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Abstract: Developing sustainable and renewable energy sources is critical as higher and higher global
energy and environmental challenges arise. Hydrogen has the highest mass/energy density of any
fuel and is considered one of the best sources of clean energy. Water splitting is regarded as one of
the most promising solutions for hydrogen production on a large scale. Highly efficient, durable,
and cost-effective catalysts for hydrogen evolution reaction (HER) are critical in the realization of this
goal. Among the many materials proposed, graphene-based materials offer some unique properties
for HER catalysis. In this review, we present recent progress on development of graphene-based
electrocatalysts toward HER throughout the past few years.
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1. Introduction

Most of the energy produced worldwide comes from fossil fuels, which presents several problems.
First, the combustion of fossil fuels produces pollutants (CO2, CO, sulfur oxides, nitrogen oxides,
unburnt hydrocarbons, etc.) that drive climate change [1]. Second, fossil fuels are not a renewable
source and once the reserves are exhausted, another form of storing and producing energy will
be needed.

In this scenario, the hydrogen economy appears as the best and most suitable way to produce
low-carbon energy source in the near future. The hydrogen evolution reaction (HER) has attracted
significant attention during the last decades due to the growing current energy demand and the great
potential it presents in terms of energy storage and energy conversion in the future of renewable energies.
Water splitting is the best method of converting electrical energy to hydrogen as it requires only water
and produces nothing but pure hydrogen (H2) and oxygen (O2). In a typical water electrolysis system,
O2 is produced at the anode through the oxygen evolution reaction (OER, Equation (2)) and H2 is
produced at the cathode through the hydrogen evolution reaction (HER, Equation (1)) [2]:

4H+ + 4e−
 2H2 (1)

E0 = 0.00 V vs. Reversible Hydrogen Electrode (RHE)

2H2O
 O2 + 4H+ + 4e−

E0 = 1.23 V vs. RHE (2)

Aside from its importance in energy and storage technology, HER is a model reaction for
the understanding of electrode kinetics and electrocatalysis and has been extensively studied [3].

Electrochem 2020, 1, 75–86; doi:10.3390/electrochem1020008 www.mdpi.com/journal/electrochem

http://www.mdpi.com/journal/electrochem
http://www.mdpi.com
https://orcid.org/0000-0002-5476-0182
http://www.mdpi.com/2673-3293/1/2/0?type=check_update&version=1
http://dx.doi.org/10.3390/electrochem1020008
http://www.mdpi.com/journal/electrochem


Electrochem 2020, 1 76

The mechanism of HER at noble metal electrodes (e.g., Pt) in electrolyte solutions generally includes
two of the following three steps:

(1) Volmer reaction: The first step includes an electrochemical proton transfer step forming an
adsorbed H atom (Had) on a suitable free surface site (*):

H+ + e− + *
 Had (3)

Then, two different reaction pathways may occur:
(2) Tafel reaction: A surface chemical recombination of two Had:

2Had 
 H2 + 2* (4)

(3) Heyrovsky reaction: An electrochemical water-mediated desorption reaction:

Had + H+ + e−
 H2 + * (5)

Tafel plots and principally Tafel slopes are usually employed to determine the rate determining
step (RDS) of the HER. Assuming a charge transfer coefficient (α) = 0.5, Tafel slope values of 120,
30, and 40 mV dec−1 are associated with Volmer, Tafel, and Heyrovsky as RDS, respectively [4].
HER at noble metal electrodes (e.g., Pt) has been widely studied and reported in the literature [3].
By-side reactions such as surface oxide reductions are known to happen very fast, so their contribution
to the reduction currents are insignificant. Accordingly, Tafel slopes agree with the theoretical values
stated above. Non-noble materials (e.g., graphene-based catalysts) usually reveal slow by-side cathodic
reactions (e.g., surface oxide reduction reaction) during the HER, and therefore uncommon Tafel
slopes are frequently reported. In order to avoid this problem, application of previous reduction
steps (chemical [5] or electrochemical [6]) or follow the HER by differential electrochemical mass
spectrometry (DEMS) [7] has been proposed to suppress current contributions from by-side reactions.
For the expressed reasons, researchers should pay special attention when interpreting Tafel plots.

