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‘i:cje‘l"eg (;ilﬁre‘”se‘j form water for hydrogen production. To date, the most effective hydrogen evolution reaction (HER) electro-
uly

catalysts are Pt-group metals with a low overpotential to generate large cathodic current densities.
However, the high cost and scarcity severely limit their broad utilization. As alternatives to Pt electro-
catalysts, transition metal compounds as effective HER catalysts have been prepared in a series of recent
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can modulate the electronic state density of carbon to produce new active sites for HER. In this feature
article, we review the research progress in the development of carbon-based electrocatalysts toward HER
in acid electrolytes throughout the past few years. In addition, some notable matters and challenge in the
research of HER are discussed in this review.
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1. Introduction

Development of effective technologies for clean and sustainable
hydrogen energy has been drawn increasing attention in the past
few years, as hydrogen is hailed as a promising energy source to
reduce our dependence on fossil fuels and benefit the environ-
ment by reducing the emissions of greenhouse and other toxic
gases. Toward this end, an effective and promising approach is
based on the electrolysis of water for hydrogen production. Elec-
trocatalytic hydrogen evolution reaction (HER) preferably driven
by solar energy is a highly attractive methodology for meeting
these requirements [1-3]. Yet such a promise will be realized only
when the production can be carried out in an efficient, low-cost,
and environmentally friendly fashion. As shown in the equation:
H* +catalyst+e~ =catalyst-H (acid solution), the catalyst need
only adsorb free H* ion in acidic electrolytes. But, as shown in the
equation: H,O+catalyst+e~ =catalyst-H+OH™ (alkaline solu-
tion), the catalyst need break the H-O-H bonding in alkaline
electrolytes before adsorbing H* ion. So, the acidic electrolytes
(e.g. 0.5 M H,S0,4) are preferred for water electrolysis to produce
hydrogen as there are enough H" ions in the electrolyte to react
on the electrode surface. In addition, hydroxide-conducting poly-
meric electrolytes are still in their technological infancy: they are
unstable and less conductive than their proton-conducting coun-
terparts and impose greater overpotentials for HER [4]. Therefore
significant research efforts have been devoted to the design and
engineering of acid-stable HER catalysts.

To date, Pt-based electrocatalysts are known to efficiently cat-
alyze HER, while their widespread use has been limited by their
low earth-abundance and high-cost; hence, the development of
HER catalysts that are composed of inexpensive and earth-abun-
dant elements has been one of the main targets in renewable
energy research in recent years [5-9]. Molybdenum- and transi-
tion-metal-based compounds are an exciting family of HER cata-
lysts, including MoS, [10-12], MoSe, [13], Mo,C [14], MoP [15],
WS, [16], CoSe, [17], CoS, [18], CoP [19,20], NiP [2], M5C (M: Fe, Co,
Ni) [21], which exhibit excellent activity and robust stability in
acidic electrolytes. Recently, the studies about carbon-based cat-
alysts with low overpotentials for HER have stimulated a great
deal of interest. The pristine carbon materials are electro-
chemically inert or possess the poor catalytic activity [22-25]. This
is the basis that we can use various carbon-based current collec-
tors such as glassy carbon, carbon paper and carbon cloth in
electrochemical experiments. Chemical modification of the carbon
surface is usually necessary in order to enhance its electrocatalytic
activity [26]. Actually, the electronic state density of carbon may
be modulated by transition metal nanoparticles [22,27,28] and
nonmetal doping [28-30], such that carbon may serve as active
sites for HER. As a rising category of potential candidates for the
replacement of Pt-based catalysts, carbon-based materials are
considered to have great potential to solve some vital issues for
HER. Up to now, there are two main kinds of carbon-based elec-
trocatalysts: (1) nonmetallic elements doped carbon and (2) the
metal@carbon core-shell structures. Recent rapid increases of

carbon based electrocatalysts for HER have motivated demand for
reviewing of this research field. To the best of our knowledge, al-
though some investigations or reviews involving transition metal
based, especially molybdenum-based compounds as HER catalysts
have been reported [31-38], comprehensive reviews about car-
bon-based electrocatalysts for HER are still rare [39]. This review
summarizes recent achievements in carbon based electrocatalysts
for HER, and beneficial to future development of other novel low-
cost catalysts with high activities and long lifetimes for practical
applications. Additionally, some notable matters and challenge in
the electrochemical measurement of HER are discussed in this
review.

