H�D�G�V���W�R���a�����W�L�P�H�V���K�L�J�K�H�U���������������—�P�R�O���K-1) H2 production rate than the GQDs/ SrTiO3(Al)/CoOx. Furthermore, 

the pyrrolic N species in NGQDs act as active sites which boosts the surface hydrogen evolution rate.[126]  

 

  
Figure 8. Rate and the selective co-catalyst role of N-GQDs in overall water splitting. Reprinted with 

permission.[126] Copyright 2021, Royal Society of Chemistry. 

 

Another co-catalytic role of GQDs was put forth by Zou et al. on H2 production using g-C3N4/N-GQDs 

composites. The synergistic effects between g-C3N4 and N-GQDsignificantly improves the visible light 
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�D�E�V�R�U�S�W�L�R�Q���D�Q�G���V�K�R�Z�H�G�������������W�L�P�H�V���K�L�J�K�H�U���Z�D�W�H�U���V�S�O�L�W�W�L�Q�J���H�I�I�L�F�L�H�Q�F�\���������������P�P�R�O���K-1 g-1) than the bulk g-C3N4. 

Specifically, the upconversion PL property of N-GQDs absorbs visible light in the range of 600-���������Q�P���D�Q�G��

�H�P�L�W�V���O�L�J�K�W���Z�L�W�K���V�K�R�U�W�H�U���Z�D�Y�H�O�H�Q�J�W�K�����������������Q�P�����Z�K�L�F�K���Z�D�V���D�E�V�R�U�E�H�G���E�\���J-C3N4, generates electrons and holes, 

the electrons are then transferred to the surface of N-GQDs which was utilized for reducing H2O to H2 (Figure 

9).[127] 

 

Figure 9. (a) TEM (b) HR-TEM (c) Photocatalytic H2 production rate and (d) Proposed mechanism of g-

C3N4/N-GQDs over photocatalytic hydrogen production. Reprinted with permission.[127] Copyright 2016, 

Elsevier. 

 

Raghavan et al. decorated GQDs on the benchmark water splitting photocatalyst (TiO2) and reported the 

highest yield of H2 �S�U�R�G�X�F�W�L�R�Q�� ���������������� ���P�R�O�� �J-1 h-1). The highest H2 production rate was due to the 

photosensitizing and cocatalyst role of GQDs which is synergistically composited with TiO2 via 0D-0D 

interaction. In addition to that the recombination rate was decreased by GQDs decoration and the composite 

(GQDs/ biphasic TiO2���� �Z�D�V�� �V�W�D�E�O�H�� �X�S�� �W�R�� ���� �F�\�F�O�H�V�� �Z�L�W�K�� ������������ �R�I�� �V�R�O�D�U-to-hydrogen conversion efficiency 

(SHE).[21a]  

 

4. Photocatalytic reduction of CO2 over GQDs 
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On exploring materials applied for photocatalytic CO2 reduction, ocean of reports lies on metal based 

photocatalysts (noble metals, metal oxides, MOF, etc.) with deepened explanation on the reaction kinetics. 

Since then, carbon-based materials have been on consistent investigation for photo-reduction of CO2. 

Dimensional reduction turned the scientific community, as quantum dots came into picture which led to the 

discovery of GQDs for CO2 reduction.  

Recently, Du et al. developed new composite using porous carbon doped hexagonal boron nitride nanoribbons 

(c-BNNR) and photosensitizing GQDs which benefits the large bandgap of c-BNNR. The existing 0D/1D 

interaction between GQDs and c-BNNR confirmed from spectral analysis induces electron transfer from 

GQDs to c-BNNR surface which combines with the holes under the influence of inbuilt electric field and the 

photogenerated electrons from c-BNNR surface, participating in CO2 reduction.  Thus, the GQDs loading 

lowered the recombination rate and increased the production of surface-active electrons which selectively 

reduces CO2 �W�R���&�2���������������������P�R�O���J-1) and the activity was still maintained even after 5 cycles of experiment. 

