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Abstract
Graphene, an allotrope of carbon in 2D structure, has revolutionised research, development and application in various disci-
plines since its successful isolation 16 years ago. The single layer of sp2-hybridised carbon atoms brings with it a string of 
unrivalled characteristics at a fraction of the price of its competitors, including platinum, gold and silver. More recently, there 
has been a growing trend in the application of graphene in catalysis, either as metal-free catalysts, composite catalysts or as 
catalyst supports. The unique and extraordinary properties of graphene have rendered it useful in increasing the reactivity and 
selectivity of some reactions. Owing to its large surface area, outstanding adsorptivity and high compatibility with various 
functional groups, graphene is able to provide a whole new level of possibilities and flexibilities to design and synthesise 
fit-for-purpose graphene-based catalysts for specific applications. This review is focussed on the progress, mechanisms and 
challenges of graphene application in four main reactions, i.e., oxygen reduction reaction, water splitting, water treatment and 
Fischer–Tropsch synthesis. This review also summarises the advantages and drawbacks of graphene over other commonly 
used catalysts. Given the inherent nature of graphene, coupled with its recent accelerated advancement in the synthesis and 
modification processes, it is anticipated that the application of graphene in catalysis will grow exponentially from its current 
stage of infancy.
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1 Introduction

Catalysis is the application of catalysts to increase the rate of 
reaction and/or selectivity without being consumed during 
the reaction. The catalyst provides an alternative reaction 
pathway with lower activation energy and hence increases 
the rate of reaction. In some cases, the catalyst modifies the 
reaction mechanisms altogether, leading to improved reac-
tion selectivity. Therefore, with the same reaction condi-
tions, catalysis can maximise the conversion of reactants 
whilst reducing undesired by-products and pollutants [1, 2].

In general, only small amounts of catalysts are required to 
carry out the reaction and spent catalysts have the potential 
to be regenerated and reused. With the increasing demand 
for higher efficiency, lower environmental impacts and bet-
ter economics, catalysis has emerged as a popular option 
for industrial chemical processes where approximately 90% 
of the commercial chemical products utilise some form of 
catalysts during the manufacturing process [3]. This involve-
ment is still increasing due to the amount of progress made 
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in catalysis study, which, in turn, fuels further research and 
development of catalysis in industrial processes [4].

In general, catalysis is subdivided into two main catego-
ries, i.e., homogeneous and heterogeneous catalysis. The for-
mer being a catalytic process where catalysts and reactants 
coexist in the same phase, usually providing a higher reactiv-
ity and selectivity since the reactions are not limited by mass 
transfer [5]. However, homogeneous catalysis is accompa-
nied by the practical challenge of effectively separating the 
spent catalysts from products/unreacted reactants after the 
reaction. The latter, on the contrary, is a process where cata-
lysts and reactants exist in different phases. Although such 
a configuration leads to a smaller contact area with active 
sites [6], heterogeneous catalysis is widely used in industrial 
processes due to its ease of separation, handling and mainte-
nance. During heterogeneous catalysis, the active species are 
usually embedded on a support material which provides a 
large surface area to increase the otherwise limited effective 
contact area, as well as to prevent agglomeration of catalytic 
particles [3].

In the past several decades, various catalytic materials 
have been tried and tested in an attempt to strike a balance 
between efficacy, efficiency and cost. Conventionally, cata-
lysts are mostly based on rare metals, noble metals, transi-
tion metals, metal oxides and/or hybrid materials or compos-
ites with active metallic centres. However, their applications 
as catalysts have been limited due to the associated high 
costs, toxicity [7] and environmental issues [1]. Moreover, 
the high surface energy of metallic particles commonly leads 
to severe aggregation, resulting in the loss of accessible 
active sites, and hence catalytic activity. This, in industry, 
is compensated by using an even larger quantity of scarce 
and depleting metals with more detrimental impacts on the 
environment. Hence, there is a need to explore potential 
alternatives with higher efficiency, lower costs and better 
sustainability in the efforts to relieve the dependency on 
metallic resources [1, 4, 7].

As alternatives to the materials currently used in catalysis, 
various carbon-based materials have been explored as forms 
of metal-free catalysts or catalyst supports. This is partially 
due to its abundance in nature, low cost and reduced nega-
tive impacts on the environment [8]. Carbon-based materials 
are also known to uphold high stability in acidic and basic 
conditions compared to commonly used materials, such 
as silica and zeolite. These characteristics are what make 
carbon-based catalysts highly desirable as an alternative in 
a wide range of industrial processes.

In this study, the main carbon-based material that will be 
focused on is graphene, a monolayer of hexagonally arrayed 
carbon atoms with a large theoretical surface area of approx-
imately 2630 m2 g−1 [9–11]. Graphene is also known to have 
strong chemical resistance, high thermal stability, conveni-
ent recovery of active phase [12] and good dispersibility 

[13], thus making it extremely desirable as a catalytic mate-
rial. More importantly, graphene has outstanding adsorptiv-
ity, which plays a very crucial role in heterogeneous cataly-
sis as it is the minimum requirement for reactant molecules 
to adsorb onto the surface active sites for reactions to take 
place. The easily accessible structure on both surfaces of 
graphene sheets would significantly reduce the time taken 
for reactants to diffuse to an active site. The mass transfer 
of reactants becomes facile without internal diffusion [14], 
hence increasing the reaction rate in heterogeneous catalytic 
processes which are mostly determined by the mass transfer 
or diffusion.

There are three main categories of sites on the surface 
of graphene, including the top (T), hollow (H) and bridge 
(B) sites (refer to Fig. 1) [15–17]. According to the density 
functional theory, adatoms from transition metals, such as 
Ru, Ti, Fe, Ni, V and Co, are adsorbed stably on the hollow 
(H) sites. In contrast, non-metallic elements and transition 
metals with nearly or completely filled d shells, such as Pt, 
Pd and Cu, are more stable on the bridge (B) sites. On the 
other hand, H, F, Cl, Br, I, Ag and Au are more stable on 
the top (T) sites [15, 16]. The type of adsorption that the 
adatoms undergo is classified into either long-range, weak 
van der Waals adsorption (physisorption) or short-range, 
strong covalent adsorption (chemisorption), depending 
on the properties of both the adsorbent and adsorbate. For 
example, adatoms of Cu and half-filled d shell transition 
metals, such as Au and Ag, have long bond range; hence, 
they are expected to undergo physisorption. On the contrary, 
Pt, Pd and Ni with short bond distances are expected to form 
covalent bonds with graphene with higher resistance to the 
adatom movement [15, 16, 18]. The hexagonally arrayed 

Fig. 1  Three adsorption sites of high symmetry for binding the 
adatom over graphene [17]
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carbon atoms in graphene are packed in two-dimensional 
honeycomb lattices composed of two equivalent sub-lattices 
of carbon atoms being bonded together by sigma bonds. The 
pi bonds which are formed during the hybridisation of the 
carbon atoms form interactions with each other between the 
graphene layers, thus allowing delocalised electrons to be 
conducted through the basal planes [19] (refer to Fig. 2). It 
is important to note that some properties vary considerably 
with both the number of layers and the stacking order [17].

In the efforts of further improving the application of gra-
phene in heterogeneous catalysis, extensive work has been 
put into exploring graphene and its derivatives, such as 
graphene oxide (GO), reduced graphene (rGO) and doped 
graphene as catalytic materials [20]. The process of doping 
graphene structures has always played an important role in 
the field of catalysis. The presence of oxygen-containing 
functional groups in both GO and rGO provides the possi-
bilities of further modification with other functional groups, 
potentially improving the solubility, dispersibility and sta-
bility of GO and rGO [3, 21, 22]. However, the presence of 
oxygen functional groups on the surface can cause defects 
in the basal plane and electron irradiation on graphene lay-
ers [23], reducing the mobility of electrons, resulting in the 
graphene material experiencing critical losses in terms of 
conductivity and catalytic activity. In order to restore and 
recover the lost properties, GOs are usually reduced via ther-
mal and chemical methods [24].

Apart from having desirable properties for catalysis, gra-
phene has also been identified to possess properties which 
are useful in a wide range of applications [25, 26] and tech-
nologies, thus prompting extensive research on graphene 
as well as its possible applications. The large surface area 
and remarkable electrical conductivity of graphene also 
promote its application in electrochemical reactions which, 
in turn, are applied in oxygen reduction reactions (ORRs) 
in membrane fuel cells as well as in hydrogen generation 
during water splitting. Also, the excellent performance of 
graphene in photocatalysis has fuelled its development in 

water treatment and environmental engineering. Due to the 
uniform dispersion of catalytic metal oxide nanoparticles 
on graphene and its successful application in various sys-
tems, a series of work on using graphene-based catalysts 
in Fischer–Tropsch synthesis were reported to improve the 
production of hydrocarbon fuel. Hence, the use of graphene 
in catalysis has significant potential in contributing to the 
progress in clean energy technology.

Despite all of the possible applications of graphene and 
graphene-based materials in industrial processes, the feasi-
bility of producing graphene at an industrial scale is yet to be 
established and most graphene-based catalysts, to date, are 
prepared at a laboratory scale. At the current stage of devel-
opment, most works are focused on improving the durabil-
ity and activity of the catalysts. However, the full extent of 
the structures, morphologies and properties of graphene and 
graphene-based materials can vary due to many possible 
parameters, such as feedstock material, reduction method, 
composition, the type of reducing agent, temperature and 
pressure. Due to the varied permutations when it comes to 
applying graphene and graphene-based materials, the opti-
misation of graphene-based materials in the field of cataly-
sis needs to be further emphasised, explored and developed 
from its current stage of infancy [27, 28].

This review aims to critically understand the recent 
progress made in the application of graphene in catalysis. 
Specifically, this review characterises a series of graphene-
based catalysts and supports used in four of the most popular 
chemical processes, i.e., oxygen reduction reaction (ORR), 
water splitting, water treatment and Fischer–Tropsch synthe-
sis. The contributing factors to its successful applications, 
the reaction mechanisms, as well as the scalable synthesis 
pathways, are studied. A horizontal comparison with other 
commonly used metal oxide and carbon catalysts and verti-
cal comparison with similar graphene-based and metal-free 
catalysts are carried out to analyse the potential and chal-
lenges of graphene in catalysis comprehensively.

