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Abstract

®
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Seawater has obvious resource reserve advantages compared to fresh water, and so the huge
potential advantages for large-scale electrolysis of hydrogen production has been paid more
attention to; but at the same time, electrolysis of seawater requires more stable and active
catalysts to deal with seawater corrosion problems. Graphene-based materials are very suitable
as composite supports for catalysts due to their high electrical conductivity, specific surface
area, and porosity. Therefore, the review introduces the problems faced by seawater electrolysis
for hydrogen production and the various catalysts performance. Among them, the advantages of
catalysis of graphene-based catalysts and the methods of enhancement the catalytic
performance of graphene are emphasized. Finally, the development direction of composite
catalysts is prospected, hoping to provide guidance for the preparation of more efficient

electrocatalysts for seawater electrolysis.
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1. Introduction

Hydrogen energy is considered to be the ideal and poten-

tial energy carrier in the future due to its high efficiency,
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pollution-free and simple production. At present, the main
means of obtaining hydrogen energy are hydrogen production
from fossil fuels [1-3], biological hydrogen production [4—6],
solar hydrogen production [7, 8], hydrogen production from
electrolysis of water [9—13], etc, among which hydrogen pro-
duction by electrolysis of water is the most practical method.
In industry, the main source of electrolyzed water is fresh
water, whereas fresh water resources are extremely scarce and
electrolysis of water will exacerbate the shortage of fresh water
[14], however, the cost of producing fresh water for electro-
lysis through desalination of seawater is also extremely high
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[15]; Specifically the complex process and high cost equip-
ment are the basic status of seawater desalination, and the sea-
water desalination process consumes a lot of energy [16—19].
According to a dataset from the Carlsbad Desalination Plant
(537 M USD), in San Diego County, USA, Wittholz et al [20]
investigated the cost of water desalination, and analyzed the
breakdowns of the cost, including fixed cost (capital cost) and
operating cost (maintenance, material and energy cost, etc),the
fixed cost contribute reaches 40% of total costs, while energy
costs account for a higher proportion [19]. In seawater desal-
ination, the energy consumption is significant, the primary
desalination cost of electrical energy of reverse osmosis (RO)
technology is 2 ~ 4 kWh m~3 [17-19], and the energy con-
sumption accounts for more than 87% of the operating cost
[19]. Similarly, Xiang and Liu collected the total cost of rep-
resentative seawater desalination projects from some liter-
atures and estimated the cost of China’s seawater desalina-
tion project [21], they found out the energy consumption cost
(including electricity cost and heat cost), accounts for 30%—
45% of the total cost. Among them, RO industry cost in the
range 33%—-39% and MED industry for 43%-45%. Therefore,
the future research direction of electrolyzed water uses seawa-
ter as electrolyte for electrolysis, which can effectively utilize
about 96.5% of the earth’s water resources and reduce cost,
while avoiding problems caused by the scarcity of various
freshwater resources [22].

2. Electrochemical catalysis mechanism of
seawater

Although electrolysis of seawater has broad application pro-
spects, however, many new challenges still need to be faced
for electrolyzed seawater compared to fresh water such as
seawater corrosion, anode competition, and cathodic depos-
ition issues. Seawater contains a lot of sodium chloride, the
presence of Cl1~ in the electrolyte will corrode the electrode
substrate materials and adsorb on the metal catalyst surface,
and causing hydroxides on them, thereby blocking the act-
ive sites on the electrode and reducing the catalytic per-
formance of the catalyst material for electrolysis of seawa-
ter. Its formation mechanism is divided into three processes
equations (1)—(3) [2]:

Adsorption of CI™ by surface polarization:
M+Clm — MClygs +e~ (1)

Dissolution by further coordination:
MClygs + C1Im — MCly 2)

Conversion from chloride to hydroxide:
MCIx~ + OH™ - M(OH)x +CI". 3)

Anode competition is another challenge, because there are
more anions and cations in seawater, they will compete with
the water splitting reaction. Standard mean chemical composi-
tion of seawater species with the corresponding redox reaction

and electrochemical standard potential (Ey) at different pH is
shown in the table 1 [22, 24]. Due to the low concentration of
some ions, their competing reactions are usually ignored, such
as Br" and F". The table 1 only lists ions with an average con-
centration greater than 0.05 mol kg~! (H,0) in seawater [23].
As shown in the table 1, the higher concentration of C1~ in the
seawater (about 0.5 mol kg~!) will compete with the oxygen
evolution reaction (OER) reaction and inhibit the oxygen pre-
cipitation at the anode. Figure 1 shows the Pourbaix diagram
model of the artificial seawater system at room temperature.
It can be seen that the reaction at the anode during the elec-
trolytic seawater reaction is as follows equations (4)—(7) [23]:

In acidic conditions:

2H,0 — 0, + 4H' + 4¢=  E’=1.23V vs.SHE, pH =0

“

2C1" - Cl+ 2¢~ E’=136Vvs.SHE,pH=0 (5)

In alkaline conditions:

40H™ — O,+ 2H,0+4e~  E’=0.40V vs.SHE, pH = 14

(6)

E” = 0.89V vs.SHE, pH = 14
@)

ClI” + 20H™ — OCI™ + 2e™

More importantly, the OER reaction suffers from high
energy barrier and slow kinetics of seawater electrolysis as a
four-electron transfer process. It is well known that the equi-
librium potential of the OER is 1.23 V (equation (4)) in acidic
solutions (0.40 V in alkaline conditions (equation (6))), which
is preferred over that of the chlorine evolution reaction 1.36 V
(equation (5)) in acidic solutions (0.89 V in alkaline condi-
tions (equation (7))). However, chlorine evolution reaction is
two-electrons reaction with fast kinetics, so when the potential
difference is not large, affected by factors such as pH, tem-
perature, it is very easy to compete with OER under acidic
conditions. Therefore, the optimal design and preparation of
high-selectivity and high-efficiency anti-corrosion OER elec-
trocatalysts are the focus of seawater electrolysis research.