This high stability and faster electron migration kinetics was achieved after the addition of GQDs which 

increased the reduction efficiency of the nanocomposites (Figure 10).�>�������@ 

 
Figure 10. Spectrum for (i) (a) Photoluminescence (PL) (b) Decay time (c) Photocurrent studies and (d) EIS 

(ii) UV-visible DRS and (iii) Band-gap calculated for BNNR, C-BNNR and GQDs/C-BNNR composites. 

Reprinted with permission.�>�������@ Copyright 2023, Elsevier. 

In recent work Yu et al., designed MOF based photocatalyst with GQDs in order to enhance CO2 reduction, 

utilizing photons. Herein GQDs is reported as co-catalyst which serves as an electron sink to facilitate 

photogenerated electrons from CB of PCN-222 towards the reduction of CO2. The zirconium metal porphyrin-

based framework which is the PCN-222 MOF activated CO2 reduction but the efficiency was quite low due 

to the higher rate of recombination, hence GQDs is encapsulated within the MOF via insitu solvothermal 



22 
 

method which promoted the electron hole pair separation. Illustrating the porosity, the MOF retained its 

porosity even after the addition of GQDs, unaffecting the band-gap but shows a small increase in the CB from 

0.9eV to 0.95eV. This evidently supported the thermodynamics required for photocatalytic CO2 reduction 

diminishing the rate of electron-hole recombination. With 4:1 volume ratio of acetonitrile to TEOA mixture 

as a sacrificial agent, the photocatalyst GQDs@PCN-222 reduced CO2 �W�R�� �&�2�� �Z�L�W�K�� �W�K�H�� �\�L�H�O�G�� �U�D�W�H�� �R�I�� ������������

���P�R�O���J���K���Z�L�W�K���Q�R���+2 production indicating that, the as prepared photocatalyst is selective to CO (Figure 11). 

This work reports the boosted activity by GQDs on MOF for selective reduction of CO2 as an electron 

reservoir, amplifying the photocurrent, making it a potential co-catalyst.[129] 

 

Figure 11. Photocatalytic properties and the performance of the following. (a) UV-DRS (b) Tauc plot (c) 

Mott-Schottky for GQDs@PCN-�������� ���G���� �7�U�D�Q�V�L�H�Q�W���S�K�R�W�R�F�X�U�U�H�Q�W���U�H�V�S�R�Q�V�H�V�� ���H���� �3�/�� �V�S�H�F�W�U�D�� �D�W����ex=365nm (f) 

Reduction rate of CO2 photcatalytically. Reprinted under terms of the CC-BY license.[129] Copyright 2023, 

Molecules. 

 

Wang et al. worked on compositing amino-functionalized MIL-�����%���)�H�����Z�L�W�K���*�4�'�V���H�O�H�F�W�U�R�V�W�D�W�L�F�D�O�O�\�����+�H���D�Q�G��

his colleagues explored that the static opposite charges on amine group in MOF and the carboxylate group in 

GQDs induced an acid-base electrical interaction by mechanical stirring. The composite formed was able to 

reduce CO2 �W�R���&�2���X�Q�G�H�U���Y�L�V�L�E�O�H���O�L�J�K�W���L�U�U�D�G�L�D�W�L�R�Q���Z�K�L�F�K���Z�D�V���D�U�R�X�Q�G�������������P�R�O���J���L�Q���������K�����7�K�H���F�D�Walytic activity 

could reach to a reportable value due to the incorporation of GQDs into porous MOF which facilitates the 

electron-hole separation as the CB value being more negative (-0.7eV) and charge carrier mobility with rapid 

photocurrent responses (Figure 12).[130]   
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Figure 12. (a) Powder XRD for NH2-MIL -�����%���)�H���� ���E���� �8�9-DRS of the photocatalytic composite (c) Tauc 

plot for NH2-MIL -�����%���)�H���� ���G���� �0�R�W�W-Schottky curve for NH2-MIL -�����%���)�H���� ���H���� �7�U�D�Q�V�L�H�Q�W�� �S�K�R�W�R�F�X�U�U�H�Q�W��

responses for pristine and composite material (f) Photoreduction rate of CO2 to CO. Reproduced under terms 

of the CC-BY license.[130] Copyright 2022, Acta Chimica Sinica. 