2  Oxygen reduction reaction (ORR)

Oxygen reduction reaction (ORR) is known to be one of the 
most significant reactions that occur in various bioprocesses 
and also in systems involving energy conversion [29]. Spe-
cifically, in the development of energy technologies, poly-
mer electrolyte membrane fuel cells with high conversion 
efficiency and low emission have been increasingly devel-
oped and recognised as a pivotal part of electrochemical 
technology. The setup of a polymer electrolyte membrane 
fuel cell includes an anode and a cathode electrode located 
separately at the two sides of an acidic or alkaline electrolyte 
membrane. Fuel oxidation reaction involves the oxidation of 
hydrogen and occurs at the anode, whilst ORR takes place at Fig. 2  Schematic crystal structure of graphene [19]
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the cathode. There are two known pathways in which ORR 
occurs. The first pathway is a direct four-electron reduction 
pathway which directly gives rise to the formation of  H2O, 
whilst in the second pathway  H2O2 is formed and eventu-
ally reduced to  H2O [30]. The former is more favourable as 
it transfers four electrons per molecule [29]. On the other 
hand, the  H2O2 produced in the second, the two-electron, 
pathway reduces the stability via degradation of the mem-
brane and ionomer [31]. Eventually, it decreases the catalytic 
activity by loss of active sites. This is particularly true for 
transition-metal-based active sites which experience oxida-
tive attacks [32].

In acidic fuel cells, the rate of ORR at the cathode is 
significantly lower than that of the oxidation of hydrogen 
at the anode. It, therefore, is considered an adverse, limit-
ing effect on the overall performance of the fuel cell [32]. 
In order to counter this issue, a cathode catalyst (usually 
platinum-based) is required to boost the kinetics of the ORR 
to ensure rapid overall reactions of the fuel cell. In contrast, 
the kinetics of oxygen reduction is considerably higher in 
alkaline conditions, thus providing more flexibilities to uti-
lise other less efficient, and also less costly, materials other 
than platinum group metals as catalysts [33].

The two main challenges faced by the application of poly-
mer electrolyte membrane fuel cell are the high costs and 
low durability of the cathode ORR catalysts. The cathode 
ORR catalysts are generally composed of platinum and/or 
other rare, expensive metals, which account for approxi-
mately 50% of the material cost in fuel cells [28, 33, 34]. 
Although the platinum-based cathode catalysts are currently 
the most practical and efficient in fuel cells [35, 36], they 
are also affected by catalyst deactivation such as sinter-
ing, Pt dissolution and agglomeration [28]. As a result, the 
application of fuel cells has been limited by its high capital 
and maintenance costs. Potential alternatives, particularly 
graphene-based materials, have been progressively explored 
to overcome this problem.

2.1  Graphene‑based platinum catalyst

To date, Pt or Pt-alloy catalysts remain as the most widely 
employed ORR catalysts for fuel cells. However, graphene 
is commonly introduced as a support for Pt or Pt-alloy cata-
lysts to provide a large electrochemical surface area (ECSA). 
Thus, by introducing a large ECSA, oxygen diffusion on 
the surface of metal sites is facilitated and promoted, thus 
increasing the overall performance of ORR. This has been 
illustrated in an experiment where the reduction current on 
Pt/RG-O is 4.94 A  g−1, significantly higher compared to 3.17 
A  g−1 on Pt/C when under kinetic control at a given polar-
ised potential of 0.6 V [37]. However, the resisting nature of 
graphene makes surface deposition extremely challenging, 
particularly whilst depositing well-dispersed nanoparticles 

of platinum species and/or other metallic species of uniform 
size. The most popular preparation method is by interact-
ing metal precursor solution such as  H2PtCl6 with graphene 
oxide to form composite [28] as oxygen-containing func-
tional groups on the surface of graphene oxide provide high 
solubility in numerous solvents. In other research works, 
poly(diallyldimethylammonium chloride) (PDDA) [38] 
and quaternary ammonia poly(2,6-dimethyl-1,4-phenylene 
oxide) (AEI) [39] are applied to functionalise the surface 
and strengthen the deposition of nanoparticles. The high 
concentration of functional groups reduces the electronic 
conductivity, thus leading to chemical reduction or thermal 
reduction occurring simultaneously.

Regarding the improvement in ORR performance, enlarg-
ing the ECSA has become the driving factor that influences 
the research direction. A significant increase in ECSA is 
found to be achieved as a result of optimal two-step reduc-
tion which involves the addition of  NaBH4 in GO dispersion 
followed by ethylene glycol (EG) at 150 °C for 12 h, rather 
than a one-step reduction where only EG is used [40]. A 
slight improvement in the ORR activity is also observed by 
two-step reduction using EG, followed by 1,2-hexadecan-
ediol (HAD) as an additional reductant [41]. Another more 
effective reductant available is hydrazine. It is recommended 
that Pt/GO should not be directly exposed to hydrazine to 
avoid stacking of graphene sheets caused by strengthened 
pi–pi interaction and the anchored platinum particles which 
will hinder the collapse. Therefore, hydrazine is only used 
after the partial reduction of  NaBH4 on Pt/GO, followed by 
a heat treatment at an optimal temperature of 300 °C for 8 h. 
Overall, this method of exposing Pt/GO catalyst to hydrazine 
at optimal temperature was responsible for approximately 
80% of the increase in ECSA. However, the practical power 
output measured was lower than two-step reduction Pt/GO, 
which is suspected to be caused by the loss of proton con-
ductivity of the Nafion ionomer at high temperature [42]. 
The parameters contributing to the lower practical power 
output is still unclear, offering research teams potential pos-
sibilities for further enhancing ORR activity.

In experiments focusing on the comparisons of ORR 
performances using different catalysts compositions, 
it is important to keep in mind that the different sizes 
and morphologies of nanoparticles on the support sur-
face which result from different synthetic methods can 
have significant effects on the ORR activity. Deng et al. 
[43], explored the ORR using various sizes of pristine 
graphene as catalysts for the ORR process. The graphene 
was formed from the exfoliation of graphite powder (GP) 
via ball milling to produce graphene with a nanometre 
size range (GP-BM) [44, 45]. From the results, it was 
reported that smaller size graphene has more edges, and 
they suggested that the bulk sp2-hybridised carbon net-
work itself is inactive due to the lack of defected edges 
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[46]. The Raman spectroscopy showed a weak Raman D 
band, indicating the presence of a small amount of defect 
edge, whilst GP-BM showed intensified D and D′ bands. 
When it was tested for electrocatalytic activity in ORR, 
the onset potential and current density were found to be 
higher for graphene of smaller size at a fixed voltage, 
demonstrating the relationship of performance of oxygen 
reduction reaction with graphene particle size, i.e., better 
performance with graphene of smaller size [43].

In an experiment conducted by Guo et al. [47], PtFe/G 
catalyst and PtFe/C black catalysts with controlled 
size and morphology were prepared. From the results 
observed, the half-wave potential of PtFe/G was higher 
than both PtFe/C of the same size and commercial Pt/C, 
reinforcing the advantages of using graphene as a sup-
port rather than a series of carbon supports. From these 
results, two benefits of using graphene as a support are 
pointed out, the first advantage being that ORR activity 
is improved by increasing ECSA whilst reducing the mass 
loading of precious metals as much as possible. This is 
especially true in acidic conditions where platinum-based 
catalysts with conventional carbon support are unstable. 
Another benefit of using PtFe/G that is pointed out from 
the experiment is the excellent electrochemical stability 
of the PtFe/G as it displayed no signs of loss in activity 
after 10,000 potential sweeps.

Another experiment which was conducted by Li et al. 
[41] involved synthesising PtM/rGO (where M = Co, 
Ni) via a facile hydrothermal route to prove the supe-
riority of using graphene support instead of commer-
cial carbon-based supports. GO was first prepared from 
graphite powder via modified Hummer’s method and was 
then dispersed in deionised water by ultrasonication. Pt 
was dissolved in ethylene glycol (EG)–water under con-
tinuous magnetic stirring and heating before dissolving 
CO(NO3)2·6H2O or  NiSO4·6H2O. 1,2-hexadecanediol was 
then added as additional reductant before being heated in 
an autoclave. Finally, the precipitate was collected and 
washed with ethanol and deionised water via centrifu-
gation and dried in a vacuum. The results showed that 
the ECSA value of PtCo/rGO (11.0 m2 g−1) was lower 
than PtNi/rGO (13.7 m2 g−1). However, the ECSA values 
found for both graphene support-based catalysts are still 
lower than commercial Pt/C catalyst (33–55 m2 g−1), but 
they do exhibit higher electrochemical stability. The supe-
riority of graphene compared to other carbon or metal 
oxide support has been demonstrated, and new methods 
for synthesising graphene-based Pt-alloy catalysts are 
emerging. Unfortunately, finding the optimal composi-
tion to minimise the differences in practical performance 
in ORR between these catalysts and to decrease expensive 
Pt usage as much as possible remains to be a challenge.

2.2  Heteroatom doped graphene as catalyst 
and support

The performance of ORR can also be improved by utilising 
doped graphene as a catalyst. This increase in performance 
is due to the introduction of various heteroatoms (e.g., N, 
B, S) [48, 49] with different electronegativity into the gra-
phene structure, which can disrupt the electroneutrality of 
graphene by polarising the X–C bond X = N, B, S, etc., 
and creating charged sites. These positively charged sites 
favour the adsorption of  O2, facilitating the ORR perfor-
mance [48, 50]. These heteroatoms that were introduced can 
also be considered as nucleation sites that encourage the 
well-dispersed deposition of nanoparticles in uniform size 
without any other surface functionalisation process. Finally, 
heteroatoms help prevent the loss of active sites by reducing 
dissolution and Ostwald ripening, helping to strengthen the 
interaction between doped graphene and the metal catalyst.

2.2.1  Nitrogen‑doped graphene

Pt/N-doped graphene catalyst synthesised by  N2 plasma 
and chemical reduction is observed to provide better per-
formance in ORR than Pt/G according to the polarisation 
graph, which is attributed to the formation of pentagonal 
and heptagonal structure, increasing the reactivity of carbon 
atoms in the vicinity. The introduction of nitrogen doping 
disorder and defect can facilitate the deposition of Pt parti-
cles, improving the binding energy and electrical conductiv-
ity [51]. Significant improvements are also achieved, proven 
by high peak current density, peak potential and durability 
even in the acidic condition when N-G is used as support 
for metal catalyst [52]. The effect of introducing nitrogen 
doping disorder and the defect was observed and confirmed 
by Jingcheng Bai et al. who noticed that N-doped graphene 
possesses higher catalytic activity whether working as the 
support or as a metal-free catalyst in ORR. Thus, N-G, in 
particular, is expected to be further explored in future as 
a potential substitute for precious metals used in catalysts 
in alkaline conditions as well as to improve the kinetics of 
ORR in acidic conditions, as the kinetics is limited by the 
intermediates formed in the two-electron pathway.