Traditional noble metal-based materials, such as Pt, Ir,
Ru electrocatalysts, whose exposed active sites are highly
selective for OER in seawater splitting, are therefore con-
sidered highly active electrocatalysts [25—-27]. But because of
their scarcity and high cost, so it is extremely difficult to be
promoted on a large scale. Therefore, it is of great import-
ance to develop electrocatalysts with low cost, abundance in
raw materials, and large output [28]. Non-noble metal elec-
trocatalysts have been widely used in OER research in recent
years, including transition metal borides/carbides/nitrides/-
phosphides/oxides/chalcogenides/hydroxide, perovskites, and
carbon materials [29]. Among them, transition metal alloys
and their composites have attracted widespread interest due
to their ability to balance price, performance, and durability.
Many reviews have discussed them in detail [30, 31]. Layered
double hydroxide and carbon materials, due to the advantages
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Table 1. Standard average chemical composition of typical seawater species with corresponding redox reactions and electrochemical

standard potential E¢ at different pH.

species Conc. (mol/kg(H20)) Redox Reaction at pH = 0 Eo (Vsue) Redox Reaction at pH = 14 Eo (Vshe)
H,0 —— 2H,0 =0, +4H" +4e” 1229  H, 4+ 20H™ = 2H,0 + 2¢~ —0.828
Ht S H, = 2HT + 2e~ 0.0 S
OH- —— S 40H™ = 0, + 2H,0 + 4e~ 0.401
Cl~- 0.56576 2CI™ = Cly(g) + 2e~ 1358 ClI” +40H = Cl02™ +2H,0 +4e~  0.76
Cl” +4H,0 =ClO4~ +8HT +8~ 1389 Cl~ +20H™ = CIO™ + H,0 + 2¢~ 0.89
Cl~ +3H,0=ClO3;~ +6HT +6e~ 1451 2Cl~ = Cly(g) + 2e~ 1.358
Cl~ + H,O = HCIO + H' + 2e~ 1.482
Cl™ 4 2H,0 = HCIO, +3H™T + 4e~ 1.570
Nat  0.48616 Na= Na® +e~ —2.71 Na= Nat +e~ —2.71
Mgt 0.05475 Mg = Mg** + 2e~ —2372 Mg=Mg*" + 2e" —2.372
16 HOCI Hocilocr
Cl, Seawater HER at the Cathode H,
144 HOCI Borate Buffer
. cr or + NaCl
% accelerate
= e
g
2 1.01 2 Noble Metal Transition Metal
E HZO ( ]
§ 081 LCata lyst ]
DC_>
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Figure 1. Pourbaix diagram for artificial seawater model. [23] John
Wiley & Sons. [© 2016 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim].

of in-plain electron transfer mode, abundant active sites at
edges, and high specific surface area, therefore has excellent
OER performance, regarded as one of the most promising cata-
lysts, besides, carbon material can also play a stable metal role
in hydrolysis as a carrier, and increase its OER activity by
modifying the defect position [32]. Graphene in carbon mater-
ials as an effective catalyst carrier has great potential due to its
high stability and electronic migration rate and high tolerance
for impurities of seawater [33].

The cathode problem is also a problem which cannot be
ignored. Compared with the strong acid and alkali (pH > 12)
environment of electrolyzed fresh water, seawater is mainly
neutral. Under such conditions, the catalyst activity is low.
Furthermore, HER reaction occurring at the cathode leads to
a dramatic pH increase near the electrode, when the value is
greater than 9.5, calcium and magnesium ions in seawater will
combine with hydroxides to form insoluble substances, such
as calcium oxide and magnesium hydroxide. These impurities
are easily attached to the catalyst surface, thus hindering the
direct contact between the electrolyte and the catalyst active
sites, thus severely reducing the catalyst life in seawater elec-
trolysis. Most reported HER catalysts to decay by more than

Figure 2. Types of catalysts for HER from electrolyzed seawater.

50% within 24 h in seawater electrolysis [34]. These issues
require researchers to develop ‘new corrosion-resistant elec-
trolysis seawater catalysts’.

In order to solve the key bottleneck of large-scale produc-
tion and utilization of hydrogen production from seawater,
poor catalyst activity and stability catalysts for hydrogen evol-
ution reaction (HER) in seawater, researchers have carried out
some research on this issue [22]. A series of HER catalysts
synthesized and prepared, some of which show excellent cata-
Iytic activity and can be stable for a period of time in seawa-
ter. According to the type and quantity of elements, they can
be classified into the following categories (figure 2): (i) Noble
metal catalyst; (ii) Transition metal catalyst; (iii) Multi metal
catalyst; (iv) Carbon based catalyst.