 

Xiong and his co-workers designed a new material by introducing oxygen vacancy (Vo) via simple alkali 

etching (Figure 13) on the surface of Bi2WO6 (BWO6-x) and decorated with GQDs for reducing CO2 by 

utilizing visible light. The composite showed 1.7-fold times higher CO2 reduction efficiency than the bare 

BWO6-x. Though BWO6-x produced huge mass of electrons, GQDs reduced the CB edge of BWO6-x towards 

�P�R�U�H���Q�H�J�D�W�L�Y�H���V�L�G�H���Z�K�L�F�K���L�Q�F�U�H�D�V�H�G���W�K�H���U�H�G�X�F�W�L�R�Q���F�D�S�D�E�L�O�L�W�\���R�I���W�K�H���F�R�P�S�R�V�L�W�H���Z�L�W�K���W�K�H���\�L�H�O�G���������������P�R�O���J�í1 h�í1 

of CO. The impact of oxygen vacancies and the vital presence of GQDs on the band structures of composites 

was clarified by estimating the HOMO-LUMO and partial density of states (PDOS) of composites. As HOMO 

electrons are notoriously loosely bound, they frequently move from one molecule's HOMO to another's 

LUMO. 
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Figure 13. Schematic synthesis of the composited GQDs/BWO6-x. Reprinted with permission.[131] Copyright 

2021, Elsevier. 

 

Figure 14 indicates that the electrons being generated by harvesting light are difficult to separate, causing the 

recombination rate to occur fast with the photogenerated holes. Both HOMO and LUMO levels of the 

composite predominantly confine in GQDs. Charge density variations revealed that the H atoms in GQDs and 

O atoms in BWO were the key areas where the electron clouds were concentrated. A definite trend for 

electrons to flow toward oxygen vacancies was evident in the distributions of electronic accumulation in 

GQDs. In light of the HOMO and LUMO findings, it was hypothesized that GQDs would function as 

photosensitizers to produce a small number of electrons that would move to the Vo-neighboring sites. As this 

was happening, a large number of photogenerated electrons travelled from BWO's Vo-farther atoms to its Vo-

neighboring sites in order to diminish the molecules of CO2 that had been adsorbed.  

 

Figure 14. HOMO and LUMO levels of (a) GQDs/BWO6-x and (b) GQDs/BWO and PDOS calculated results 

of (c) GQDs/BWO6-x and (d) GQDs/BWO. Reprinted with permission.[131] Copyright 2021, Elsevier. 
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The results of the DFT calculations showed that the electrons generated in the composite do not confine to the 

GQDs molecules but rather move from the Vo of the farther atoms to the Vo-neighboring atoms. The calculated 

result showing energy barrier as 0.16 eV for GQDs/BWO6-x and 1.12 eV for BWO revealed that the rate 

limiting step conversion of *COOH to *CO is simple (Figure 15). A few electrons might also be produced by 

GQDs, increased the capability for responding to visible light and made it possible for the conduction band of 

BWO to be on the negative side. Greater negative CB was helpful to improve composites' capacity for 

reduction. Thus, the CO2 molecule gets easily adsorbed at the Vo sites to create *CO2, by acquiring the 

photogenerated electrons and it was transformed to *CO2
-. Additional intermediates, such as *COOH and 

*CHO, were further created by combining them with H+, when H2O dissociated utilizing holes and O2-�(. 

Ultimately, the production of other carbon-based fuels are also occurred.[131] 

 

Figure 15. Free energy diagrams for converting CO2 to CO/*CHO over (a) GQDs/BWO6-x and (b) BWO (c) 

Surface microstructure of GQDs/BWO6-x (d) Illustration of a potential mechanism for GQDs/ BWO6-x's for 

reducing CO2. Reprinted with permission.[131] Copyright 2021, Elsevier. 