Currently, the efficiency of hydrogen production by water electrolysis is too low to be economically
competitive for real energy requirements [8]. The best catalysts contain elements from the Pt group
metals (PGM), being ideal in terms of thermodynamics and kinetics, but their shortage and high
cost impede their large-scale application, requiring cheaper and viable catalysts [9,10]. The principal
aim of research in this field is (i) to replace PGM by low-cost materials; (ii) to increase the electrical
conductivity; (iii) minimize the required overpotential for HER; (iv) increase the kinetics of HER;
and (v) increase the catalytic stability. To overcome these problems, catalysts based on carbonaceous
materials have been investigated due to their excellent conductivity, large surface area, and possibility
to tune their electronic properties [11].

In the last decades, graphene has attracted extensive attention due to its excellent physical
and chemical properties such as large surface area, extraordinary electrical conductivity, and high
mechanical strength [12]. Extensive research has been devoted to elucidating the catalytic properties of
graphene-based materials toward several chemical reactions. Hence, the current review is dedicated to
summarizing the most important findings of the HER in diverse catalysts involving graphene.

2. Non-Precious Metal Graphene-Based Materials

Pure graphene is catalytically inactive for HER due to its flat and inert surface [13]. Therefore,
graphene undergoes different doping, functionalization, and strain processes with the objective of
tuning its chemical properties. Fortunately, graphene derivatives such as reduced graphene oxide (rGO)
can be synthesized by the simple Hummers method to produce graphene oxide (GO), followed by a
reduction step and used as precursor for a wide range of graphene-based materials [14]. The reduction
step can be done in a number of ways, some of them leading to an already doped product, as is the
case for heteroatom doping [10–12]. Due to residual oxygenated groups and defects, the conductivity



Electrochem 2020, 1 77

of rGO is lower than that of pristine graphene. However, reactive surfaces of GO and rGO enable the
optimization of specific properties and ease the incorporation of the dopant or composite. rGO has
proven unique chemical, electronic, mechanical and optical properties. The fabrication of hybrids
combining various semiconductor materials and rGO has showed excellent performances compared
with single transition metal catalysts due to the interface-induced effect [15].

Doping has been widely investigated in order to specifically tailor the catalytic properties [16].
The creation of charged groups and defects in the graphene network by modifying the carbon atom
surface gives place to defective graphene materials that present an alteration of the geometry and the
electronic structure. These materials are used as electrocatalysts since they can induce lower activation
barriers or improved adsorption energy to reactants, products, or intermediate species, being able
to achieve higher catalytic activities or selectivity toward certain reactions [17]. Notably, the strong
coupling between metal centers and doped graphene facilitates the electron transference improving the
electroactivity. Moreover, the durability of the catalyst increases due to the existence of covalent bonds
between the dopants and the metal [11]. Furthermore, it is well known that topological defects or edges
are related to the electrocatalytic performance, so a large number of defects can lead to enhancement
of the graphene catalytic activity [18]. However, the number of defects should not be so high as to
destroy the overall graphene structure, as that would lead to the loss of important properties such as
conductivity and stability.

3. Heteroatom-Doped Metal-Free Graphene Catalysts

Heteroatom-doped metal-free graphene catalysts have been synthesized (i.e., nitrogen, sulfur,
fluorine, boron, phosphorus, etc.), tuning its electronic properties to enhance HER. In this regard,
nitrogen doping has been an effective way to tune the properties of graphene, contributing to its
development for various applications. The normally obtained nitrogen bonding configuration are
pyridinic N, pyrrolic N, and graphitic N [13]. The pyridine N (sp2) is bonded to two carbon atoms
at the graphene edges, contributing one electron to the π system; pyrrolic N (sp3) contributes two
electrons in a five-member ring; graphite N (sp2) substitutes C-atoms in the hexagonal rings [18].