The review listed these types of catalysts, and selected some
of the data to compare their catalyst activities, as shown in
figure 3, noble metals show higher electron transport capa-
city and lower overpotential, such as Pt, Pd, Ir, Ru, etc
[35-38]. However high cost, easily to be poisoned, inactiv-
ated by complex chemical, and biological environment in sea-
water has always plagued its performance. Compared with
noble metal catalysts, transition metal catalysts such as molyb-
denum based, cobalt based and nickel based are widely stud-
ied due to the existence and morphological characteristics of
3d orbital electrons, they exhibit catalytic activity similar to
noble metals [36, 39—44], so they are suitable as substitutes.
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Figure 3. HER activity of different types of catalysts in seawater.

And it has been reported that Co based and Ni based catalysts
usually cooperate with other metals, while Mo based catalysts
catalyze alone. For multi metal catalyst, it is found that the
rearrangement of electron cloud occurs when binary metal or
multi-element metal forms alloy, resulting in surface induced
potential, reducing the overpotential of catalytic reactions and
reducing the activation energy required for catalytic reactions
[45—47]. This is manifested as bifunctional or multifunctional
synergistic catalytic effect and further improve its perform-
ance. Although metal catalysts have good performance, they
have disadvantages such as high cost, low selectivity, poor
durability, and poor sensitivity to gases [48]. Carbon-based
catalysts can overcome many of the disadvantages of metal
catalysts. It has good electrical conductivity, large specific sur-
face area and stable physical and chemical properties, so it has
been widely used in the energy field. On the other hand, for
catalyst stability studies, as shown in table 2, metal catalysts
based on carbon materials protect the catalyst from corrosion,
agglomeration and poisoning in seawater, therefore they have
better stability.

Graphene is a kind of a two-dimensional carbon-based
material. A single layer of carbon atoms is closely arranged
and connected by sp2 hybrid orbitals to form a two-
dimensional crystal. The carbon atoms are regularly arranged
in the honeycomb-shaped six-membered ring lattice structure
unit. In practice, graphene has a variety of defects, such as five
membered rings, seven membered ring, holes, cracks, impur-
ity atoms and so on. These defects will lead to the change
of intrinsic properties of graphene (figure 4) [53]. Due to the

unique structural characteristics of graphene, graphene as a
catalyst carrier exists in the seawater environment and has the
following advantages (figure 5), it has higher conductivity,
specific surface area and better pore structure [54, 55].
These advantages also make it one of the most widely studied
and best catalyst supports [56—65]. In addition, when graphene
is used as a support to compound with active material, the act-
ive material grows parallel along the direction of the graphene
sheet. The active material is evenly distributed on the graphene
surface, which can provide more active sites for reaction.
Graphene can also improve the structure and composition
stability of the electrode, and protect the metal nanoparticles
from the influence of the seawater environment [S6—65]. And
when HER reaction occurs graphene can protect the catalyst,
preventing impurities from depositing on the surface of the
catalyst due to increased pH [66—69]. This review will focus
on the types and properties of graphene catalysts, and propose
methods for their optimal regulation and preparation meth-
ods commonly used in experiments. Finally, some potential
future development directions for graphene-based catalysts
are proposed.

3. Graphene-based catalyst and performance
regulation approach

According to the combination of graphene and catalyst,
graphene can be used in the following three types of cata-
lysts for hydrogen production from seawater electrolysis: (i)
Graphene as substrate, coupled with the catalyst to support the
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Table 2. Compare the HER performance in real seawater between different types of catalysts reported in literature.

Type Catalyst Tafel slope (mV dec™!) Overpotential (V) Stability

20%Pt/C [49] —_—

Noble metal catalyst PUNPs [39] 45.8

PtM/Ti [50] e

~0.26(vs RHE) The current density drops sharply
after 8 h
~0.23(vs RHE) No significant drop in current

density within 10 h
~0. 052(vs RHE) The overpotential remains at 0.60
within 10 h

Pt-Ru-Mo/Ti [39] 99.8 ~0.092(vs RHE) The overpotential remains at 0.80
within 180 h

2D MosNg [41] 66.0 ~0.25(vs RHE) The overpotential remains at 0.30
within 100 h

Transition metal catalyst MoS, QDareogel [42] . ~0.36(vs RHE) The potential remains stable after

150 cycles

Nif [43] 165(PB ph7) ~0.5(vs RHE) —_—

PtRuMo/Ti [39] 44 ~0.1(vs RHE) The current density drops by
15% after 172 h

RuCo/Ti [36] 107 0.387(vs RHE) The current density drops by

) 30% after 12 h
Multi metal catalyst RuCoMo/Ti [36] 140 0.550(vs RHE) No significant drop in current

density within 12 h

Ni—Fe-C [51] _ ~0.76(vs Hg/HgO) ——

Ni-Mo/Nif [52] 105 ~0.15 (vs Ag/AgCl) ——

Mn-NiO-Ni/Nif [43] 121 ~0.185 (vs RHE) No significant drop in current
density within 14 h

Co,N-CNT [32] ~159(PB ph7) ~0.5(vs RHE) No significant drop in current
density within 10 h

CoMoP@C [40] ~140 (PBph7) ~0.3(vs RHE) No significant drop in current

Carbon based catalyst

density within 10 h

CoxMo,.<C/MXene/NC [46] —— ~0.3 No significant drop in current
density within 200 h
hMoN@BNCNT [37] ~128 ~0.15 No significant drop in current
density within 16 h
NiRulr/G [35] 48 ~0.08 The current density drops by
10% after 200 h
4 L El Fl o - el -’ "]
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Figure 4. (a) Atomic model diagram of the complete structure of grapheme. (b) Atomic model diagram of graphene with seven-membered
ring defects. (c) Atomic model diagram of graphene with five-membered ring defects. Reproduced from [53] with permission from the

Royal Society of Chemistry.

catalyst on its surface; (ii) Graphene as coating, covering the
surface of metal nanoparticles to form a stable core-shell struc-
ture; (iii) Graphene as composite layer, used as a conductive
medium to compound with a conductive substrate and surface
catalyst (figure 6).