Similarly, Liu et al. incorporated hydroxylated GQDs on MIL-101(Fe) MOF via one-step hydrothermal 

technique for boosting its CO2 reduction efficiency. The dispersive forces of the GQDs distorts the structure 

of MIL -101(Fe) and develops meso-porosity at the structural interface between MIL-101(Fe) and GQDs that 

�O�H�D�G�V���W�R���L�Q�F�U�H�D�V�H���L�Q���W�K�H���S�R�U�H���Y�R�O�X�P�H���L�Q���W�K�H���U�D�Q�J�H���R�I��������-���������Q�P�������7�K�H���L�Q�F�U�H�D�V�H�G���S�R�U�H���Y�R�O�X�P�H���P�D�\���E�H���V�X�V�F�H�S�W�L�E�O�H��

for CO2 molecules to capture the mesoporous sites of adsorption, increasing the efficiency of CO2 reduction. 
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Furthermore, the distributed GQDs primarily functioned as a superb zone for activating electron mobility so 

that photogenerated electrons could be transferred quickly and efficiently. Therefore, the production of CO 

was significantly increased when the GQDs were loaded and exhibited ~ 5 times higher CO production rate 

than the pristine MIL-101(Fe) (Figure 16.a)  

 

Both GQDs and MIL-101(Fe) may be stimulated to form electron-hole pairs when exposed to visible light 

���)�L�J�X�U�H���������E�������$�V���&�%�����(�ÛCB = - �����������H�9�����D�Q�G���9�%�����(�ÛVB = 2���������H�9�����R�I���W�K�H���*�4�'�V���Z�H�U�H���O�R�Z�H�U���W�K�D�Q���W�K�R�V�H���R�I���0�,�/-

101(Fe) bands, the photoexcited electrons were migrated from GQDs to MIL-101(Fe), whereas the 

photoexcited holes migrated from MIL-101(Fe) to GQDs. Hence, the decomposition of the photogenerated 

electron- hole pairs was obviously decreased by the rapid migration of electrons and holes from both the 

semiconductors.[132] 

 

Figure 16. (a) Photogeneration of CO from CO2 and (b) Plausible illustrated scheme for the photo-reduction 

of CO2 over GQDs/MIL-101(Fe) nanocomposites. Reprinted with permission.[132] Copyright 2020, John 

Wiley and Sons. 

 

Wei et al. developed Zn-MOF@GQDs heterostructures using wet chemical routes (Figure 17) by introducing 

structural defects on MOF surface that makes GQDs homogeneously disperse on it. In the heterostructure, the 

GQDs act as a photon harvesting unit and the defective Zn-MOF matrix provides a platform for selective 

conversion of CO2. The Zn-Bim-His-1@GQDs composite showed excellent selective CH4 production rate 

with good stability and reusability. The high CH4 �V�H�O�H�F�W�L�Y�L�W�\�����a�����������D�V���F�R�P�S�D�U�H�G���W�R���W�K�H���+2 and CO production 

rate can be attributed to the more negative ECB values of Zn-Bim-His-1 (-1.22 V) and GQDs (-1.46 V) than 

the redox potentials of CO2 and H2O reduction. The abundant active sites on the defective MOF surface and 

the intimate interface between Zn-Bim-His-1 and GQDs leads to a better charge carrier transport efficiency 

which are responsible for the high selectivity.  [133]  

 



27 
 

 

Figure 17. (a) Synthesis scheme (b) Photogeneration of CH4, CO and H2 over different photocatalysts (c) 

Transient photo-current responses (d) Production of CH4, CO and H2 (e) Stability testing to produce CH4 and 

CO utilizing Zn-Bim-His-1@GQDs respectively. Reprinted with permission.[133] Copyright 2020, Royal 

Society of Chemistry. 
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In addition, Zubair et al. electrodeposited GQDs onto TiO2 nanotube arrays (GTNT) by Ti-foil anodization on 

�Y�D�U�\�L�Q�J���W�K�H���G�X�U�D�W�L�R�Q���R�I���H�O�H�F�W�U�R�G�H�S�R�V�L�W�L�R�Q�����)�L�J�X�U�H�������������7�K�H���*�7�1�7�����������V�H�F���D�Q�R�G�L�]�D�W�L�R�Q�����V�D�P�S�O�H�V���G�H�P�R�Q�V�W�U�D�W�H�G��

improved photocurrent density and lowered impedance in comparison to TNT samples, showed a 5.6 times 

higher CH4 �J�H�Q�H�U�D�W�L�R�Q�� �U�D�W�H�� ������������ �S�S�P�� �F�P�í2 h�í1) than the bare TNT (0.35 ppm cm�í2 h�í1). Under AM 1.5 

illumination, the GQDs effectively extract photogenerated conduction band electrons and transport them to 

the photocatalytic active surface where they may interact with adsorbed CO2 molecules and H+ produced by 