Sulfur bond length (C-S, 1.78 Å) is longer than the C–C bond distance, therefore, sulfur doping
offers a stable structure in which each S atom is above the graphene plane. Unlike the N-doping
effect, there is an insubstantial polarization (or charge transfer) on the C–S bond due to the similar
electronegativity of the S (2.58) and C (2.55) [19]. It has been reported that S-doping can improve the
graphene conductivity due to a more effective reduction and its greater electron donor capacity [16].
In this regard, sulfur-doped graphene has recently attracted attention as a promising material beyond
N-doped graphene, and shown to be competitive or even better compared to N-doped materials for
ORR activity. Recently, it has been investigated as a noble metal-free catalyst for HER in acidic media,
obtaining a significant enhancement to the HER activity of graphene, attributed to the presence of high
S-doping level with thiophene-S rich species [20]. Tian et al. [20] have reported the high activity of the
S-doped graphene catalyst prepared through solvothermal synthesis followed by plasma-etching in
an Ar atmosphere. Plasma-etching post-treatment could improve the HER activity of the S-doped
graphene materials by introduction of defect sites. Figure 1 shows the role of the S-doping level,
species types/contents, and defect level toward HER in acid media.

On the other hand, it has also been reported that nitrogen and sulfur co-doping leads to higher
activity of graphene in HER at low operating overpotential (Figure 2), obtaining comparable results to
platinum [12]. Chemically doped nanoporous graphene was developed by chemical vapor deposition
at different deposition temperature (500 and 800 ◦C) with nanoporous Ni (np-Ni) as both template and
substrate; and thiophene and pyridine were used as sulfur and nitrogen sources, respectively [12].
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Figure 1. (a) Hydrogen evolution reaction (HER) activities (overpotential at 10 mA cm−2) of sulfur-doped
graphene (SG) samples with different S-doping levels obtained by varying the amount of added S
precursor. (b) HER activities of SG samples with different compositions of thiophene-S/oxidized-S
species obtained by varying the solvothermal time during the synthesis of SG. (c) Polarization curves
of thiophene-S-rich and oxidized-S-rich SG samples in 0.5 M H2SO4 solution at a scan rate of 5 mV
s−1. (d) HER activities of SG samples with different topological defect levels (ID/IG ratio) obtained by
varying the plasma-etching time. Reproduced with permission [20].
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Figure 2. HER activity of chemically doped nanoporous graphene: G (graphene), N (N-doped
graphene), S (S-doped graphene), and NS (NS-doped graphene). (a) Linear sweep voltammetry (LSV)
curves of the samples produced at different chemical vapor deposition temperatures and with different
dopants in comparison to Pt in H2SO4 0.5 M at a scan rate of 10 mV s-1; (b) Tafel plots for the different
samples. Reproduced with permission [12].

P and N have the same number of valence electrons, but P has a different doping effect because of
the additional orbital electron donation capacity compared to N. In addition, the electronegativity of
P (2.19) is less than N (4.39), thus the C–P bond polarity is opposite to the C–N bond. In P-doping
materials, a strong hybridization between P 3p and C 2p converts the sp2 C into sp3 hybridization
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giving place to a pyramidal bonding configuration with three C atoms. In this structure, P overhangs
from the graphene plane by 1.33 Å, increasing the P–C bond length (1.77 Å) compared to the C–C
bond distance, producing a structural distortion and inducing defect sites in the graphene sheet [21].
In addition, nitrogen and phosphorus dual-doped graphene has been studied, exhibiting comparable
onset overpotential, Tafel slope, and exchange current density to some of the traditional metallic
catalysts due to the synergistic effect of the dopants [22,23].

Boron has also emerged as a doping heteroatom in several technological fields [17,24]. It has been
demonstrated that B-substituted graphene, synthetized by controlled substitution of the C atoms, is an
efficient metal-free electrocatalyst for HER [12] and B-doped graphene can lower the conversion barriers
for the transformation of H+ ions to H2, showing a better HER activity than undoped graphene [11].
In graphene B-doping materials, the B atoms are sp2-hybridized in the carbon network due to the
resemblance between C and B atoms. However, the lattice parameters are slightly changed because
of the B–C bond length that causes some distortion of the planar structure of the graphene [20].
Boron has one less valence electron than C, which induces a charge polarization in the graphene
network, becoming negatively charged. This circumstance occurs because B-doping provides more
holes to the valence band of graphene, increasing the carrier concentration and hence improving the
electrocatalyst activity [25].