2. Nonmetal doped carbon for HER

Hetero-atoms (e.g. N, S, P, B or others) as dopant into carbon
can modulate carbon's physical and chemical properties to obtain
more reactive sites. More importantly, this process can produce
carbon-based materials with improved ability to adsorb the
atomic/molecular species undergoing catalytic reactions and
without substantially compromised conductive properties [40].
These types of heteroatoms doped structures may provide op-
portunities for further developing low-cost metal-free catalysts
with high activities and long lifetimes. It has been known that the
difference in electronegativity and size between the hetero-atoms
(N, P, B, and S) and carbon can polarize adjacent carbon atoms to
facilitate oxygen reduction reaction (ORR) [41-43], which may be
applicable to the hydrogen evolution process [24,28,44|. The HER
performances of heteroatom-doped carbon metal-free catalysts
are summarized in Table 1.

2.1. Nitrogen-doped carbon for HER

Nitrogen containing carbons have received increasing interest
as they can improve the properties of carbon for various applica-
tions, including ORR [51] and photocatalysis [52]. When nitrogen
atoms are introduced into the carbon structure, the electrical
conductivity, basicity, oxidation stability, and catalytic activity of
carbon can be altered. The performance of these materials cru-
cially depends on the amount of nitrogen in the carbon host as
well as its local structure. However, the N doped carbons as effi-
cient catalysts for HER have rarely been reported [48,53,54]. An-
tonietti et al. [53] reported that the carbon nitride (C3N4) elec-
trodes show high HER activity with low overpotential and accep-
table current densities due to an enhanced H adsorption (Volmer
step). Qu et al. reported that hierarchical architecture of graphitic
carbon nitride (g-C3N4) nanoribbon-graphene provides a large
accessible surface area, multi-electron transport channel and short
diffusion distance for an excellent charge separation and transfer,
that effectively accelerates the electrochemical process for HER
[47]. As shown in Fig. 1, Qiao et al. synthesized a flexible three-
dimensional (3D) film by integrating porous C3N4 nanolayers with
nitrogen-doped graphene sheets, which can be directly utilized as
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Table 1
Summary of heteroatom-doped metal-free catalysts for HER.

Heteroatom-doped carbon Methods Doping Onset potential (mV  Tafel slope n (V vs. RHE) for Refs.
elements vs. RHE) (mV dec™1) J=-10 mA cm~?
g-C3N4 nanoribbon-graphene a one-step hydrothermal melamine N 80 54 0.207 [45]
Porous C3N4@N-graphene- a simple vacuum filtration ammonia N 8 49.1 0.08 [29]
750 film

B-substituted graphene a facile wet chemical synthetic B 200 99 - [40]
BH;3-THF

N, S doped carbon-500 chemical vapor deposition N, S 130 80.5 0.28 [30]
pyridine thiophene

N, S doped carbon thermal decomposition N, S 27 67.8 - [28]
peanut root nodules

N, P doped graphene chemical -doping N, P 289 91 0.422 [24]
melamine triphenylphosphine

g-C3N,@S-Se-pGr in situ process S, Se 92 86 - [46]
sulfur and selenium powder

N doped hexagonal carbon chemical vapor deposition N 65 56.7 0.18 [47]
\P}

N doped carbon a micelle-template N - 109 0.239 [48]
cyanamide

C3N4@N doped graphene anneal N - 511 0.24 [49]
dicyandiamide

N, S doped carbon-800 simple pyrolysis N, S 12 574 0.097 [28]
human hair

N, P doped carbon carbonizing Staphylococcus aureus N, P 76 58.4 0.204 [50]
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Fig. 1. Schematic illustration of the preparation process of PCN@N-graphene film. (Reprinted with permission from Ref. [29] ©2015 American Chemical Society.)