H2O oxidation.[134] 

 

Figure 18. Mechanistic scheme for electrochemical anodization of G-TNT (GQDs-sensitized TiO2 nanotube 

arrays). Reprinted with permission.[134] �&�R�S�\�U�L�J�K�W���������������(�O�V�H�Y�L�H�U�� 

 

Yan et al. illustrated two distinct methods for reducing the bandgap of GQDs. In particular, enlarging the 

conjugated sp2-carbon system by conjugating GQDs with poly-aromatic moieties increases the 

photoluminescence wavelength (�Q�D�U�U�R�Z���W�K�H���E�D�Q�G�J�D�S�����S�U�L�P�D�U�L�O�\���E�\���O�R�Z�H�U�L�Q�J���W�K�H���Œ�
���R�U�E�L�W�D�O�����$�V���D�Q���D�O�W�H�U�Q�D�W�L�Y�H����

�D�Q���µ�Q�¶���R�U�E�L�W�D�O���F�D�Q���E�H�� �D�G�G�H�G���E�H�W�Z�H�H�Q���W�K�H���Œ���D�Q�G���Œ�
�� �R�U�E�L�W�D�O�V���W�K�U�R�X�J�K���I�X�Q�F�W�L�R�Q�D�O�L�]�D�W�L�R�Q���Z�L�W�K���H�O�H�F�W�U�R�Q�� �G�R�Q�D�W�L�Q�J��

functional groups (Figure 19. a). The functionalized GQDs have Z-scheme structure constituted by n- and p- 

type domains intramolecularly, and are separated by sp2-carbon Ohmic contact. A GQDs's narrow bandgap 

encourages light absorption, and the intramolecular Z-scheme structure limiting the recombination rate of 

photogenerated electron-hole pairs and improves the couple redox processes on the same molecule.  This 

enabled the material to be effectively active for photoreduction of CO2 to CH3OH (Figure 19. b-e).[135]  
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 Figure 19. (a) Bandgap narrowing by conjugating GQDs with poly-aromatic rings (b) Band-level illustration 

of the CO2 reduction process. Time periods of (c) CO2 reduction and (d) H2 evolution for all known GQDs 
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types (420-�������� �Q�P������ ���H���� �6�F�K�H�P�D�W�L�F�� �U�H�S�U�H�V�H�Q�W�D�W�L�R�Q�� �R�I�� �&�22 reduction photocatalysis based on the GQDs Z-

scheme. Reprinted with permission.[135] �&�R�S�\�U�L�J�K�W���������������$�P�H�U�L�F�D�Q���&�K�H�P�L�F�D�O���6�R�F�L�H�W�\�� 

Similarly, Yadhav et al. covalently functionalized the GQDs (fGQDs) with ANP chromophore which showed 

improved light absorption and rapid electron conduction with minimal charge recombination. The visible light 

absorption was further improved by integrating the fGQDs with biocatalyst (Formate dehydrogenase (FDH) 

enzyme) which showed exclusive production of formic acid from CO2. The 1,4- nicotinamide adenine 

dinucleotide (NADH) photo-regeneration and HCOOH creation caused by visible light were used to assess 

the photocatalytic activity of the fGQDs and compared it with conventional functionalized chemically 

converted graphene (fCCG).  (Figure. 20) The improved light absorption in fGQDs  resulted in 1.7 times 

increase in the  total NADH regeneration and HCOOH production as compared to fCCG photocatalyst. [136]  

 
Figure 20. Photocatalytic activity for (a) NADH regeneration and (b) HCOOH production of GQDs, ANP, 

fGQDs and fCCG photocatalyst respectively. Reprinted with permission.[136] Copyright 2016, John Wiley and 

Sons. 