2.2.2  Phosphorous‑doped graphene

Another possible combination of doped graphene is by intro-
ducing phosphorus, which has a much lower electronegativ-
ity in comparison with carbon. In an experiment conducted 
by Zhang et al. [53], phosphorus-doped graphene (PG) was 
synthesised from graphite oxide (GO) and triphenylphos-
phine (TTP) via thermal annealing at different temperatures 
(700, 900 and 1000 °C). First of all, the GO was synthesised 
from graphite powder using the modified Hummers method. 
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Then, 30 mg of the synthesised GO was mixed with 150 mg 
of TTP and 50 mg of ethanol in an open beaker at room 
temperature. The ethanol was then evaporated off from the 
mixture by drying it in a vacuum oven overnight. Finally, the 
ethanol-free mixture was poured into a quartz boat located 
at the centre of the tube furnace to undergo annealing treat-
ment, before collecting it when the temperature fell below 
60 °C. To test the electrocatalytic activity, the cyclic vol-
tammetry (CV) was examined. The reduction process could 
be observed at 0.6 V in  O2-saturated 0.1 M KOH solution. 
In contrast, no obvious features were observed for the  N2 
condition, hence suggesting an assured electrocatalytic 
activity of PG towards ORR (refer to Fig. 3a). A positive 
onset potential and high current density of PG (0.92 V) that 
is comparable to that of commercial Pt/C catalyst (0.95 V) 
also showed that PG facilitated the ORR (refer to Fig. 3b). 
To test for crossover effect, which might occur in fuel cell 
leading to cathode catalyst poisoning, methanol was intro-
duced into the  O2-saturated 0.1 M KOH solution. For the PG 
catalyst, no noticeable change could be observed. Still, Pt/C 
showed an instantaneous jump of current with the addition 

of methanol, indicating that methanol oxidation reaction 
(MOR) has occurred (refer to Fig. 3c). The result showed 
that PG has a higher tolerance towards methanol crossover 
compared to Pt/C.

2.2.3  Boron‑doped graphene

Boron is another promising alternative for the doping of 
graphene when attempting to improve its electrochemical 
properties. Similar to phosphorous atoms, boron atoms have 
a lower electronegativity than nitrogen and carbon atoms, 
and the electron-deficient character of boron atoms is what 
attributes to B-doped carbon-based catalysts having such 
high catalytic activity [54]. Two such examples of experi-
mental case studies focusing on the catalytic activity of 
boron-doped graphene catalysts in ORR have been found. 
The first example is Jang et al. and team [55] who utilised 
the spin-on dopant (SOD) method to fabricate boron-doped 
graphene by annealing graphene flakes (GF) and SOD 
films in an argon atmosphere at temperatures of 500 °C 
and 600 °C in a tube furnace (refer to Fig. 4). The Raman 

Fig. 3  a CV curve of PG in an  O2- and  N2-saturated 0.1  M KOH 
solution with a scanning rate of 100 mV s−1. b Linear scanning vol-
tammetry (LSV) curve of graphene, PG and Pt/C in an  O2-saturated 
0.1 M KOH solution at a scanning rate of 100 mV s−1 and at a rota-

tional speed of 1600  rpm. c Methanol crossover effect test for both 
PG and Pt/C with the addition of methanol in an  O2-saturated 0.1 M 
KOH solution at 0.7 V [53]



Carbon Letters 

1 3

spectra indicated that SOD-treated GF have more defective 
sites in the basal plane than just GF due to the incorpo-
ration of boron atoms into the hexagonal structure which 
helps to improve the catalytic activity since the defects 
increase the overall ECSA. Furthermore, linear sweep vol-
tammetry (LSV) measurements were carried out on both 
commercial Pt/C catalysts and SOD-treated GF at 600 °C in 
an  O2-saturated 1.0 M KOH electrolyte at 1600 rpm. After 
7200 s, Pt/C catalyst showed a 20% decrease in current den-
sity, whilst the SOD-treated GF at 600 °C only displayed a 
slight decrease to 91.4% of its initial current density as well 
as no further change when 1.0 ml of methanol was added 
to the electrolyte. This concludes that SOD-treated GF has 
high electrochemical stability as well as high methanol toler-
ance [55]. The next experiment conducted by Bo and Guo 
et al. synthesised ordered mesoporous boron-doped carbon 
(BOMC) and compared it with commercial Pt/C catalyst 
as well as with ordered mesoporous carbons (OMC) when 
undergoing ORR in 0.1 M KOH. XRD and TEM revealed 
that BOMC has an ordered mesoporous structure, uniform 
pore distribution as well as a high surface area. These desir-
able traits found in BOMCs makes it a cheap and highly 
active metal-free catalyst for ORR, especially in alkaline 
conditions [56].

Apart from the two studies mentioned above, the num-
ber of studies on the benefits of doping graphene with 
boron in the catalytic applications of ORR remains very 
scarce [54], making drawing a well-educated conclusion 
on this very difficult, despite the promising results that 
were displayed in the two studies. There have also been 
several studies on the co-doping of carbon materials with 

boron and other heteroatoms of higher electronegativity 
(mostly nitrogen), mostly giving mixed results. Zhao et al. 
and the team produced B and N co-doped carbon nano-
tubes using chemical vapour deposition (CVD) growth 
whilst producing B-doped carbon nanotubes and N-doped 
carbon nanotubes via post-treatment. It was shown that 
B and N co-doped carbon nanotubes do not affect ORR 
activity whilst B-doped and N-doped carbon nanotubes 
improve ORR performance [57]. Contrary to this, Zheng 
et al. and team conducted a study comparing the catalytic 
activity of pure graphene, B-graphene, N-graphene, B,N-
graphene and h-BN-graphene and concluded that B and 
N have a synergetic effect when co-doped into graphene, 
producing higher catalytic activity than just individually 
doped N and B graphene [58]. Therefore, it is true that 
boron can be a potential heteroatom used for doping of 
graphene; however, more study on this is required.

Among all the heteroatoms mentioned above (not includ-
ing co-doped graphene), nitrogen-doped graphene is still 
supposed to be the most active metal-free catalyst with an 
electrocatalytic activity found to be higher than that of Pt/C 
at a certain potential. However, trace metal impurities from 
Hummers’ method can confound the contribution of nitro-
gen-doped graphene, thus requiring other following tech-
niques such as inductively coupled plasma spectroscopy to 
exclude interference. In conclusion, the effects of different 
configurations and total content for nitrogen doping are con-
firmed to be important. Still, they remain unclear due to the 
lack of illustrations on the mechanisms which are required to 
fully understand the crucial parameter, which is the micro-
structure of nitrogen doping.

Fig. 4  Schematic diagram for the fabrication of boron-doped graphene using the SOD treatment method [55]
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2.3  Graphene‑based non‑precious metal catalyst

Alternative catalysts consisting of non-precious metal-based 
materials have also been reported to provide impressive 
ORR performance such as silver [59, 60], cobalt [61, 62] 
and manganese oxide-based catalyst [63].

2.3.1  Silver‑incorporated graphene‑based catalyst

Ag is a less expensive metal compared to Pt and has a lower 
electronegativity compared to C and N, making it a lower-
cost alternative for metal catalysts. Soo et al. [60] synthe-
sised a silver-incorporated nitrogen-doped reduced graphene 
oxide catalyst (Ag/N-rGO) via thermal annealing of silver 
nitrate supported on nitrogen-doped graphene under an  N2 
atmosphere. The experiment was carried out by first dissolv-
ing  AgNO3 in ethanol before adding it into GO suspension 
and drying in an oven at 90 °C. The remains were ground 
and loaded into a quartz boat before inserting into the fur-
nace in a quartz tube for thermal annealing at 900 °C under 
 N2 flow for an hour.

Zhou et al. [64] suggested that the Ag–N bonding induces 
a more positive charge on the adjacent C to N, which facili-
tates the adsorption of  O2 and effectively reduces it. The cal-
culation for kinetic current density (Jk) and number of elec-
trons were calculated based on Eqs. (1) and (2) where n is 
the overall electron transfer number, F is the Faraday’s con-
stant, K is the kinetic rate constant for the catalytic reaction, 
C
O

2
 is the dissolved oxygen concentration, D

O
2
 is the diffu-

sion coefficient of oxygen, v is the viscosity of the solution 
and � is the rotation rate. The calculations deduced from the 
equations indicated that the value of n was close to 4, indi-
cating that the four-electron pathway is the dominant reac-
tion. A higher Jk was also found from Ag/N-rGO, and RRDE 
measurement showed that the onset potential of Ag/N-rGO 
was more positive than Ag/rGO, indicating that the ORR 
occurs more readily on the Ag/N-rGO surface. Also, Ag/N-
rGO displays high diffusion-limited current density which is 
shown by the more rapid mass transfer of  O2 molecules from 
the diffusion boundary layer to the surface of the electrode. 
This proves that incorporating silver into the structure results 
in a superior alternative on top of the fact that the N-doped 
graphene performance has already been recognised above. 
The enhanced catalytic effect observed was stated to be due 
to the co-catalytic effect of the dispersed Ag nanoparticles 
supported on the N-rGO surface. When tested for metha-
nol crossover, it demonstrated a better methanol tolerance 
compared to Pt/C in the methanol fuel cell. Even though the 
onset potential of Ag/N-rGO was claimed to be lower than 
Pt/C for ORR in alkaline media, it is regarded as a potential 
candidate to replace Pt/C in ORR due to the consideration 
of economic issues, facile synthesis method [65–67] and 
relatively acceptable catalytic activity.