For instance, B-substituted graphene (B-SuG) has been reported as an efficient metal-free
electrocatalyst for HER. Figure 3 shows a significantly higher electrical conductivity (Figure 3b)
and catalytic activity (Figure 3a) displayed by B-SuG than defective graphene (DeG). The last is
explained by the B-doping that creates surface defect sites and a large number of surface-active
reduction centers (electron rich) [17].
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Figure 3. (a) Superimposed linear sweep voltammetry (LSV) curves of B-substituted graphene (B-SuG),
defective graphene (DeG), and glassy carbon (GC) electrode in 0.5 M H2SO4 at a scan rate of 10 mV s-1,
with their corresponding Tafel plots shown in the inset. (b) Electrochemical impedance spectra (EIS) of
DeG and B-SuG at an overpotential of 0.201 V vs. Reversible Hydrogen Electrode (RHE). Reproduced
with permission [17].

4. Non-Precious Transition Metal Graphene Catalysts

The nonprecious transition metal insertion (Mn, Co, Cu, Ni, etc.) has also been investigated,
obtaining satisfactory results and displaying high HER performances due to an active metal–H bond
interaction and similar electronic structure to Pt [11,26]. In this field, Deng et al. found that increasing
the amount of nitrogen doping and reducing the number of graphene layers that encapsulate a CoNi
nanoparticle can significantly increase the electron density, enhancing the HER activity in acidic
media [27].
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In addition, co-doping materials with metal and non-metal pairs with high catalytic performance
have also been reported, showing that dual-doped multilayer graphene exhibits higher HER activity
than mono-doped materials, as a result of a synergetic dual-doped effect [21]. Regarding this,
nitrogen-doped graphene materials are the ones with the highest HER performance [28], in particular,
Co and Cu embedded N-enriched mesoporous carbon showed high catalytic performance toward
HER [29]. A catalyst made up of holey reduced graphene oxide, coupled with a small-sized Mo2N–Mo2C
heterojunction (Mo2N–Mo2C/HGr) that exhibits an outstanding stability and superior activity toward
HER compared to Pt/C in alkaline media at large current densities (>88 mA·cm−2), has also been
reported [30]. In addition, Pt-analogous catalytic activity is expected for Ni–N and V–N co-doped
graphenes [31].

Recent study of nickel ferrite (NFO) embedded into rGO catalyst (NFO/rGO) shows superior
performance toward HER in acidic medium due to the electronic interaction between metal cations
with the rGO sheet, which offers high nanoparticle dispersibility and a large surface area. This gives
rise to a large ionic conductivity and a low agglomeration, providing small charge transfer resistance
and many accessible catalytic sites as well as an excellent stability of the electrode [32]. The high
catalytic performance of NFO/rGO is attributed to the strong electrical and chemical coupling between
rGO and NFO nanoparticles. The chemical coupling supports the creation of uniformly dispersed
NFO nanoparticles (10.5 nm) on the rGO (Figure 4), meanwhile the electrical coupling offers a
unified conductive network displaying fast electron transport, a large cathodic current density,
small overpotential of 5 mV, and relatively small Tafel slope of 59 mV·dec-1 (Figure 5) [32].
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Figure 4. (a) Transmission Electron Microscopy (TEM) image of nickel ferrite (NFO), the histogram
displays the particle size with log-normal fitting, (b) TEM image of nickel ferrite embedded into reduced
graphene oxide (NFO/rGO). Reproduced with permission [32].
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Furthermore, phosphorus-modified tungsten nitride supported on reduced graphene oxide
(P-WN/rGO) was designed as an efficient and low-cost electrocatalyst for HER. Figure 6 shows the
polarization curves of commercial Pt/C (20 wt %), P-WN/rGO, WN-rGO, P-rGO, and GO, revealing that
despite the lower P-doping, its modification can intensely improve the catalytic performance by
an increment of the negative charges on the surface catalyst. Additionally, the small size of the
tungsten nitride (WN) nanoparticles increases the number of active sites for H+ adsorption, while rGO
contributes an excellent electrical conductivity to the catalyst [33].Electrochem 2020, 2, FOR PEER REVIEW 7 