HER catalyst electrodes without substrates, which possessed
highly exposed catalytic centers, hierarchical pores and strong
mechanical flexibility [29]. The electrochemical measurement
showed that 3D heterostructured electrodes possess the efficient
catalytic activity for HER, onset potential (—8 mV vs. RHE) close to
that of commercial Pt (0 mV vs. RHE @ 0.5 mA cm~2), high ex-
change current density of 0.43 mA cm~2, and remarkable dur-
ability (seldom activity loss > 5000 cycles).

2.2. Other heteroatom (B, S) doped carbon for HER

Researches involving the electrocatalytic activities of carbon
materials doped with other low (e.g. B) [55] or similarly (e.g. S)
[40] electronegative atoms have attracted increasing attention.
Asefa et al. reported a facile wet chemical synthetic method to
electrocatalytically active, B-substituted graphene, which as an
efficient metal-free electrocatalyst for HER showed onset potential
of —200 mV vs. RHE with Tafel slopes of ~99 mV dec~!. In addi-
tion, Amini et al. [56] succeeded in synthesizing the sulfur doped
graphene nanosheets, which showed enhanced activity for HER.

The S dopants introduced the structure defects into the graphene
lattice to form the S-C bonding, which appeared to be related to
the active sites for HER. Lees's group reported the molecularly
designed and metal-free catalysts synthesized by coupling a
g-C3N4 with graphene doped by S, Se, or S-Se (Fig. 2) [46]. In our
group, sulfur and nitrogen self-doped carbon nanosheets were
prepared as efficient non-metal catalysts for HER by thermal de-
composition of peanut root nodules (an abundant biowaste).
Electrochemical measurements showed apparent electrocatalytic
activity for HER in 0.5 M H,SO4, with a small overpotential of only
27 mV, a Tafel slope of 67.8 mV dec~! and good catalytic stability
[28].

2.3. Dual or treble doped carbons in metal-free catalysts

After single heteroatom doping had been confirmed to improve
the electrocatalytic performance of carbon materials, development
of carbon materials doped with dual heteroatoms motivated the
curiosity. For example, B/N, S/N and P/N couples could lead to the
unique electron-donor property by the synergistic coupling effect
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Fig. 2. (a) Schematic representation of the growth of g-C3N,@x-graphene (x=S, Se, S-Se). TEM images of (b) pure graphene and (c and d) nanoporous graphene. (Reprinted

with permission from Ref. [46] ©2015 The Royal Society of Chemistry.)
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Fig. 3. Illustration of the preparation process of N and S co-doped nanoporous graphene. (a) Preparation of nanoporous N,S-doped graphene by CVD. (b) Potential defect
structures in NS-doped nanoporous graphene. (c) Expected reaction mechanism on nanoporous graphene. (Reprinted with permission from Ref. [30] ©2014 Wiley-VCH.)

between two heteroatoms. Chen et al. prepared nitrogen and
sulfur co-doped nanoporous graphene by nanoporous Ni-based
chemical vapor deposition (Fig. 3) [30]. The obtained nitrogen and
sulfur co-doped nanoporous graphene leaded to high catalytic
activity for HER with an onset potential of —130 mV vs. RHE, Tafel
slope of 80.5mV dec™! and operating potential of —280 mV@
10 mA cm~2. Qiao et al. designed and synthesized N and P dual-
doped graphene by annealing graphene oxide with a melamine
and triphenylphosphine mixture in an Ar atmosphere [24]. The N
and P heteroatoms could co-activate the adjacent C atom in the
graphene matrix by affecting its valence orbital energy levels to
induce a synergistically enhanced reactivity toward HER. Electro-
chemical measurements (Fig. 4) showed that N and P dual-doped
graphene (420 mV @10 mA cm~2, 91 mV dec™') was more active
than those of the single N doped graphene (490 mV,
116 mV dec~ ') and P doped graphene (553 mV, 133 mV dec™ ).