2.3.2  Cobalt‑incorporated graphene‑based catalyst

As another possible alternative for graphene-based non-
precious metal catalyst, Jiang et al. [61] synthesised cobalt- 
and nitrogen-co-functionalised graphene (Co–N-GN) via 
thermal annealing treatment of graphene oxide/polypyr-
role (GO/PPy) with the support of cobalt(II) nitrate. The 
electrocatalytic properties were then assessed with the aid 
of a CV curve. ORR was carried out using Co–N-GN as a 
catalyst until it reached the point where the electrolyte was 
saturated with  O2, displaying a reduction peak of − 0.185 V. 
This reduction peak is close to that produced when using 
commercial Pt/C (− 0.140 V) and is also more positive than 
the Co-PPy (− 0.299 V) and N-GN (− 0.263 V). The onset 
potential of Co–N-GN is − 0.098 V, approximate to that of 
Pt/C as − 0.062 V, coupled with the fact that peak current of 
Co–N-GN is even higher, hence increasing its competitive-
ness in alkaline ORR. The enhanced Co–N-GN catalytic 
properties were most likely due to the doping of N atoms 
[68] and co-functionalisation on graphene [69]. Finally, 
to establish the catalytic pathway of ORR in the presence 
of Co–N-GN, RRDE measurements were used to track the 
formation of  H2O2 species during ORR. It was found that 
Co–N-GN leads to a lower yield of hydrogen peroxide com-
pared to N-GN and Co-PPy electrodes, indicating high ORR 
efficiency.

In general, the catalyst demonstrated an enhanced electro-
catalytic activity with long service life and high stability for 
four-electron pathway ORR in an alkaline fuel cell as well 
as a lower resistance for electron transfer, as indicated by the 
electrochemical impedance spectra (EIS). Similarly, the Co/
CoO-G was confirmed by Guo et al. [70] to possess the com-
parable activity and better stability than commercial Pt/G. It 
was claimed that the dispersion of CoO/Co nanoparticles on 
GN could contribute electrocatalytic activity to the ORR and 
by addition of  Me3NO; the thickness of CoO can be tuned to 
optimise the performance of catalysis when reaching 1 nm.

Utilising the facilitation of both reduction and doping, 
Liang et al. [71] improved the  Co3O4/G by synthesising the 
covalent hybrid  MnCo2O4/N-rGO. This was done by react-
ing a mixture of Co(OAC)2/Mn(OAC)2, GO/ethanol and 
 NH4OH at 80 °C for 20 h, followed by processing at 150 °C 
for 3 h. RRDE measurement showed an average electron 
transfer of 3.9 (approximate to 4) at 0.9 V and 0.5 V using 
reversible hydrogen electrode (RHE). With the aid of a CV 
curve, a peak potential of only 20 mV was observed between 
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the hybrid and Pt/C. The current density of the hybrid cata-
lyst even exceeded that of Pt/C when potential fell below 
0.75 V using RHE. The X-ray near-edge structure (XANES) 
measurements revealed that both the metal-O–C and metal-
N–C covalent bonds on the surface result in higher activity 
and stability. Furthermore, the coordination of Mn to Co 
found that the spinel structure of the catalyst results from 
the substitution of  Mn3+ for  Co3+ in the oxide that possesses 
higher catalytic activity and active sites.

2.3.3  Iron‑incorporated graphene‑based catalyst

Iron- and nitrogen-co-functionalised graphene can serve as 
another more durable option for a non-precious metal cata-
lyst for ORR in fuel cell batteries to replace the currently 
trending but costly platinum catalyst option. In a study con-
ducted by Sibul et al. and team [72], the physical character-
istics as well as ORR activity in acidic and alkaline condi-
tions of undoped graphene (G), undoped graphene oxide 
(GO), iron and nitrogen co-doped graphene (Fe–N-Gra) 
and iron and nitrogen co-doped graphene oxide (Fe–N-GO) 
were studied. The iron and nitrogen co-doped catalysts were 
synthesised by first mixing 100 mg of graphene nanoplate 
aggregates or GO, 25 mg of 1,10-phenanthroline, 8.3 mg of 
iron(II) acetate and 10 mg of polyvinylpyrrolidone. Then, 
the mixture was dispersed into Milli-Q water and ethanol at 
a 3:1 ratio and sonicated for 2 h. Finally, the solution was 
dried under vacuum conditions and pyrolysed in a preheated 
furnace at 800 °C for 1 h under flowing  N2 atmosphere.

XPS analysis on the Fe–N-G and Fe–N-GO catalysts 
samples synthesised displayed N 1 s and Fe 2p peaks, affirm-
ing the successful doping of N and Fe into the graphene 
structure. SEM secondary electron images of Fe–N-Gra 
and Fe–N-GO showed a reduction in particle size as well 
as the porosity and ECSA, with Fe–N-GO having an ECSA 
of 69 m2 g−1. At the same time, Fe–N-G displayed a much 
larger ECSA of 426 m2 g−1. This drop-in ECSA is thought 
to have been caused by the clogging or filling of the pores by 
the modifier as well as the addition of carbonaceous material 
which contributes to the total weight of the catalyst but not 
necessarily the porosity. Finally, the Raman spectroscopy 
showed that the physical structure of Fe–N-Gra and Fe–N-
GO was amorphous and the surface of the graphene layers 
was damaged, which could be identified by the detection of 
a D′ band at around 1610 cm−1 [72].

A half-cell experiment in both acid and alkaline condi-
tions was conducted using a rotating disc electrode (RDE). 
In alkaline medium, the n value for the undoped Gra and 
GO was found to be between 2 and 4 in the potential range 
of 0.5 to − 0.2 V, indicating that a two-step ORR process 
takes place, which is not favourable in fuel cell applications 
as explained in previous sections. The n value for Fe–N-GO 
and Fe–N-Gra was found to be approximately 3.5 and greater 

than 4, respectively. This shows that using Fe–N-GO-based 
catalyst may host a two- or one-step process, whilst Fe–N-
Gra-based catalyst hosts a direct one-step process without 
forming  H2O2 intermediate. This in itself is sufficient to 
prove that Fe–N-Gra and Fe–N-GO are the superior options 
compared to their parent materials. Next, to find out whether 
Fe–N-Gra or Fe–N-GO is the better option for ORR, their 
respective polarisation curves and ORR parameters were 
found. Fe–N-Gra was found to have a greater onset poten-
tial than Fe–N-GO, indicating better ORR performance. 
This was thought to be due to the higher concentration of 
Fe-Nx/amines in Fe–N-Gra, which is known to increase the 
ORR activity in transition metal- and nitrogen-doped cata-
lysts. Also, since oxygen can lower the turnover frequency 
of Fe-Nx/amine sites, Fe–N-Gra, which also has a lower 
oxygen concentration as well as larger ECSA compared to 
Fe–N-GO, is bound to display better electrocatalytic activ-
ity. Similar trends were observed in acidic conditions, just 
that the onset potential of Fe–N-Gra was lower in an acidic 
condition which might be due to the lower amount of gra-
phitic nitrogen form and partial demetallation of Fe-based 
active sites [72].

In conclusion, it is believed that the nature of the gra-
phene-based catalysts mentioned above directly affects 
their properties. This knowledge has deemed it possible for 
researchers to review a series of graphene-based transition 
metal oxides and tailor the properties of graphene by dop-
ing, incorporating functional species and controlling the 
morphology and structure to improve the ORR activity [73].

3  Water splitting

With the Earth’s major non-sustainable energy supplies such 
as coal, natural gas and oil on the brink of depletion, the 
consistently increasing demand for energy will eventually 
drive humanity to seek much cleaner and more sustainable 
alternatives for energy [74]. On top of that, a renewable yet 
sustainable energy system to supply energy for the present 
without hindering the ability of future generations to meet 
their needs must be explored [75]. Recently, great interests 
and efforts have been placed on the development of hydro-
gen as a potential energy vector as it is energy efficient 
yet clean and abundant in nature. It has also been widely 
employed as fuel because of the high energy yield, pollution-
free emission and conveniently storable features [76, 77].

Thus, water splitting techniques have been developed, 
promising sustainable methods for generating solar hydro-
gen from water [78, 79]. Photocatalytic water splitting is cat-
egorised into two types, namely photochemical cell reaction 
whereby light energy is directly used to carry out the chemi-
cal reaction (refer to Fig. 5a) and photoelectrochemical cell 
reaction which is similar to the former but with the presence 
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of electric current flowing through an external circuit in the 
system [80] (refer to Fig. 5b). These methods of photochemi-
cal reaction with photocatalyst suspended as particles in the 
solution are advantages in terms of the suitability in large, 
industrialised scale. However, controlling the powdered pho-
tocatalyst system has proven to be a challenge due to the 
light absorbency, instantaneous substrate concentration and 
pH change, which give rise to difficulties in finding reliable 
catalyst materials [81].

In the photoelectrochemical water splitting, the mate-
rials that satisfy the requirements for both oxidation and 
reduction are very scarce. So to carry out the separation 
of hydrogen evolved from oxygen, the Z-scheme photo-
catalyst system has to be applied. At absolute zero condi-
tions, the conduction band (CB) of the semiconductor with 
higher energy level first starts empty, whilst the valence 
band (VB) with lower energy level is completely occupied 
by electrons. In the Z-scheme photocatalyst system, the 
semiconductor will absorb the emitted photons with ener-
gies greater or equivalent to that of the band gap energy 
(Eg), leading to the excitation of electrons in the VB and 
finally causing them to leave and fill up the holes of the 
CB [82] (refer to Fig. 6). The now oxidative holes (h+) and 
reductive electrons (e−) will be able to take part in a redox 
reaction (as shown in Eqs. (3), (4) and (5)):

The standard Gibbs free energy change of water split-
ting reaction is 1.23 eV and remains relatively constant 

Oxidation: H2O + 2h+                                   2H+ + ½ O2 (3)

Reduction: 2H+ + 2e–                                    H2 (4)

Overall reaction: H2O                                   H2 + ½ O2 (5)

regardless of the potential shift in solution pH [76]. Hence, 
to get the electrons in the VB excited by the irradiation of 
visible light, the theoretical minimum Eg of semiconduc-
tor photocatalyst materials should be greater than 1.23 eV. 
However, the value of Eg has to be below 3.0 eV for the 
electrons to get excited, giving the ideal range for Eg 
between 1.23 and 3.0 eV [82].

1. The pivotal requirements for photocatalytic water split-
ting are summarised as follows [83–86].

2. The ideal band gap is approximately 2.0 eV.
3. The redox potential should be positioned between the 

conduction band minimum (CBM) and valence band 
maximum (VBM).

Fig. 5  a Example of a photochemical cell reaction. b Example of 
photoelectrochemical reaction for water with  TiO2 as photocatalyst. 
Photogenerated electron from the photoanode is directed to the cath-

ode via the external circuit. Oxygen produced at the anode and elec-
tron produced from the reaction of  TiO2 catalyst react with the proton 
at the cathode producing hydrogen molecules [80]

Fig. 6  Principle of photocatalytic water splitting. The bottom of the 
conduction band should always be located more negative than the 
potential of  H+ to  H2 for  H2 production. In contrast, the top of the 
valence band should be more positive than the oxidation potential of 
 H2O to  O2 for  O2 formation [76]
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4. A large potential difference between VBM (CBM) and 
water oxidation (reduction) for strong oxidising (reduc-
ing) power.