 

Figure 6. (a) Polarization curves for phosphorus-modified tungsten nitride supported on reduced 

graphene oxide (P‐WN/rGO), tungsten nitride supported on reduced graphene oxide (WN/rGO),  

reduced graphene oxide doped with phosphorus (P‐rGO), platinum supported on carbon (Pt/C), and 

graphene oxide (GO)  in 0.5 M H2SO4 with a scan rate of 5 mV s−1. (b) Tafel plots for P‐WN/rGO, 

WN/rGO, and Pt/C. Reproduced with permission [33]. 

Moreover, graphene-encapsulated CoNi nanoalloys have been reported to have a high HER 

activity due to the thin nitrogen-doped graphene layer protecting the alloy from corrosion, while 

simultaneously promoting the electron transfer from the transition metals to the carbon surface [34]. 

A similar synergistic effect has been shown for iron nanoparticles [35]. 

5. Non-Precious Metal Graphene Composite Catalysts 

Graphenic materials have been used to synthesize different 1D, 2D, and 3D nanocomposites with 

enhanced catalytic activity toward the HER. For instance, 2D nanomaterials composed of MoCoFeS 

supported on reduced graphene oxide (rGO) showed good electrochemical performance for HER 

[36]. Additionally, Figure 7 reveals that iron-doped tungsten oxide nanoplate supported on rGO 

nanocomposite (Fe-WOxP/rGO) exhibited excellent electrocatalytic activity toward HER due to the 

coupled synergic effect between the formation of many oxygen vacancies on tungsten oxide in the 

nanoplate structure of Fe-WOxP and rGO nanosheet [37].  

 

Figure 7. Hydrogen evolution on WOxP, Fe-WOxP, WOx/PrGO, Fe-WOxP/rGO, and Pt/C recorded 

in 0.5 M H2SO4 at 2 mV s−1. Reproduced with permission [37]. 

Furthermore, a novel hybrid material of [Mo3S13]2- clusters supported on sulfur doped rGO (S-

rGO) with outstanding catalytic performance toward the HER has been reported [38]. Figure 8 depicts 

significant improvements in HER activity compared to four hybrid catalysts to simple [Mo3S13]2− 

clusters. The last was attributed to the S-rGO support that provides properties such as high electrical 

Figure 6. (a) Polarization curves for phosphorus-modified tungsten nitride supported on reduced
graphene oxide (P-WN/rGO), tungsten nitride supported on reduced graphene oxide (WN/rGO),
reduced graphene oxide doped with phosphorus (P-rGO), platinum supported on carbon (Pt/C),
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Moreover, graphene-encapsulated CoNi nanoalloys have been reported to have a high HER
activity due to the thin nitrogen-doped graphene layer protecting the alloy from corrosion, while
simultaneously promoting the electron transfer from the transition metals to the carbon surface [34].
A similar synergistic effect has been shown for iron nanoparticles [35].

5. Non-Precious Metal Graphene Composite Catalysts

Graphenic materials have been used to synthesize different 1D, 2D, and 3D nanocomposites
with enhanced catalytic activity toward the HER. For instance, 2D nanomaterials composed of
MoCoFeS supported on reduced graphene oxide (rGO) showed good electrochemical performance for
HER [36]. Additionally, Figure 7 reveals that iron-doped tungsten oxide nanoplate supported on rGO
nanocomposite (Fe-WOxP/rGO) exhibited excellent electrocatalytic activity toward HER due to the
coupled synergic effect between the formation of many oxygen vacancies on tungsten oxide in the
nanoplate structure of Fe-WOxP and rGO nanosheet [37].
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Furthermore, a novel hybrid material of [Mo3S13]2- clusters supported on sulfur doped rGO
(S-rGO) with outstanding catalytic performance toward the HER has been reported [38]. Figure 8 depicts
significant improvements in HER activity compared to four hybrid catalysts to simple [Mo3S13]2−