3.1 Graphene-based catalyst

Graphene as a substrate combined with a catalyst to catalyze
water electrolysis is familiar. As mentioned above, graphene
with high electrical conductivity, specific surface area and
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better pore structure are highly suitable as catalyst substrate
materials. It can effectively improve the activity of catalysts
in seawater, specifically, it includes improving its electrical
conductivity and electron transfer ability, and could effectively
disperse the catalytic particles and prevent their agglomeration
and deactivation.

Sarno et al used the hydrothermal method to synthesize
graphene as a conductive substrate to support the nanostruc-
ture of Ni/Ru/Ir alloy (Ni/Ru/Ir_G). The high negative charge
state on the surface of Ir can effectively repel C1~ and increase
the stability of the catalyst. The highly conductive graphene
reduces the charge transfer resistance at the catalyst/elec-
trolyte interface and improves electrochemical conductivity.

The sample exhibits a low overpotential with 100 mv in a
KOH aqueous electrolyte (figure 7(a)) and a Tafel slope of
72 mV dec™!, which suggests that the electrochemical hydro-
gen production proceeds quickly also in this case and remark-
able stability (figure 7(b)). While in the real seawater system,
HER overpotential of the sample is only 80 mV, and it can
maintain high catalytic stability within 200 h (figures 7(c) and
(d)) [38]. The experiment shows that when graphene is used
as the support substrate, the coupling effect between graphene
and catalyst, the dispersion of catalyst on its surface and the
surface properties are the main factors affecting the catalytic
activity and stability of electrolytic seawater, and it is ideal for
perfecting as catalyst in seawater.
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Besides performing excellent performance in HER,
Graphene catalysts as substrates also have the same effect
in OER. Zhuang et al used 2D reduced graphene oxide (RGO)
supported NiP/FesP nanosheets as OER electrocatalysts
through a facile wet chemical and subsequent in situ phos-
phating method. The electrochemical measurements reveal
that an oxidation overpotential of 268 mV with a nominal

current density of 10 mA cm~2, along with outstanding
long-term electrochemical stability (figure 8) [72]. It is attrib-
uted to the high specific surface area of graphene, as well as
good stability.

At present, the research of graphene in seawater electro-
lysis mainly focuses on the catalyst substrate, but as men-
tioned above, graphene can also be used as coating, composite
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layer, and related research has been done, such as graphene as
coating, it has been reported that when graphene is used as a
coating to encapsulate metal nanoparticles, it includes single-
layer encapsulation and multilayer composite encapsulation.
The single-layer graphene-coated CoNi nanoparticle catalyst
was synthesized by Deng et al. The DFT theoretical calcu-
lations show that due to the difference in the work function
between graphene and CoNi, part of the internal electrons in
the metal core are transferred to the graphene surface, result-
ing in the work function of local graphene surface increases.
This improves the ability of the graphene surface to activ-
ate atoms, thereby greatly enhancing HER catalytic activity
[64]. Tu et al prepared a CoNi nano-alloy packaged with a
double-layer MoS,/graphene hybrid structure (figure 9) [68].
Electrons in the CoNi nano-alloy pass through the graphene
to reach the outermost MoS, layer. The catalyst shows excel-
lent HER activity and stability. In addition, the author also
believes that single-layer graphene may cause the risk of low
catalytic stability in harsh reaction environments, while the
double-layer graphene layer can well balance catalytic activity
and durability.

The core-shell structure is a special coating structure
that effectively utilizes the catalyst performance and sta-
bility of graphene, and has many applications in electro-
lysis of water. Li et al synthesized the core-shell struc-
ture of NiSe, @nitrogen-doped graphene (NiSe, @NG) [73]
(figure 10(a)). Nickel-containing nanoparticles serve as the
main catalytic core, and N-doped graphene was constructed
the shell structure to increase the stability of the catalyst. The
optimized special coating core-shell structure exhibits excel-
lent electrocatalytic performance. It reveals a low onset poten-
tial of —163 (or —171) mV vs RHE, a small overpotential
of 201 (or 248) mV vs RHE at 10 mA cm~2 (figures 10(b)
and (c)) and particularly a low Tafel slope of 36.1 (or 74.2)
mV dec™! in acid (base) (figures 10(d) and (e)).

Excellent cycling and long time stability are another
advantage for hybrid mixture, which is attributed to its
unique core-shell structure, apart from significantly improv-
ing the electrical conductivity and creates many active sites
for enhanced electrocatalytic activity, it also ensures the chem-
ical and structural stability of the NiSe, core, the improves the
stability of the electrocatalyst [73]. This work provides a new
idea for the design and synthesis of highly performance and
stable electrocatalysts.