5. Large active sites on the surface
6. The ability of photocatalyst to overcome recombination 

of photoinduced charge carrier.

3.1  Graphene oxide photocatalyst

GO is an easily processible, electrically insulating mate-
rial that consists of a large number of C–O bonds. GO is 
demonstrated as the initial stage when synthesising a range 
of substrates such as rGO, functionalised GO, doped GO 
and GO-based nanocomposites via different processes such 
as chemical or thermal reduction techniques, making it an 
attractive option for high yield manufacturing of graphene-
based electronic devices [87]. Jiang and co-worker [88] 
suggested GO to be a potential photocatalytic material in 
water splitting since it could be produced by chemical oxi-
dation which is both economical and easily scalable. The 
Pi-conjugation structure with mobility of charge carriers 
up to 200,000 cm2 V−1 s−1 and excellent conductivity also 
ensures the feasibility of GO acting as a co-catalyst in water 
splitting.

Yeh et al. [89] identified the characteristic of GO elec-
tronic band by determining its Fermi level potentials (Ef) 
via electrochemical impedance spectroscopic analysis and 
Mott–Schottky equation [89]. The results showed GO to 
have a suitable potential level of conduction and valence 
bands for the oxidation and reduction of water under UV and 
visible light irradiation in terms of the band gap requirement 
mentioned above. Jiang et al. [88] claimed that GO with 
an electronic structure of 50% coverage and OH/O ratio of 
1:1 possesses the highest efficiency for photocatalysis via 
visible light. The tunability of the ratio of sp2/sp3allows the 
transformation of GO from an insulator to a semiconductor 
and graphene-like semimetal [90]. The band gap can also be 
tuned by the variation in oxidation level [91], hence altering 
the coverage of –OH (hydroxyl) and –O-(epoxy) functional 
group.

The electronic properties of GO are examined by plot-
ting the total density of states (TDOS) on GO sheets with 
OH/O ratio of 1:1 but with different percentage coverage. 
The results demonstrated a clean band gap (refer to Fig. 7) 
which is a good indication as it shows that GO avoids recom-
bination of electron holes which improves the photocata-
lytic activity [92]. Another determining factor is the work 
function (WF), which increases with percentage coverage, 
shifting the VBM to the more positive side, which is favour-
able. Pristine graphene was found to have a work function of 
4.4 eV. In contrast, graphene sheet with 100% coverage of 
epoxy functional group and hydroxyl functional group dis-
played a work function of 8.03 eV and 5.505 eV, respectively 

(refer to Table 1), which indicates that the functionalised 
GO is a better option than pristine graphene for hydrogen 
production. As mentioned before, the dissociation of water 
forming hydrogen and oxygen is only thermodynamically 
feasible provided that the CBM of the photocatalyst is more 
negative than the reduction potential and the VBM is more 
positive than the oxidation potential; otherwise, it requires 
the presence of sacrificial reagents. By comparing the energy 
difference of the GO samples, GO with OH/O = 1:1 and 2:1 
shows that they are indeed a suitable photocatalyst for over-
all water splitting with desirable band position especially 
with  C16O6H4 estimated to be a highly efficient photocata-
lyst for visible light. After irradiation, an upward shift of 
VBM was observed; however, CBM remained constant, 
causing no oxygen evolution. A set of graphene oxide with 

Fig. 7  Clean band gap is shown from the total density of states 
(TDOS) of GO for the variation of percentage coverage (R) with 
OH/O ratio of 1:1 [88]

Table 1  OH/O ratio, percentage coverage (R), work function (WF) 
and band gap energy (Eg) of different GO compounds [88]

Compounds OH/O R (%) WF (eV) Eg (eV)

Graphene – 0 4.40 0
C8O4 O 100 8.034 6.2
C8O8H8 OH 100 5.505 4.32
C40O6H4 2:1 20 5.123 1.135
C24O4H4 2:1 33 5.295 1.518
C20O4H4 2:1 40 5.76 2.398
C16O4H4 2:1 50 5.785 2.698
C12O4H4 2:1 67 5.465 4.13
C48O8H4 1:1 25 5.511 1.568
C36O8H4 1:1 33 5.765 1.865
C24O8H4 1:1 50 6.489 2.545
C24O12H6 1:1 67 6.781 2.609
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44% C–C, 43% C–O and 13% C=O bonding composition 
was found to be in the range; however, the performance was 
still inadequate [89]. This shows that GO is chemically and 
thermally stable; however, the economic factors favour water 
dispersibility.

In conclusion, available band gap energy after appropri-
ate reduction is demonstrated to become a promising can-
didate for hydrogen evolution as a photocatalyst in future. 
However, developing a facile and precise method to syn-
thesise and reduce the graphene oxide to optimise the per-
formance of photocatalysis whilst achieving desirable band 
position in practical usage still poses to be a challenge due 
to limited understanding of the mechanism and theoretical 
calculations.

3.2  Wide band gap photocatalyst

Titanium dioxide  (TiO2) is the most extensively studied pho-
tocatalyst when it comes to water splitting ever since it was 
first reported back in 1972 and demonstrated by Fujishima 
and Honda using a photoelectrochemical cell for the decom-
position of water [93]. What makes  TiO2 so popular as a 
potential photocatalytic material in water splitting is the 
unique and favourable properties it holds, such as abundance 
in nature, economic prospect, nontoxicity and high chemi-
cal stability. However, it also suffers from various disad-
vantages such as the wide band gap limits and rapid recom-
bination of photogenerated electron and holes as well as a 
backward reaction [80]. Due to these shortcomings,  TiO2 
nanostructure is usually coupled with carbon materials to 
help influence the conversion efficiency and have reported 
having shown much success in improving the photocatalytic 
activity [94]. Graphitic carbon nitride that demonstrates high 
stability and moderate band gap has also become attractive 
in photocatalysis [95]. It was found that the addition of noble 
metals such as Pt provides better results. However, due to its 
high cost, alternative co-catalysts are ventured for a possible 
sustainable solution.

The preparation of  TiO2/GO composite was explained by 
Zhang et al. [96]. GO obtained from Hummers’ method was 
dispersed in ethanol solution and sonicated for 1 h, followed 
by mixing with  TiO2 for 1 h. The resulting suspension was 
maintained at 120 °C for 3 h in the autoclave to reduce GO 
and deposit  TiO2. After filtration, rinsing and drying, the 
 TiO2/GO composite was obtained from a one-step hydro-
thermal reaction with considerable reproducibility. A sig-
nificant improvement in the photocatalytic activity under 
both UV and visible light was observed and can be explained 
through the mechanisms that are undergone. Firstly, with the 
increase in GO composition, the BET surface area, as well as 
the adsorptivity, is enhanced. Secondly, the band-gap energy 
of bare  TiO2 only corresponds to the wavelength in the UV 
region of the solar spectrum that only contributes to a small 

amount of energy, producing photoinduced electron–hole 
pairs and driving the water splitting. At the same time, the 
introduction of Ti–O–C bonding extends and broadens the 
light absorption range to the visible light region (refer to 
Fig. 8). Also, the existence of  TiO2/GO forms p–n hetero-
junction as well as an inner electric field at the interface. 
The graphene accepts excited electrons of  TiO2 from the 
conduction band via percolation mechanism. It inhibits 
the recombination between electrons and holes effectively, 
which provokes the separation of excitons as an electron sink 
[96, 97]. From the experiment, the optimal GO composition 
was estimated to be around 2%. The reason for such a low 
concentration of GO used in the  TiO2/GO composite may 
have been due to the collisions of electrons and holes caused 
by excessive GO content [98].

Other metal oxides such as ZnO and  Fe3O4 [99, 100] are 
considered as an alternative for  TiO2 due to their wide band 
gap. The effect of graphene incorporation is also noticed and 
has been tested. Khan et al. [101] produced ZnO nanowire 
arrays/rGO (ZnO NWAs/GO) hybrid catalyst and coated 
it with fluorine-doped tin oxide and observed a tenfold 
increase in current density at the electrolyte by contrast with 
pristine ZnO, which is relatively progressive even compared 
to other novel ZnO-containing hybrid materials such as the 
core–shell  Fe3O4–ZnO/GO [102], confirming the benefit of 
GO intercalation. These works can demonstrate the wide 
availability in the applications of GO in water splitting mate-
rials with a wide band gap.

Apart from the graphene oxide content, other factors also 
need to be optimised. For example, the hydrothermal syn-
thesis is proposed to better accept and transport electrons 
and benefit from different morphologies such as core–shell 
which is also considered to enlarge contact area. The electri-
cal conductivity retarded by defects of graphene oxide also 

Fig. 8  UV–Vis diffuse reflectance spectra of P25 and the prepared 
samples, P25 (a),  TiO2/1  wt% GSs (b),  TiO2/ 5wt% GSs (c) and 
 TiO2/10 wt% GSs (d) [97]
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plays a crucial role, therefore requiring the development of a 
cheap and scalable method for high-quality graphene.

3.3  Visible‑light‑absorbing photocatalyst

CdS is an attractive photocatalytic material for hydrogen 
generation when it comes to utilising solar energy as much 
as possible under visible-light irradiation. This is essential 
since UV light only occupies approximately 4% of energy 
in the solar radiation. However, there prove to be certain 
limitations due to the aggregation of CdS particles, eventu-
ally leading to a decrease in surface area and an increase in 
the possibility of recombination of electron–hole pairs [103].

CdS/GO was prepared by solvothermal method, the dis-
persion of GO and Cd(Ac)2 in dimethyl sulfoxide (DMSO) 
with sonication was held in the Teflon-lined autoclave at 
180 °C for 12 h followed by rinsing of acetone and ethanol 
and finally, drying. The optimal 1% GO content contributed 
to a nearly fivefold increase in photocatalytic activity with 
22.5% of quantum efficiency (real number of radicals per 
photon absorbed/theoretical number of radicals per photon 
absorbed) in this work, providing more active sites and sup-
pressing the recombination of particles. However, more con-
tent of GO will lead to an adverse impact on the performance 
similar to  TiO2/GO since the absorptivity of CdS is weak-
ened by the shield of GO formed on the composite [103].