2.4. Catalytic mechanism for nonmetal-doped carbon for HER

Heteroatom doped graphene nanosheets have been explored as
metal-free HER electrocatalysts, recently. To understand the un-
derlying mechanisms of the doping enhanced HER catalysis, the
density functional theory (DFT) calculations were performed to
investigate the electronic structure and H* absorption free energy
of electrocatalysts for HER. Using DFT calculations, Qiao et al. [24]
explored several heteroatom (N, B, O, S, P and F) doped or co-
doped graphene models and predicted that N and P co-doping
afforded the optimal HER activity with Gibbs free-energy of the
hydrogen adsorption (AGy*) of —0.08 eV. In a parallel study, Chen
et al. [30] synthesized N and S co-doped nanoporous graphene by
chemical vapor deposition on a Ni substrate using pyridine and
thiophene as the N and S precursors. The N,S-doped graphene
exhibited an onset overpotential of —130 mV and Tafel slope of
80.5 mV dec~ ' in acid electrolytes, which was better than those of
N-doped graphene and S-doped graphene (Fig. 5). Based on DFT
calculations, the authors proposed that the synergistic coupling of



W. Zhou et al. / Nano Energy 28 (2016) 29-43 33

(a) o (b) 0.60
T 2l S 055{/ P graphene
/ ~ (133 mVidecade)

< =}

E E N-graphene

~ il O 050 . (116 mV/decade)
-~ b

8 6- 0.5MH,SO, 3 045

[ Graphite -

(] w N,P-graphene-1
E —— P-graphene I

(DJ -8 4 N Oraeliehs 0.40 - (91 mVidecade)

- N P-graphene-1
-10 T T T T 0.35 T -
-06 -05 -04 -03 -02 -01 -2.5 -2.0 -1.5
Potential vs. RHE (V) Log | (A/em?)

Fig. 4. (a) HER polarization curves, (b) the corresponding Tafel plots of N- and/or P-doped graphene electrocatalysts in 0.5 M H,SO,. (Reprinted with permission from Ref.

[24] ©2014 American Chemical Society.)

S and N dopants with geometric defects in the graphene lattice
reduced IAGy*l on graphene, and hence was responsible for the
improved HER activity [30]. However, it's worth noting that there
are some possible metal impurities (e.g. Fe, Co, Ni and Mo) in
nonmetal doped carbon (such as carbon nanotubes with the metal
catalyst seeds, activating agent of MgCl, and template of Ni foam),
which can affect the HER activity. So, the nonmetal doped carbon
electrocatalysts need more accurate evaluation.
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2.5. Metal doped carbon for HER

Recently, metal atoms doped carbon with efficient HER activity
has been developed, such as nanoporous graphene with single-
atom nickel dopants [23] and atomic cobalt doped in N-doped
graphene (Fig. 6) [57]. Chen and Tour [57] reported that very small
amounts of cobalt dispersed as individual atoms on nitrogen-
doped graphene possess low overpotentials (30 mV). The
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Fig. 5. HER activity of chemically doped nanoporous graphene nanosheets. (a) CV curves of the samples produced at different CVD temperatures and with different dopants
in comparison to undoped nanoporous graphene. (b) Tafel plots for the different graphene samples. (c) Electrochemical impedance spectroscopy of the graphene samples at
HER overpotential of 200 mV. (d) DFT-calculated HER activities of chemically doped nanoporous graphene nanosheets with a geometric lattice defect. Shown is the cal-
culated HER free energy diagram at equilibrium potential for a Pt catalyst and for pyridinic (pN-G), graphitic (gN-G), sulfur doped (S-G), and nitrogen/sulfur co-doped (NS-G)
graphene samples. The inset shows a NS-doped graphene model with a nitrogen (blue), sulfur (yellow), and hydrogen atom (white). (Reprinted with permission from Ref.

[30] ©2014 Wiley-VCH.)
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publishing group.)

catalytically active sites are associated with the metal centers co-
ordinated with nitrogen. In addition, single-atom nickel dopants
anchored to three dimensional nanoporous graphene shows su-
perior HER performance with a low overpotential of approxi-
mately 50 mV and a Tafel slope of 45 mV dec™! in 0.5 M H,SO,4
solution, together with excellent cycling stability. Experimental
and theoretical investigations suggest that the unusual catalytic
performance of this catalyst is due to sp-d orbital charge transfer
between the Ni dopants and the surrounding carbon atoms [23].
Up to now, there are many reports about nonmetal and metal
doped carbons used as highly active HER catalysts. However, the
accurate assessment of the catalytic sites resulting from nonmetal
atoms or metal atoms in doped carbon electrocatalysts needs more
an in-depth study.