 

5. Conclusions and future perspectives 

Since its accidental discovery in 2004, GQDs have been widely applied in the various fields which is being in 

tremendous progression and changing the landscape in scientific field. Especially in the field of energy 

production, photo-catalytically GQDs are highly exploited for its unique thermal, electrical and optical 

properties which is influenced by its chemical composition, dopants, edge arrangements, flaws, and shape by 

facile synthesis and rational designing. More specifically, for reducing CO2, GQDs is pertinently used, as the 

�F�R�P�S�O�H�[�� �J�L�D�Q�W�� �Œ-conjugated system allows activation of CO2, photosensitize the whole reaction towards 

product selectivity. This dual role played by GQDs perceived to be profundified in recent times for energy 

related applications.  
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The major limitations in solar driven CO2 reduction: 1) low efficiency in light absorption 2) selective 

production with paramount yield rate and 3) practical applicability could be resistively addressed by GQDs. 

The confined size of GQDs increases the bandgap wherein it could be tuned by modifying the edges or surface 

with suitable impurities to overcome the first limitation. The highly stable hexagonal network in graphene 

lattice with the extended conjugation enables heterojunction formation with other selective CO2 redox 

catalysts for increased production rate and yield percentage of the C- products. The affinity of CO2 molecule 

towards GQDs is appreciable as the carbon rich surface facilitates CO2 adsorption with different C-bonding 

linkages. Even for real-time applications, GQDs based catalysts work well as the eco-friendly synthetic 

strategies and structural stability could commercialize GQDs based materials in bulk without any release of 

toxic substances and manipulate it into thin film and sheets in propagating universal device technologies. 

Designs of large-scale photoreactors are being highly explored nowadays for heterogeneous catalytic reactions 

which sows seeds for mass reduction of CO2.  In addition to catalytic reactions (Table 3), GQDs have been in 

growing interest for sensing, engineering technologies, and in biomedical operations with upcoming invention 

in the gadget requirements exerting new fields like near infra-red (NIR) bioimaging and metal traps.  

Nevertheless, when comes to its applications, an application that works well for one type of GQDs may not 

work well for another, so in order to achieve systematic characterization and deepened understanding of GQDs 

as well as more successful applications, it is urgent to develop new methods to synthesize GQDs with distinct 

facets. Without being able to accurately regulate GQDs composition and shape, it is difficult to experimentally 

isolate each factor's unique influence, but theoretical investigations can offer valuable information.  

Another ultimatum is the yield of GQDs synthesis. Current synthetic strategies usually result in <10% yield 

and the highest report 45% results from new photo Fenton reaction method and coal as the precursor. Also, 

the QY is very much lower (<22.9%) than the traditional semiconductor QDs (write the value) which is often 

being one of the greatest current challenges faced by researchers. Thus, the introduction of defects in GQDs 

and surface modifications of GQDs is adopted which offers better intrinsic properties, with adaptable 

bandgaps enhancing photocatalytic activity. But, despite the fact that intriguing occurrences have already been 

seen and more are expected, heterojunctions generated between GQDs and other nanomaterials (for example, 

the presence of distinct heteroatom dopants and both chemical groups that donate and remove electrons) are 

not well understood. The PL mechanism (usually reported from blue to yellow) lacks exact understanding and 

it needs theoretical studies to support it.[19a, 137] Additionally, an intriguing discovery demonstrates that edge-

functionalization of chiral compounds can add chirality to a GQDs. It is important to continue researching 

how chirality and distortion in general impact GQDs characteristics.�>�������@ 

More research is necessary in recovering QDs from an aqueous solution which is remaining an arduous task, 

wherein magnetic nanomaterials can be used with QDs as an alternative. Studies regarding the use of QDs in 

combination with magnetic materials are currently being conducted and it should be noted that the 

performance is greatly influenced by the stability and its dispersity on the surface of magnetic materials. Thus, 
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future research in this area should concentrate on tightening control over the physical and chemical 

characteristics of pure GQDs and their hybrids when put together to form hybrid photocatalysts. 

The development and various functionalization pathways, and applications of the GQDs have all been covered 

in length in this review, along with analyses of those settings. It also offered advice on how GQDs 

development should go in the future. From the existing scope of GQDs, it continues to grow, as seen by the 

latest applications of GQDs as quasi-homogeneous catalysts for CO2 reduction, and its future application as 

flexible materials. GQDs may be utilized to develop and enhance the characteristics of other active 

nanomaterials, much like other graphene materials. With their great dispersibility and inherent amphiphilicity, 

GQDs might theoretically represent a new class of surfactants with several uses. Ultimately, the moment has 

come for a new strategy's development and, in the near future, to industrialize it. For these applications to be 

widely developed, low-cost industrial manufacturing is urgently desired. Moreover, it is necessary to be able 

to create GQDs by carefully regulating their size in order to manage their macroscopic properties, as well as 

their inner and edge chemistry. 