In terms of water reduction material,BiVO4 as a semi-
conductor with narrow band gap energy of 2.4–2.6 eV can 
also absorb visible light intrinsically. It is simultaneously 
inexpensive, chemically stable, readily available, environ-
mentally friendly yet simple to synthesise [100]. The reason 
why  BiVO4 on its own cannot be utilised as a photo-catalyst 
is that the relatively low conduction band edge of  BiVO4 
does not catalyse hydrogen evolution. However, the valence 
band maximum (VBM) can carry out oxygen formation and 
is therefore only useful for oxygen evolution once GO under-
goes photocatalytic reduction via  BiVO4 to form  BiVO4/GO. 
The feasibility of  BiVO4/GO was evaluated, showing con-
siderable evolution of hydrogen and oxygen in the system of 
 BiVO4/GO coated with FTO and connected to the Pt counter 
electrode. The GO is assigned to bring prompt collection 
and transport of charge since the excellent conductivity of 
GO facilitates the shuttling of excited electrons between 
the electrodes. The effect of GO on electrons transport can 
be concluded by the observation showing a significantly 
increasing incident photon-to-current conversion efficiency 
(IPCE) and  BiVO4/GO having a higher current density than 
pure  BiVO4 under visible light and pure  TiO2 under UV 
irradiation. However, attempts to scale up have always been 
hindered due to the complexity of the system, expenditure 
on the counter electrode and limiting the surface area of 
photoelectrodes exposed [104].

Whilst  BiVO4/GO is responsible for the oxygen evolu-
tion, according to a study carried out by Iwase et al. [105], 
Ru/SrTiO3:Rh is selected to be the hydrogen photocatalyst. 
GO was adopted as an electron transport mediator in solid 
state and applied in the powdered Z-scheme ternary sys-
tem. The key factors of the degree of GO reduction related 
to both conductivity and hydrophobicity are emphasised in 
this study. Since high hydrophobicity resulted from hydra-
zine reduction of GO, the photocatalytic reduction based 
on Ru/SrTiO3:Rh instead of  BiVO4 can retard the physi-
cally inter-particulate interaction between photocatalysts. 
At pH condition of 3.5, both  BiVO4 and Ru/SrTiO3:Rh are 
attracted to aggregate with GO, and this electron mediator 
provides electrons for the pathway from the conduction band 
of  BiVO4 to Ru/SrTiO3:Rh. However, the recombination is 
hindered, as the migration of electrons in  BiVO4 and holes 
in Ru/SrTiO3:Rh to reactants (water) is extremely accessible.

Finally, graphene with tuneable and high work function 
mentioned in 2.1 is confirmed to replace typical co-catalyst, 
noble metal. Besides functioning as an acceptor and trans-
porter of electrons mentioned in both wide band gap and 
visible-light-absorbing photocatalysts, the effect of graphene 
as a co-catalyst is usually ignored. Although the hydrogen 
production rate is enhanced in every case, the inherently 
synergetic interaction between semiconductor and graphene, 
other co-catalyst and graphene, is still unclear. To indirectly 
acquire the information of photoinduced charge transfer and 
understand the molecular-level mechanism, a theoretical cal-
culation is required.

4  Water treatment

Owing to the rapid industrialisation and growing population, 
the introduction of various species of contaminants into the 
water systems has become a significant issue, causing the 
global community to be in urgent need of environmental 
technologies for water treatment. Generally, surfactants are 
widely applied in various fields to remove the contaminants 
in the industries such as paper, polymer, pharmaceuticals 
and oil products. There are more specific examples of con-
taminants that are prone to finding their way into water sys-
tems. For instance, dodecylbenzenesulfonate (DBS), one of 
the alkyl-benzenesulfonates produced as surfactant groups, 
is commonly drained into the water system [106]. Polycy-
clic aromatic hydrocarbons (PAHs) are usually formed by 
combustion of petroleum and biomass [107]. A certain part 
of pharmaceutical waste and drug uptake such as dipyrone 
(DIPY) remains unchanged in the human body before even-
tually being transported out into the water system via urinary 
excretion and then hydrolysed into harmful 4-methylamino-
antipyrine (4-MAA) [108]. Even dyes and pigments that are 
widely used in industrial manufacture and household are left 
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for us to address [106]. The substances that were just men-
tioned, like many other substances that find their way into 
water systems, are non-biodegradable and can accumulate 
in the water ecosystem over a long period, disrupting the 
aquatic life and endangering human health via food chain 
[107, 109]. Currently, there are various existing strategies, 
such as advanced oxidation technologies (AOTs) and photo-
catalysis that have been explored for the treatment of water 
systems. However, more effective remediation of these strat-
egies is required.

4.1  TiO2 photocatalysis

It has been the focus of many research teams to discover 
novel composite materials that can degrade organic pollut-
ants efficiently by generating oxidising radicals that react 
with contaminants to produce water and  CO2. Due to gra-
phene’s high performance in photocatalysis as a co-catalyst, 
 TiO2/GO with outstanding photocatalytic performance men-
tioned above came into sight. The photocatalytic activity was 
evaluated by measuring the degradation of basic dyes such 
as rhodamine B (RhB) or methylene blue (MB) over the 
UV–Vis spectra. When using  TiO2/GO photocatalyst, sig-
nificant decomposition was observed. Up to 88% of MB was 
removed after less than 100 min under UV irradiation, whilst 
52% of MB was removed under visible light. In comparison, 
when using pure graphene, pure  TiO2 and physically mixed 
 TiO2/GO, 60–70% MB was left when under UV irradiation, 
whilst 87% was still present when irradiated under visible 
light [110]. In another experiment carried out by Selim Arif 
Sher Shah et al. [98], photocatalytic activity was tested by 
the degradation of RhB and a similar conclusion with 98.8% 
of removal after 80 min was demonstrated. The mechanism 
demonstrates that this increase in photocatalytic activity is 
due to electrons trapped in the electron sink. These trapped 
electrons cause GO and the excited electrons on the surface 
of  TiO2 to be shuttled throughout the conducting network 
and react with dissolved oxygen and water, forming the 
hydroxyl radical to degrade the dye [98, 110]. Hence, rapid 
charge separation hinders the recombination, both increasing 
the activity and the ability of adsorption because of more 
available active sites on the surface. Except for the oxygen 
absorbed on the surface of graphene, the pi–pi conjugation 
with aromatic regions in graphene leads to the transfer of 
dye molecules from solution to the surface, which increases 
the adsorptivity of organic molecules.

Neppolian et al. [106] synthesised a Pt–GO–TiO2 com-
posite catalyst for the degradation of DBS. The method for 
synthesising it was similar to that of  TiO2/GO, which was 
through an ultrasonic-assisted hydrothermal method. This 
was then followed by mixing the composite with  H2PtCl6 
and irradiating under UV light and inert atmosphere for 3 h. 
Finally, after washing with water and drying, the required 

composite catalyst was obtained. Upon evaluation, it was 
found that GO does not contribute considerably to the deg-
radation of DBS, as it only increased the removal by 15% 
after one hour at a pH of 5. However, with the doping of 
Pt, both % degradation and mineralisation of DBS exhibit a 
significant increase of 20–30% in mineralisation compared 
to  TiO2/CNTs. Also, according to XPS analysis, the interac-
tion of Pt–GO–TiO2 leads to the reduction of more GO from 
43 to 68%. This proves that the improved graphite nature of 
GO provokes the transfer of photoexcited electrons further. 
Adsorption of DBS was also observed to be increased from 
5%  (TiO2) and 10% (GO–TiO2) to 35% (Pt–GO–TiO2) at an 
optimal pH of 5 and 7 [106].

In another study, Yang et al. [111] decorated  TiO2/GO 
composite with  Ag3PO4 to strengthen the bactericidal effect. 
The GO dispersion was mixed with  AgNO3 solution and P25 
aqueous dispersion, followed by  Na2HPO4 solution. After 
centrifugation, washing and drying at 60 °C in a vacuum, 
 TiO2/Ag3PO4/GO was synthesised. However, it is notewor-
thy that the molar ratio of  Ag3PO4/TiO2 is crucial to the 
bactericidal performance, and the optimal ratio is suggested 
as 0.6. The pure  Ag3PO4 is susceptible under light irradia-
tion, which leads to reduction from  Ag+ to metallic Ag, but 
with the rapid charge transfer provided by  TiO2/GO, it can 
be effectively prevented. The synergistic effect also brings 
about the transformation from GO to rGO, and sufficient 
reactive oxygen species mainly consist of superoxide radi-
cals that act on both dye molecules and bacteria. Thus, more 
photogenerated holes are produced in the valence band of 
 Ag3PO4 and transferred to the  TiO2, directly oxidising con-
taminants and suppressing the recombination. Hence,  TiO2/
Ag3PO4/GO composite exhibits an excellent bactericidal 
effect on various typical pathogenic bacteria accompanied 
with stability, which is reflected in a significant and rapid 
decrease from 6–6.5 to 3–4 Log colony-forming units/mL 
after only 1 h of incubation [111].

4.2  Photo‑Fenton reaction

Besides the pathway forming radicals in  TiO2 photocataly-
sis,  Fe3+ can also be reduced to  Fe2+ by  H2O2 or electrons 
directly, and  Fe2+ reacts with  H2O2 continuously, producing 
hydroxy radicals and converting back to  Fe3+. The presence 
of GO can accelerate the redox cycle of  Fe3+/Fe2+ because 
of the promotion in the electrons transfer from the conduc-
tion band of  Fe2O3 to surface  Fe3+ of the catalyst. This is 
reflected by the fact that the rate constant of GO–Fe2O3 
(optimal 5%:1) was observed to be fourfold higher than that 
of pure  Fe2O3 [112].