Li et al [74] first reported N-doped graphene-like carbon
layers (NGCLs) coated Ni3S, nanowires. In terms of catalyst
structure, NGCLs, as the conductive shell of the catalyst, has
the function of protecting the core, especially the nitrogen-
doped graphene increases the active sites of graphene, and
its catalytic performance and conductivity are improved. The
shell synthesized by chemical vapor deposition (CVD) method
not only has more microporous structure on the surface but
also provides more stable mechanical properties for the core
catalyst; the core is nickel composite material Ni3S,, which is
a transition metal chalcogenide, with high efficiency and eco-
nomic characteristics, overpotentials of 271 mV and 134 mV
at 10 mA cm~2 in 1.0 M KOH for OER and HER, respectively.
Highly durable OER and HER performance demonstrated by
40 h chronopotentiometer and 10 000 CV cycle tests.

Although the current research on the catalytic perform-
ance of the core-shell structure in seawater is mostly con-
centrated on non-carbon substrates [75-78]. Graphene as a
two-dimensional material has stable physical and chemical
properties. It has a stable carbon layer if as coating, which
can effectively protect the catalyst metal from direct contact
with the seawater electrolyte [66]. At the same time, using
graphene as the coating layer allows the electrons of the metal
core to pass through the carbon layer, and regulates the elec-
tronic structure of the carbon layer on the surface, thus pro-
moting the catalytic reaction on the surface of the carbon layer
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with permission from the Royal Society of Chemistry.

[66]. We believe this will be a promising research direction, if
the related core-shell structure is used in seawater catalysis.

Graphene as composite layer, Graphene can be used as a
conductive substrate to directly support a catalyst and as a shell
structure to encapsulate a catalyst, and it can also be used as a
conductive medium to be doped into a conductive substrate
or catalyst [71]. There are single-layer composite and mul-
tilayer composite in the reported results. Single-layer compos-
ite means that graphene can be used as a single-layer medium
doped between the electrode and the catalyst to improve the
electron transfer efficiency of the composite catalyst [78—81].
Multi-layer composite is the composite of graphene and cata-
lyst layer by layer, so that the catalytic material can be sand-
wiched between the graphene sheets to form a stable graphene
self-supporting 3D electrode, avoiding the electrode assembly
process [82]. These designs can improve both its stability and
catalyst activity.

Kang et al synthesized MoS, nanosheets on montmorillon-
ite (MMT) modified with RGO by the hydrothermal method,
and successfully prepared a layered ternary two-dimensional
nanocomposite material (figure 11(a)), graphene is doped
between the electrode and the catalyst as a single-layer con-
ductive medium. The high conductivity of RGO and the excel-
lent hydrophilicity of MMT can simultaneously improve the
electron transfer efficiency and interface reaction efficiency of
the MoS, nanocomposite. The prepared MoS, @RGO/ MMT
has a low Tafel slope, only about 53 mV dec™! [71]. Duan

et al used a vacuum filtration process to assemble 2D WS,
nano-layers and P, N, and O-doped graphene sheets layer
by layer into a heterostructure film to prepare a 3D cata-
lyst electrode (figure 11(b)). The strong synergistic effect of
the largest exposed active site, highly expanded surface, and
continuous conductive network on the 2D nanolayer makes
the structure have excellent hydrogen evolution performance
[82]. A sandwich structure with one-dimensional nitrogen-
doped truncated nanometers (N-TCNT) inserted between two-
dimensional nitrogen-doped graphenes (NGSs) was synthes-
ized by Li et al (figure 11(c)). NGSs and N-TCNTs can be
connected by p-p bonds and hydrogen bonds. Its unique three-
dimensional structure can provide a larger specific surface
area, more electron transfer channels and sufficient reaction
space, which improves its stability and HER performance [83].
The superior performance of this structure has great potential
in seawater electrolysis.

Ji et al [28] synthesized a structure using graphene
as a composite layer, stacked by graphene, MoS, and
FeCoNi(OH)x (figure 12(a)). It is a typical single-layer com-
posite which used as a single-layer medium doped between the
electrode and the catalyst, so graphene also provides rapid and
efficient charge transfer paths of the composite catalyst. And
high specific surface area and better pore structure also ensure
full exposure towards the electrolyte and easy gas release. As
aresult, the composite electrode can achieve an excellent OER
performance with a low overpotential of 225 and 241 mV
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Figure 12. (a) Preparation procedure of CF/VMFP (b) LSV curves. (c) Tafel plots for OER performance of different samples tested in 1 M
KOH. (d) LSV curves (e) Tafel plots for HER performance of different samples tested in 1 M KOH. Reproduced from [28]. CC BY 4.0.

to attain 500 and 1000 mA cm~2 and 29.2 mV dec~! Tafel
slope (figures 12(b) and (c)). The electrocatalytic perform-
ance of different samples for HER was also measured. As
shown in figures 12(d) and (e), among the different samples
including CF/Pt/C, HER performance of the CF/VMFP is the
best. The overpotentials at the current densities of 10 and
100 mA cm~2 are 43 and 127 mV, respectively, and the Tafel
slope is 25.2 mV dec™!. In contrast, the CF/VMFO before
being phosphatized exhibits an overpotential of 157 mV at
10 mA ¢cm~2 and Tafel slope of 92.0 mV dec™!

Graphene as composite layer, can be used as a conductive
substrate between the electrode and the catalyst to improve the
electron transfer efficiency of the composite catalyst or can
be sandwiched between the graphene sheets to form a stable
graphene self-supporting 3D electrode, avoiding the electrode
assembly process. Although these studies are mainly focused
on the freshwater field, considering the special environment
of seawater, these designs have a good protection effect on the
catalyst in the face of seawater corrosion to improve both its
stability and catalyst activity. So we believe that it also has

important potential in the field of electrolysis of seawater by
combination of graphene.