 

 

Table 3. Summary of CO2 photoreduction systems with GQDs based catalysts. 

Catalyst Synthesis Experimenta

l condition 

Light source Main product yield 

/ ���P�R�O.g-1.h-1 

Ref. 

GQDs@PCN-222 Solvothermal; 

DEF, 130°C, 24 h 

CO2 gas 

purged in D.I. 

H2O + purged 

in 4:1 (v/v) 

MeCN: 

TEOA 

300 W Xe 

lamp; cutoff 

filter 420 nm  

�&�2���	�������������� [129] 

GQD/NH2-MIL -

�����%���)�H�� 

R.T stirring; 24 h CO2 gas 

purged in D.I. 

H2O + purged 

in 4:1 (v/v) 

MeCN: 

TEOA 

300 W Xe 

lamp; cutoff 

filter 420 nm 

CO & 59 [130] 

GQDs/c-BNNR Ultrasonication; 1 

hr 

CO2 gas 

purged in D.I. 

H2O 

300 W Xe 

�O�D�P�S���������!��������

nm) 

CO & 33.47  

 

�>�������@ 

GQDs/MIL-

101(Fe) 

Solvothermal; 

DMF, 110ºC, 20 h 

CO2 gas 

purged in 4:1 

high-pressure 

Xe lamp (300 

CO & 224.71  [132] 
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(v/v) MeCN: 

TEOA  

W); cutoff 

filter (420< 

������������ nm) 

GQDs/BWO���í���[ Alkali etching; 

0.1 M NaOH, 60 

ºC, 1-2 h 

CO2 gas 

purged in D.I. 

H2O + TEOA 

300 W of Xe 

lamp; 420 nm 

filter 

CO & 43.9  [131] 

GQDs/ v-TiO2 R.T stirring; 24 h CO2 gas 

purged in D.I. 

H2O 

300 W Xe 

lamp (320 nm 

�”�������”�����������Q�P����

light intensity: 

160 MW/cm2) 

CH3OH & 13.24; 

C2H5OH & 5.65; 

CH4 & 0.445  

[139] 

GQDs-BNTPL Solvothermal; 

�7�R�O�X�H�Q�H�������������ž�&����

12 h 

CO2 gas 

purged in D.I. 

H2O + TEOA, 

Ar atm. 

Xe lamp (300 

W); 420 nm 

cutoff filter  

CH3OH & 0.695  [135] 

N-GQDsVo-

NaTaON 

Hydrothermal; 

230 ºC, 14 h 

CO2 /H2 gas 

purged in D.I. 

H2O 

300 W Xe 

lamp; cutoff 

�I�L�O�W�H�U�������!��������

nm) 

�&�2���	�������� 

CH4 & 4  

[140] 

Zn-MOF@GQDs R.T stirring; 30 

min 

CO2 gas 

purged in 

3:1:1 (v/v) 

MeCN: 

TEOA: H2O 

300 W Xe 

lamp; 420 nm 

cutoff filter 

CH4 & 20.9; 

 CO & 3.7  

[133] 

GQDs/TNT films Electrochemical 

anodization; 

Anode-Ti foil  

WE- stainless steel 

mesh 

Electrolyte – 

GQDs soln, 

10 V 

 

CO2 gas 

purged in D.I. 

H2O 

100 W Xe 

solar 

simulator  

CH4 & 0.16 ppm 

cm�í2 h�í1 

[134] 
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GQDs-ANP Refluxing; 24 hr, 

Ar atm 

CO2 gas 

purged in 

phosphate 

buffer + 

TEOA 

450 W Xe 

lamp; 420 nm 

cut-off-filter 

�+�&�2�2�+���	�����������������“��

�����������—�P�R�O�������������P�L�Q�� 

[136] 
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