The biodegradability of  TiO2 photocatalysis was con-
firmed to be generally less than that of the photo-Fenton 
process [108]. The existing challenges for the photo-Fenton 
process are commonly attributed to the narrow working pH 
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range (2–3) that prevents hydrolysis of ferrous and ferric ion, 
causing difficulty in removing iron-containing sludge [113, 
114]. In efforts to resolve this problem, Guo et al. [113] 
added Fe(NO3)3 to GO dispersion and reacted it for 2 h at 
60 °C. He then centrifuged and washed the mixture with 
distilled water and dried it at ambient temperature, synthe-
sising the GO–Fe2O3 hybrid. The results showed that the 
hybrid broadened the pH range from 2.09 to 10.09, and even 
at pH 10.09, the degradation of RhB was up to 90.9% after 
80 min. It was also shown that GO–Fe2O3 hybrid catalyst 
displays some other useful properties that make it stand out 
as an economically and environmentally sustainable catalyst, 
such as separability from solution by facile precipitation and 
its high reusability. The investigation exhibited that even 
after 10 reuse cycles, the decolourisation of MB remained 
at 99%, and no iron leaching was detected through ICP-OES 
[114].The main contributing factor to the biodegradability of 
the photo-Fenton process is the additional hydroxy radicals 
and the collapse of iron complexes under UV irradiation 
[108]. Similar to the mechanism mentioned above, superox-
ide radicals and hydroxyl radicals that are mainly produced 
by heterogeneous reactions on the surface rather than by 
homogeneous catalysis of leached iron in the solution [113] 
are responsible for the degradation.

Other iron oxides such as Fe,  Fe3O4 and FeOOH incorpo-
rated with graphene have also been successfully synthesised 
and applied in the photo-Fenton reaction [115–117], and 
researches towards functional species into those catalysts 
have been conducted to delicately tailor the GO–iron oxide 
composite to meet the prime target of water treatment. For 
instance, the polyacrylamide (PAM) was introduced, and it 
formed  Fe3O4/GO/PAM hydrogels that could simultaneously 
adsorb heavy metal ions [118]. The three-dimensional gra-
phene aerogel also drew attention. Liu et al. [117] inserted 
CNTs to enhance the FeOOH nanorods supported on GO 
aerogel, which can avoid restacking of graphene layers and 
bring porosity. GO-CNT dispersion was prepared by ultra-
sonication and mixed with  FeSO4·7H2O. Then, the mixture 
was hydrolysed at 95 °C for 6 h and then lyophilised, obtain-
ing the FeOOH nanorods anchored on GO–CNTs aerogel 
matrix catalyst (FeOOH/GCA) from a metal-ion-induced 
self-assembly process. The FeOOH/GCA exhibits excel-
lent durability after six cycles and significant degradation 
towards various organics such as dye including RhB and 
MB, phenol and BPA, which is partially attributed to abun-
dant active sites provided by the 3D and porous structure. 
The drawbacks of photo-Fenton reaction are the higher cost 
compared to  TiO2 photocatalysis [119], but both removal and 
mineralisation of organics are still better in photo-Fenton 
reaction. Subsequent recovery of pH is still required since 
acidic intermediates form continuously though the decrease 
in pH with time is welcomed by degradation. Meanwhile, 
the dosage of  H2O2 also needs to be controlled at a level 

that can degrade efficiently but avoid scavenging hydroxyl 
radicals to form water.

4.3  Sulphate‑based AOP

Bisphenol A (BPA), also known as its chemical name 
2,2-(4,4-dihydroxy phenyl) propane, is an estrogen-like 
endocrine-disrupting chemical (EEDC) which has two 
unsaturated phenol rings and is used in the manufacturing of 
polycarbonate plastics and epoxy resin which includes food 
packaging, lacquers for can coating, bottle tops and dentistry 
[120–122]. BPA is known to bind with both ERα and ERβ 
and plays either estrogenic or anti-estrogenic roles in vitro 
[120, 123, 124], interacting with the endocrine system lead-
ing to adverse health effects in humans and aquatic species 
even at low concentrations [123, 125]. The low dosage of 
BPA can give rise to hypertension, heart diseases, diabetes, 
prostate cancer, genital malformation and others [124, 126], 
making it necessary to remove BPA from water sources. 
Unfortunately, traditional water treatment is not effective 
for treating EEDC; hence an advanced oxidation process 
based on sulphate radical  (SO4

·−) has been recently explored 
and found to possess higher oxidative potential at 2.5–3.1 V 
compared to hydroxyl radicals at 2.7 V [127], gaining lots of 
interest in wastewater treatment. Peroxymonosulfate (PMS) 
is a well-known precursor in generating powerful oxidis-
ing  SO4

·− which can attack oxidisable agents and degrade 
organic contaminants [128]. Despite the promising proper-
ties PMS holds in handling organics, it remains stable in 
aqueous solution, showing low reactivity towards pollutants 
[129]. Hence, appropriate PMS activation is needed to gen-
erate radicals.

Du et al. [129] proposed that  Fe3O4 could provide bet-
ter dispersion distribution rate as magnetic support to assist 
in the separation phase and to immobilise the composites 
onto GO. In their experiment, Mn–MGO was synthesised by 
supporting MnO onto magnetic  Fe3O4/GO(MGO), and the 
catalytic performance was evaluated during the oxidation of 
BPA with PMS. First, MnO was synthesised via reduction of 
 KMnO4 by ethylene glycol, followed by hydrothermal treat-
ment right after. The synthesised hybrid particles were then 
separated using a magnet and washed with ultrapure water 
before drying in a vacuum oven overnight. The experiment 
was carried out in a vessel containing a reaction solution 
with BPA and PMS concentrations being known. From the 
results, it was observed that Mn–MGO/PMS couple demon-
strated very high reactivity with more than 95% of the BPA 
being converted, suggesting that Mn species were neces-
sary for PMS activation for sulphate radicals’ generation. 
The hybrid showed good dispersibility and magnetic recy-
clability, exhibiting considerably good performance even 
after five recycling runs. The result was compared, with 
different reaction systems. As expected, Mn–MGO/PMS 



 Carbon Letters

1 3

significantly reduced the amount of BPA in the solution, 
which indicates that the degradation results from the syner-
gic effect of Mn–MGO/PMS couple (refer to Fig. 9). For the 
degradation pathway of BPA, the generated  SO4

·− will first 
attack the BPA and capture one electron from the aromatic 
ring forming phenolic radicals. The BPA radicals were then 
decomposed into phenol and p-isopropenyl phenol where 
further oxidation gave rise to the transformation of benzo-
quinone and hydroxybenzoic acid. Under acidic conditions, 
water molecules could attack the phenolic radicals forming 

hydroxylation of the aromatic rings. After that, it underwent 
dehydration forming quinone and carboxylic compounds. 
Finally, the aromatic compounds were converted to ring-
opened intermediate, which could be mineralised [129] 
(refer to Fig. 10). Mn–MGO catalyst demonstrated high 
efficiency in PMS activation with long-term stability and 
shed light on the possible alternative method for  SO4

·−-based 
oxidation of organic pollutants.

Reduced graphene oxide acting as a metal-free catalyst 
for the activation of PMS was evaluated by Sun et al. [127] 
by comparing a series of nanocarbons and the typical cobalt 
catalyst  Co3O4 that has been used in the oxidation of organic 
contaminants. From the observation, there was a significant 
difference in the amount of phenol removed between GO and 
rGO, implying that the determining factor is the number of 
active sites of graphene that are considered to be the zigzag 
edges. The high chemical activity is explained by the mobil-
ity of pi electrons at zigzag edges, enabling the electrons to 
be transported to PMS which forms  SO4

·− and  SO5
·− that 

degrade the phenol. Apart from acting as a non-metal cata-
lyst for the degradation of phenol, rGO is also regarded as 
a promising route to later  Co3O4 for the activation of PMS 
to degrade dichlorophenol and dye molecules such as MB.

Mn3O4–rGO/PMS system, a  Mn3O4–rGO hybrid with the 
presence of PMS, was found to exhibit competing catalytic 
activity towards dye molecules as photo-Fenton reaction, 
and  TiO2 photocatalysis mentioned previously [130] as well 
as displaying the highest catalytic activity (refer to Fig. 11). Fig. 9  BPA degradation in different reaction systems [129]

Fig. 10  Possible degradation pathways of BPA in the Mn–MGO/PMS system [129]
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The degradation of Orange II was tested, and it was observed 
that the colour gradually diminished with the presence of the 
hybrid catalyst, indicating that the chromophoric structure 
of Orange II was destroyed. It also demonstrated good recy-
clability as well after four cycles, and XRD measurements 
showed the structure of catalyst with close to no change 
before and after the reaction, indicating long-term stability. 
It stated that the triple-bond  Mn2+ species react with PMS to 
generate  SO4

·− and the superb catalytic activity of the hybrid 
is due to the positive synergistic effects between  Mn3O4 and 
grapheme [131]. Through the oxygen groups, the manganese 
atoms are covalently bonded to the graphene sheets, and rGO 
contains defects ideal for oxidation and reactive adsorption. 
The hybrid also has a high surface area, thereby providing 
more active sites. The long-term stability is due to the nature 
of graphene to prevent aggregation of  Mn3O4 nanoparticles, 
preventing a loss of surface area. In short, the hybrid catalyst 
has a potential in the advancement of a catalyst with high 
catalytic activity in water treatment owing to its low cost 
and simple preparation. Compared with hydroxyl radicals in 
 TiO2 photocatalysis and photo-Fenton reaction, the sulphate 
radicals are more reactive since longer life span allows them 
to be more likely to collide with organics. As a metal-free 
catalyst, graphene is not only superior to other carbons but 
also outperforms popular transition metal oxides, and when 
coupled with metal oxide catalysts, both efficiency and reus-
ability are promoted.

5  Fischer–Tropsch synthesis (FTS)

Discovered in Germany [132] by Franz Fischer and Hans 
Tropsch in the 1920s [133, 134], FTS is a highly exothermic 
reaction which converts synthesis gas into liquid fuels (refer 
to Eq. (6)) [132, 135]. Synthesis gas can be obtained from 

sources such as natural gas, biomass or coal, and it is gener-
ally a mixture consisting of carbon monoxide and hydrogen 
[134].The transformation process of carbon source to FTS 
product is named after the type of feedstock, for instance 
gas-to-liquid (GTL), coal-to-liquid (CTL) and biomass-to-
liquid (BTL) [135, 136]. Before Fischer–Tropsch synthe-
sis can take place, the carbon source has to be converted 
to synthesis gas via partial oxidation, steam reforming or 
gasification processes [136]. The products of FTS are water 
and the hydrocarbons that mainly consist of n-paraffin and 
α-olefin [134].

The growing demand for transportation fuels has called 
for a promising technology in solving the shortage of liquid 
transport fuel [137]. FTS which is a method for synthesising 
clean fuel using resources that are abundant on Earth [125, 
126] is experiencing remarkable development and research 
[120] as it gives a promising technology in solving the short-
age of liquid transport fuel [137]. Another important poten-
tial substitute for fossil fuel is biomass, mainly due to it 
being both natural and renewable [138, 139]. Biomass has 
been widely explored on its conversion to liquid transporta-
tion fuels (BTL) to encourage environmental preservation.