3.2. Regulation approach based on graphene for
catalytic performance

As mentioned above, the combination of graphene and cata-
lyst has effectively improved the catalytic activity and stabil-
ity. Furthermore, a serious of regulation approaches have been
conducted on graphene itself to adjust its electronic structure
and the resulting catalytic performance. It should be noted that
existing researches were mainly focused on electrolytic fresh
water, and there was not much related research on the modi-
fied graphene used as electrolytic seawater catalysts. Owing to
a certain synergistic catalytic effect of graphene to protect the
matrix catalyst, it could be concluded that such strategies could
also be used in the electrolytic seawater catalysts. Of course,
it also needed to be further explored by combining experi-
ments and theoretical calculations. According to the reported
researches, the electronic structure of graphene was affected
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by many factors, which was summarized into the following
four categories including of (i) layer modification of graphene,
(ii) doped atoms into graphene, (iii) coordination with differ-
ent metal, and (iv) defect engineering of graphene.

3.2.1. Layers modification of graphene. In the synthesis of
electrocatalysts, the number of graphene layers would affect
the electrons transfer as well as its catalytic activity [67, 84,
85]. In Deng et al DFT calculations (figure 13(a)), the adsorp-
tion of H* on the CoNi alloy was found to be too strong
whereas it was too weak on the N-doped graphene shell, result-
ing in low HER activity in both cases. In contrast, the DG(H*)
value for the graphene shells of CoNi@C can be effectively
tuned by the encapsulated CoNi alloy, resulting in a high HER
activity [67]. They also has developed HER catalyst coated
with CoNi nanoparticles of one to three graphene layers, and it
could be found that different layers of graphene exhibited sig-
nificantly effect on the electron transfer between graphene and
catalytic metal particles. The detailed analysis was performed
by DFT (figure 13(b)), and both metal clusters and graphene
layers were investigated to evaluate the effect on the electronic
structure of graphene. It could be found that graphene thick-
ness of CoNi@C catalyst played an important role on its HER
performance that metal clusters generated enhanced effect on
the electronic structure with relatively few layers of graphene,
and thus promoting its catalytic activity [67].

3.2.2. Doped atoms into graphene. It has been proved by
DFT theory that doping heteroatoms could effectively reduce
the free energy of hydrogen adsorption (AGy+) during HER

process [86—88]. Therefore, the introduction of different het-
eroatoms could be an effective method to improve electronic
structure as well as catalytic activity of graphene. Yao et al
have investigated the effect of different doping heteroatom on
the electronic structure of graphene by DFT [89]. Analysis
of the number of natural bond orbitals (NBO) was shown in
figure 14(a). It could be seen clearly that different doped atoms
on the graphene surface have different number of charges.
Among them, doping of N and O caused the graphene sur-
face with negatively charged, while doping of F, S, B and
P with positively charged, exhibiting different free energy of
H* adsorption when doped with different atoms into graphene
(figure 14(b)). It should be noted that AGy+ of graphene doped
with atoms was relatively lower than that of undoped state,
which could be easier to promote HER process owing to
improved HER activity of the catalyst [89].

3.2.3. Coordination with different metals.  Different types of
metals have different electronic structures as well as its tol-
erance in seawater systems. And the electronic structure of
graphene would also change when combined with different
types of metals. Yang er al have found HER activity was quite
different from different metals encapsulated in the graphene
shell [90]. As shown in figure 15, Co atom exhibited relat-
ively excellent regulated capability to improve the hydrogen
evolution activity of graphene compared with that of Fe atom.
In addition, the catalytic performance was also affected by
the size of metal atom, which determined the curvature of
graphene structure that related with the distribution of elec-
trons on the graphene surface as well as its electron trans-
fer process, thereby affecting the rate of catalytic reaction.
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It is also found in currently synthesized catalysts that the
smaller the size of the metal, the stronger the activity of
the catalyst [66].

3.2.4. Defect engineering of graphene.  Graphene, is of
single layer two-dimensional honeycomb lattice structure,
which is inherently inert to most reactions with very weak
catalytic activity. In fact, there is no perfect graphene without
any defects and the inherent defects of graphene also played
an important role during catalytic reaction, affecting the elec-
tronic structure of graphene as well as its surface proper-
ties. Compared with perfect one, defective graphene always
exhibited higher atomic binding energy with atomic utiliza-
tion when supporting highly active catalysts [54, 91]. Cheng
et al have explored the role of defective grapheme (DG) in
depositing and stabilizing Pt clusters through DFT calculation,
where both lower work function and higher binding energy
with Pt atom were found in the region of graphene with certain
defects. And defect density was further investigated its effect
on the hydrogen evolution performance of DG samples, and it
could be found that different defect densities have significantly
changed the bonding energy between graphene surface and Pt
atoms. In addition, DG could also load more Pt clusters and
protect them in seawater environment, which exhibited higher
HER catalytic activity and stability [70].

4. Preparation method of graphene-based catalyst

Graphene-based electrocatalysts can be synthesized by some
effective strategies, for example, hydrothermal/solvothermal

methods, thermal treatment methods, and CVD methods. In
this section, we systematically discuss the principles, meth-
ods, and advantages of these strategies. Among the various
methods, the hydrothermal/solvothermal method involves the
application of Teflon-lined stainless steel autoclaves, which
can maintain high pressure and temperature for a long time
to simultaneously achieve efficient chemical reduction of
graphene oxide (GO) to graphene and to promote the nucle-
ation and growth of metal active sites, the hydrothermal/sol-
vothermal method is also very effective for the synthesis of
graphene-based nanocatalysts with different morphologies.
Heat treatment will effectively increase the degree of graph-
itization of graphene and induce the formation of abundant
catalytic active centers. Vapor deposition is a strategy that can
precisely control deposition.