clusters. The last was attributed to the S-rGO support that provides properties such as high electrical
conductivity, elevated porosity, an increase in the electrochemical active surface area, facilitates the
mass transport, and decreases the value of the Tafel slope [38].
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Figure 8. (a) LSV curves of [Mo3S13]2− clusters, [Mo3S13]2-SrGO150, [Mo3S13]2−SrGO500,
[Mo3S13]2−SrGO800, [Mo3S13]2−SrGO1000 HER catalyst, Pt disc, and glassy carbon disc in Ar-saturated
0.5 M H2SO4 at scan rate of 15 mVs−1. (b) Tafel plots derived from LSV curves in (a). Reproduced with
permission [38].

Furthermore, a reduced graphene oxide/metallic MoSe2:Cu nanosheet has been synthesized and
shown to be effective toward the HER as the Cu doping and the interface effect between MoSe2 and
rGO increased the electrical conductivity of the material, resulting in an active and stable catalyst [39].

Finally, Table 1 reports and compares the main physicochemical properties and catalytic
performances toward HER in acidic and alkaline media of non-precious metal graphene-based
catalysts discussed in the current manuscript.
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Table 1. Physicochemical properties of non-precious metal graphene-based catalysts.

Catalyst Non-Metal
Doping Elements

Metal Doping
Elements

Onset Overpotential
(mV vs RHE)

Tafel Slope
(mV·dec−1)

Ref.

Acidic Media
Ultrathin graphene shells
encapsulated in a uniform
CoNi nanoalloy

- Co, Ni 142 107 [27]

Plasma-etching on
S-graphene S - 178 86 [20]

NS-doped nanoporous
graphene (NS-500) N, S - 130 80.5 [12]

Nitrogen and phosphorus
dual-doped multilayer
graphene

N, P - 120 79 [22]

MoP nanoparticle
supported on N, P-
codoped reduced
graphene oxides

N, P Mo 115 54 [23]

B-substituted graphene B - ~200 ~99 [17]

Ni-doped graphene - Ni 50 45 [26]

Co, N-codoped carbon
nanotube (CNT) /graphene
heterostructure
bifunctional catalyst

N Co 123 67 [28]

MoCoFeS/reduced
graphene oxide S Mo, Co, Fe 110 50 [36]

Phosphine reduced an
iron-doped tungsten oxide
nanoplate/reduced
graphene oxide
nanocomposite

P Fe, W 55 42 [37]

[Mo3S13]2 clusters
decorated sulfur doped
reduced graphene oxide

S Mo 100 41 [38]

Phosphorus-modified
tungsten nitride /reduced
graphene oxide

P W 46 54 [33]

Nickel ferrite embedded in
reduced graphene oxide Ni, Fe 5 58 [32]

Alkaline media
Cu, Co-embedded
nitrogen-enriched
mesoporous
carbon framework

N Cu, Co 145 80 [29]

Holey reduced graphene
oxide coupled with an
Mo2N–Mo2C
heterojunction

N Mo 18 68 [30]

6. Summary

Herein, the catalytic performance of the latest non-precious metal graphene-based catalysts for
HER has been presented. HER importance is paramount in fields as diverse as energy production and
storage, fuel cells, and production of bulk chemicals. In this context, HER is a crucial electrochemical
reaction for the desired hydrogen economy since it has the potential to provide pure hydrogen for fuel
cells. With the aim to solve the principal catalytic problems at the cathode electrode in which HER
takes place, the new advances in non-precious metal graphene materials are reported and a summary
of the main catalytic properties is provided in Table 1. With the aim of tailoring the properties for
future design and synthesis of innovative and sustainable catalysts for HER, diverse methods to modify
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graphene are mentioned along the manuscript as well as the electrochemical performance toward HER
of the resulting materials. Thus, the current work may help improve the fabrication of novel electrodes
in order to decrease the cost and enhance the performance of HER catalysts.
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