Co and Fe are commercially used as catalysts in FTS 
[134], but Ru is the most efficient one as it can catalyse 
the reaction as a pure metal itself without the presence of 
a promoter, accelerating a simple catalytic process [140, 
141]. However, the high cost of Ru has impeded its usage for 
industrial application. In terms of pros and cons, Fe is rela-
tively cheaper than Co and relatively active at more severe 
conditions, but Co is less likely to undergo deactivation by 
water. Meanwhile, Fe has a wide operating temperature and 
flexible  H2/CO ratio, hence a higher water gas shift (WGS) 
reaction, which is particularly suitable for synthesis gas con-
version with low  H2/CO ratios [141]. A detailed comparison 
in each field between Fe and Co catalyst was listed in the 
review [142].

5.1  Graphene‑based iron catalyst

In iron catalysts, there is always an interaction between the 
Fe and common supports such as alumina and silica leading 
to the formation of mixed metal oxides which are difficult 
to reduce effectively, consequently limiting the catalytic 
activity [143–145]. Due to this, it is necessary to explore 
support for the catalyst with little interactions with Fe. 
Recently, there has been growing attention on the use of GO 
as Fe carrier due to the large surface area, low cost and the 
oxygen-containing group which can tune the metal interac-
tion. The presence of extended π-system and high electron 
density enables the metal oxide nanoparticles formed to be 

FTS:          CO + 2H2           –CH2 – + H2O   –165kJ mol–1

(6)

Fig. 11  Orange II concentration at different conditions [130]
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easily reduced on the surface of GO. The defect sites which 
are presented in stacked layers also act as good anchoring 
sites for well-dispersed Fe nanoparticles [146] and provide 
remarkable catalytic properties and stability [145, 147]. 
According to Zhao et  al. [148], the oxygen-containing 
groups on the surface result like the acidic surface of GO 
and to increase the conversion of synthesis gas the high-
temperature treatment is usually applied to reduce the GO 
and further enhance the FTS reaction.

Fe/GO composites were then synthesised by Wei and 
co-workers [146] via hydrothermal method followed by a 
further thermal pre-treatment in argon. Fe(NO)3 was first 
added into GO water solution and stirred before being trans-
ferred to a Teflon-lined autoclave in an oven at 120 °C. The 
products were then washed with ethanol upon cooling and 
dried. After that, the products were pre-treated in argon at 
different temperatures until finally testing for FTS reaction 
in a fixed bed reactor. The CO conversion was identified 
with the aid of a gas chromatogram by comparing the gas 
of the reactant and product. The results showed that the CO 
conversion after 500 °C treatment was up to 39% and the 
selectivity of C5 + was interestingly 37.7% which is con-
siderably higher than other graphene-based iron catalysts. 
With the increase in temperature in the thermal treatment, 
the reduction of oxygen species and sintering of nanoparti-
cles should decrease the BET surface area. However, it was 
observed from the experiment that Fe/GO samples calci-
nated at 500 °C have larger surface area than those at a lower 
temperature, providing more active sites for synthesis gas 
adsorption. This is because the breakage of GO sheets struc-
ture gives rise to the large voids and channels between the 
sheets, enabling the inner surfaces to be fully exposed to iron 
oxide nanoparticles that are easily accessible for hydrogen 

and carbon monoxide, as well as avoiding more agglomera-
tion of nanoparticles with the decrease in mobility (refer to 
Fig. 12). This suggests that the calcination lowers the bind-
ing energy and weakens the interaction between larger iron 
oxide nanoparticles and GO, which in turn decreases the 
temperature of reduction.

Active  Fe5C2 iron carbide phase is observed when gra-
phene is introduced during the FTS, which is considered to 
explain the relatively lower water–gas shift activity and a 
significant reduction of undesirable  CO2 compared to the 
CNT-supported one. According to the previous introduc-
tion, Fe provides high WGS activity demonstrating good 
flexibility in processing synthesis gas with a wide range of 
 H2/CO ratios. Carbon supports bond weakly to Fe with large 
pore volumes further enhancing the catalytic activity and 
stability [149]. Then, the intercalation of promoter awaits 
the discovery and exploration. Nasser et al. [150] explored 
iron catalyst loaded on rGO with different levels of Mn 
content for the production of light olefins in FTS. Nasser’s 
report claimed that Mn doping promoted Fe nanoparticles 
catalyst with the formation of Mn-rich layer around Fe-rich 
core where its outer layer is beneficial for olefin formation, 
and this can be controlled by adjusting the adsorption abil-
ity and surface properties of the catalyst. It also stabilised 
the active iron phase acting as an electron donor similar to 
that of alkali promoters [151]. This stabilising effect was 
believed to increase the olefin and C5 + species selectivity 
and the tunable properties of Mn shell thickness which are 
conductive to catalytic performances in FTS.

According to observation, Mn-containing catalyst has 
been reported to enhance the selectivity of olefin with the 
increment of dissociative CO adsorption on catalyst surface, 
whilst the  H2 adsorption is reduced [150, 152]. Lohitharn 

Fig. 12  A simple illustration of 
the effect of argon pre-treatment 
in the supported catalyst [146]
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et al. [153] demonstrated that Mn-promoted Fe catalyst 
causes a higher light olefin formation compared to the 
unpromoted ones. Meanwhile, rough and defected graphene 
sheets with large surface area and oxygen-containing groups 
are preferred as smooth graphene sheets caused nanopar-
ticles to move freely on graphene leading to sintering and 
segregation [150, 154, 155]. Nanoparticles on graphene 
sheets also act as a spacer, hindering the stacking of gra-
phitic structures and increasing the surface area of the cata-
lyst composite [155]. The potential of graphene-based iron 
catalyst in FTS is considerable, but the role of iron carbide 
phase that contributes to this has rarely been investigated. 
This transition metal carbides that dissolve interstitially in 
transition metals’ crystal lattice is believed to affect FTS 
profoundly, and indeed experiments agree with carburised 
iron as an active catalyst. However, there are still debates 
and doubts about whether bulk iron carbides themselves are 
necessary for FTS or whether it is completely attributed to 
metallic iron, whether the graphene introduced facilitates the 
formation of iron carbides and then increases the activity. If 
so, whether the different configurations of iron carbides lead 
to different levels of promotion in activity and selectivity can 
only be affirmed once more studies have been carried out on 
the mechanisms.

5.2  Graphene‑based cobalt catalyst

One of the advantages of Fe catalyst is that the selectivity 
and activity in FTS can be varied widely in the presence of a 
promotor. However, there are few promotors for Co catalyst 
to control selectivity. The high water–gas shift described as 
the merit of Fe catalyst is not always considered as neces-
sary and desirable. If the composition of synthesis gas is in 
high  H2/CO ratio that is from natural gas rather than coal, 
lower water gas shift is expected. When the degree of CO 
conversion rises to a certain extent, the carbon efficiency of 
Co can be nearly twofold greater than Fe catalyst [142]. The 
cobalt catalyst is favoured for its high selectivity and activity 
to linear paraffin as well as high stability. Research related to 
carbon support for it has been progressed for a long period. 
However, the activity and selectivity are too dependent on 
the deposition of cobalt, resulting in nanoparticles on the 
outside surface suffer from the lower activity and more sin-
tering [156].

The GO was impregnated to 15 wt% Co(NO3)2·6H2O 
aqueous solution followed by drying and calcination at 
450 °C for 3 h under argon atmosphere. The BET surface 
area (602  m2/g), pore volume size and distribution (1.46 
 cm3/g) of Co/GNS obtained from TEM images all outweigh 
that of the control group, Co/CNTs and Co/Al2O3. From 
TPR analysis, the reduction temperature is shifted down-
wards by graphene, showing a 12% increase in CO conver-
sion and a 22% increase in FTS rate in comparison with Co/

CNTs. Apart from more C5 + product, the most inspiring 
improvement is on the stability since only 18% CO conver-
sion is lost after 480 h synthesis, before 35% in Co/CNTs 
[156, 157].

A similar procedure was conducted to evaluate the nitro-
gen-doping graphene-based cobalt catalyst (Co/N-GNS). 
Apart from slightly increasing the FTS rate, the Raman spec-
troscopy suggested that more defects ascribed to N-doping 
as nucleation sites hampered the agglomeration of nano-
particles further. Due to the characteristics of the nitrogen 
functional group, the adsorption of hydrogen is increased, 
producing more paraffin rather than heavies due to chain 
growth. This causes the selectivity of C5 + to be lower than 
that of Co/GNS. However, the lower olefin to paraffin ratio 
also means a lower formation of coke on the surface. The 
advance is mainly reflected in the catalyst stability, as the 
loss of activity caused by irreversible deactivation of Co/N-
GNS is only 0.6% whilst undergoing less agglomeration, 
sintering and refractory coke formation [158]. To date, lim-
ited studies based on the graphene-based FTS catalyst have 
been conducted, leaving great potential for the development 
in future. Although the currently available literature favours 
graphene-based iron in every aspect, there has been no clari-
fication about the mechanisms of incorporating graphene 
yet. As for the incorporation of other nanoparticles, heter-
oatoms doping, morphology, etc., the subsequent exploration 
of them remains far from now.

6  Conclusion and prospect

The structure of graphene, along with its outstanding elec-
trochemical properties, has inspired many researchers from 
various fields of study to explore and develop different deriv-
atives of graphene to improve its properties and applications. 
One major field of interest and potential is catalysis, due to 
its outstanding electrochemical properties as well as facile 
and cheap synthesis methods. This review was focused on 
four main applications, namely oxygen reduction reaction, 
water splitting, water treatment and Fischer–Tropsch synthe-
sis. The specific application of graphene materials in each 
process and their associated preparation and mechanism 
were discussed in detail. Comparisons with commercial cat-
alysts were drawn and shown to have many advantages over 
existing catalysts. Nevertheless, the development of gra-
phene is still in its early stage of infancy, and future and fur-
ther works are needed to optimise graphene-based catalysts. 
However, this is not without challenges. Firstly, specific 
techniques for characterisation and theoretical calculations 
are needed to fully understand the underlying mechanisms 
where a theoretical and conceptual system can illustrate the 
role of each tailoring and indicate the potential research 
direction that is needed. Secondly, the corresponding facile 
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synthesis method needs to be developed ensuring that it can 
adjust the desirable properties precisely and simultaneously.
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