4.1. Hydrothermal method

Hydrothermal method is a relatively simple synthesis pro-
cess for preparing graphene-based catalysts. This process has
low synthesis temperature, high product purity, and easy con-
trol of the size and morphology of catalyst particles. During
the process, the metal salt was first dissolved in water or
organic solution, and then was uniformly dispersed by ultra-
sonic and subsequently moved into the reactor at a specific
temperature, and finally the desired sample was obtained. Jing
et al have synthesized a graphene-wrapped Ni3S, nanostruc-
ture (Ni3S, @G) on the surface of foamed nickel by hydro-
thermal method, where expanded graphite was dispersed in
formamide, and then thiourea was added as a sulfur source,
subsequently the foamed nickel was introduced into the
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solution to reacted at 180 °C for 6 h to achieve the final sample.
The experimental results found that, Ni3S, and NizS,@G
hybrid have similar XRD diffraction peaks (figure 16(a)). The
three strong peaks at about 44.4, 51.8 and 76.3 originate from
Ni foam substance, besides the other characteristic peaks could
be indexed as the hexagonal Ni3S; phase with cell parameters
ofa=b=75.7454 A, and ¢ = 7.135 A (standard card of PDF
no. 44-1418). The main peaks at 20 = 21.8, 31.1, 37.7, 49.7
and 55.2°are indexed as reflections from the (1 0 1), (1 1 0), (O
03), (113)and (1 2 2) crystallagraphic planes of hexagonal
Ni3S,. The coat of graphene arises negligible influence on the
crystal structure of Ni3S, @G composite [92]. More wrinkles
were obtained on the sample surface after the graphene was
formed, which exposed more active sites for HER process
(figure 16(b)). Meanwhile, current-time curve was also meas-
ured that the graphene enhanced the stability of metal particles
(figure 16(c)) [92].

4.2. GO post-treatment method

GO, as a derivative of grapheme, was rich in oxygen-
containing functional groups [93, 94]. GO could be obtained
by oxidizing flake graphite, and then was used as a pre-
cursor to conduct high-temperature reduction in a heteroatom-
containing atmosphere to finally obtain heteroatom-doped
graphene. This method has the advantages of high yield
and easy operation. Cheng et al have deposited Pt clusters
on the surface of defective graphene by GO post-treatment
method (figure 17). First, GO precursors were prepared by

modified Hummer’s method, and then NHj3 etching was
applied to obtain N-doped graphene. Next, high temperature
denitrification was performed to produce the defective
graphene. Finally, the sample was obtained by immersing
it in Pt salt solution. In this work, N doping level in graphene
was controlled by adjusting NHj etching time, and graphene
samples with different defect densities were obtained
by denitrification that determined HER performance of
the samples [70].

4.3. Chemical vapor deposition

In the practical application of graphene, the precise control
of graphene layers is still a key issue. Graphene monolay-
ers were usually prepared by CVD by exposing single crys-
tal transition metals, such as CO, Pt, Ir, Ru, Mo and Ni, to
hydrocarbon gases [95]. Chaitoglou et al have proposed a
rapid and efficient method to synthesize a catalytic electrode
of graphene growth on Mo, C surface by CVD. In this method,
Cu steam was used as a catalyst to pyrolyze CHy to carbonize
the molybdenum foil to form a Mo, C film. By controlling the
flow rate of CHy4, a vertically stacked double-layer graphene
and was synthesized with Mo,C heterostructure on the sur-
face of molybdenum foil to obtain a graphene/Mo,C/Mo elec-
trode (figure 18). It has been proved that the synergy between
the carbide and graphene layer promoted faster charge trans-
fer kinetics on the catalyst surface, which could be to catalyze
HER process [96].
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5. Future perspectives

At present, the combination of graphene and catalyst is
basically divided into three categories-substrate, coating,
composite layer, graphene with high electrical conductivity,
specific surface area and better pore structure are very suit-
able as catalyst substrate materials, mainly used to improve
the conductivity of catalysts. It has the characteristics of dis-
persing catalyst particles and improving activity, and it is also
the most researched direction but only noble metals discus-
sion in seawater electrolysis. Although the performance of
catalyst is good, the cost of noble metals is too high to be
widely commercialized. The studies of combination of low-
cost non-precious metal catalysts and graphene need to be
developed urgently. Graphene, as a coating, can form a core-
shell structure to wrap on the surface of catalyst particles,
effectively preventing the deactivation of catalyst perform-
ance caused by seawater soaking, so which has better cata-
lyst activity. And highly selectivity, in addition, high con-
ductivity and stability are another advantage of this struc-
ture, which is attributed to the properties of graphene itself.
Although graphene has been used as a coating in freshwater
research, so far, there has been no report on seawater research,
so graphene-coated catalysts will have great potential in sea-
water electrolysis. Similar to the former two, graphene as a
composite coating also has advantages that other structures
do not have, a good and stable support structure and elec-
tron transfer efficiency. Therefore, the composite layer cata-
lyst would have better stability and catalytic performance at
high current density, with good application value under harsh
seawater conditions.

The number of graphene layers and the surface doping or
defect state will affect the overall performance of the cata-
lyst. Among them, the appropriate number of graphene lay-
ers, specific atom doping and appropriate defect density are
effective ways to improve HER activity and stability of the
graphene synergistic catalyst splitting seawater. However, the

mechanism of the chemically modified graphene for improv-
ing the catalytic performance is still unclear. Therefore, the
mechanism of the modified graphene for enhancing the cata-
lyst activity and stability can be studied in depth. Meanwhile,
when modifying graphene, commonly used synthetic prepar-
ation methods have their own limitations. Simple and con-
venient strategies often have insufficient ability to accurately
control. In the process of combining with catalysts, a single
method is usually used, and its effect is often single. Therefore,
several methods can be used to improve the intrinsic catalytic
performance of graphene, so as to obtain the optimal modi-
fication parameters to improve the catalytic performance of
graphene. Then, in the process of combining with the cata-
lyst, the catalytic performance of graphene and the catalytic
performance of the catalyst are considered at the same time,
while the catalytic performance is preserved, the synergistic
effect of the two catalytic performances need to explore to, to
achieve the optimal strategy of the catalyst performance.
Graphene as a two-dimensional crystal can form a
heterostructure catalyst by compounding with other two-
dimensional materials. Usually, this structure is composed of
two or more catalyst materials, which is connected together
by physical or chemical bonds [97], Most graphene compos-
ites are generally connected by Van der Waals forces [98,
99], including core-shell structure, although material stack-
ing can lead to a significant increase in HER activity, and
the use of electronic coupling when 2D materials are stacked
with metal surfaces greatly reduces the contact resistance,
thereby improving the electron transfer from metal surfaces
to Van der Waals catalysis planar [99], but totally it is gener-
ally poor in terms of tunability, stability and corrosion resist-
ance. More recently, heterostructures linked by covalent bonds
whose vertical covalent linkages allow control of interlayer
distances and their chemical properties will facilitate commu-
nication between 2D materials, while longer, sufficiently rigid
and insulating molecules will have to help decouple materi-
als; on the other hand, the additional leverage brought by the
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molecular interface will improve the intrinsic properties of the
material [ 100-102], therefore, we believe that the heterostruc-
ture composed of graphene materials will have great applica-
tion potential in catalyzing seawater.

In addition, the intrinsic activity of the catalyst particles
is different, and the tolerance in seawater is also different.
Therefore, after different atoms are combined with graphene,
its atomic structure and electronic state will change, leading to
changes in the final HER performance. These catalysts have
greater differences in the performance of HER in seawater.
It is possible to carry out controllable preparation research
on the combination of graphene and different types of cata-
lyst particles. Researchers can prepare electrolytic electrodes
in which graphene is combined with different types of catalyst
particles to effectively control the surface electronic properties
of graphene and metal nanoparticles. Meanwhile, it is possible
to explore the type of metal with the best catalytic activity and
stability after being combined with graphene.

Finally, in order to achieve overall seawater splitting, it
is necessary to prepare HER and OER bifunction catalysts.
Compared with the two-electron reaction process of HER,
OER is a four-electron reaction process [103]. The oxygen
evolution process of electrolyzed seawater on the anode is
more complicated. And because there are other reactions com-
peting with OER on the anode, not only the activity and sta-
bility of the catalyst in the seawater system should be con-
sidered when designing the OER catalyst, but also the catalytic
selectivity of the catalyst. In addition, the kinetic speed of
various reactions in seawater is also one of the factors to
be considered. While preparing the graphene-regulated HER
catalyst, its OER performance can be studied. Then, the
OER catalyst is combined with the high-performance HER
catalyst to explore the potential of graphene to participate
in the regulation of HER/OER bifunction catalytic splitting
of seawater.

6. Conclusion

In summary, seawater is the most abundant water resources on
earth. The use of seawater electrolysis to produce hydrogen
has the tremendous advantages of wide sources, low cost, and
simple technology. However, it is still necessary to solve the
problem of catalyst poisoning and deactivation in the seawater
system. In the preparation of various HER catalysts for elec-
trolysis of seawater, the carbon-based material graphene has
the characteristics of high conductivity, large specific surface
area and good stability. It can effectively protect metal nano-
particles from poisoning and deactivation in the harsh system
of electrolytic seawater. The regulation of the surface struc-
ture of graphene is beneficial to improve its synergistic cata-
Iytic performance with metal catalysts. Therefore, the com-
bination of improved graphene and metal can obtain a highly
active and stable HER catalyst in seawater. This review classi-
fies and summarizes the research progress of existing electro-
lysis seawater catalysts, and summarizes the applicable types
of graphene in carbon-based materials in the catalytic electro-
lysis of water for hydrogen evolution. As a two-dimensional

carbon-based material, graphene has great practical applica-
tion potential in synergistic catalytic electrolysis of seawater
for hydrogen evolution. Based on the existing problems in the
current electrolytic seawater system and HER mechanism of
graphene under the existing system, a development direction
for the graphene to synergistically regulate the electrolytic sea-
water hydrogen evolution catalyst is proposed.

However, the protective mechanism of graphene on enhan-
cing the stability of catalyst particles in the seawater reaction
system 1is still unclear, and the regulation of the structure of
graphene on catalyst activity remains to be studied. In addi-
tion, due to the high dispersibility of graphene and its own
catalytic properties, there should be a clearer understanding
of the intrinsic activity and interaction between the catalyst
and graphene.
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