3. Metals embedded in carbon for HER

The metal@carbon materials are growing attractive candidates
for HER catalysts. Reports about pure metals of Co, Fe and Ni used
as HER catalysts have been relatively scarce because of their che-
mical instability in acidic environments [58]. One approach is that
building a thin carbon layer on the surface of metals, which hin-
dered the transition metals from dissolution in acid electrolyte as
well as to obtain the prominent catalytic contributions from the
entrapped metal nanoparticles due to interfacial charge transfer
[6,22,27,28]. Some of these efforts have already led to some

Table 2
Summary of metal@carbon catalysts for HER in acid electrolyte.

efficient metal@carbon HER catalysts (e.g. Fe@carbon, Co@carbon),
which possess unique stability in a wide pH range owing to the
protection of carbon shell. The HER performances of metal@carbon
catalysts are summarized in Table 2.

3.1. Core-shell structure for carbon nanotubes (CNTs) and
nanoparticles

Cobalt-embedded nitrogen-rich carbon nanotubes (Co-
NRCNTs) were synthesized by Zou et al. (Fig. 7) [22], which served
as highly active electrocatalyst for HER with a small onset poten-
tial of —50 mV vs. RHE and a smaller Tafel slope (69 mV dec™') at
pH 0. The results have guided to synthesize all kinds of me-
tal@carbon electrocatalysts for HER [6,20-22,27,28,59,61,63-67].
The core metals (Fe, Co, Ni and alloy) [59,64,66,67], carbon shell
(dicyandiamide [61], urea [66], EDTA [59], and cellulose filter [67])
and nanostructures (nanotubes [6,61], and nanoparticles [27])
have been considered to affect the HER activity of metal@carbon
catalysts. Research progress was summarized below: (1) Up to
now, the core metals have been restricted to only a small number
of transition metals, such as Fe, Co and Ni. Extending the core
metal to other metals is the important research content in the
future [25,68,69]. (2) The nonmetal doping into carbon shells sy-
nergistically increases the electron density on the graphene sur-
face, which resulted in superior HER activity. Up to now, only N
doping into metal@carbon with enhanced HER activity have been
reported [22]. The other elements, such as S and P, doped into

metal@carbon catalysts Morphologies Metal core Onset potential Tafel slope n (mV vs. RHE) for  Refs.
(mV vs.RHE)  (mVdec™') J=—-10mA cm2
FeCo@N-doped Carbon Tubular FeCo ~-70 63 ~270 [6]
nanotubes-NH3
Cobalt-embedded Multi-wall carbon Co -50 69 260 [22]
nitrogen-rich CNTs Nanotubes
CoNi@N-doped Carbon Nanospheres CoNi ~0 105 142 [59]
Co-embedded Nitrogen-doped CNT/Carbon Cloth Nanowire array Co - 74 78 [60]
Co0304@ Graphitic Carbon Nitride-5%CoCl, - 6H,0-450 °C Tubular Co304 -30 - 90 [61]
CoP-Ordered Mesoporous Carbon Nanorods CoP -77.74 56.7 112 [20]
Co@N-Doped Carbon/ Wrinkled surface Co —49 79.3 200, J=-13.6 [62]
N-Doped Graphene
Co@Nitrogen-doped Graphene Films Layer alternate Co -14 93.9 ~125 [63]
Co@N-doped carbon/Ti mesh Nanorod arrays Co -56 78.2 106 [28]
Fe;C-Graphene Nanoribbons Co3C-Graphene Nanoribbons Vertically aligned Gra-  Fe3C -32 46 200, J=166.6 [21]
phene nanoribbons CosC —-41 57 200, J=79.6
Ni3C-Graphene Nanoribbons NisC -35 54 200, J=116.4
Single-shell Carbon- Single-shell carbon-en- Fe ~0 40 77 [64]

Encapsulated Iron Nanoparticle/Single-walled Carbon Nanotube

capsulated iron
nanoparticles
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Fig. 7. Synthesis of Co-NRCNTs: Step 1: thermal treatment at 500 °C in N, atmosphere of a mixture of dicyandiamide and CoCl,-6H,0 to form Co?*-g-CsN,. Step 2:
additional thermal treatment at 700 °C in N, atmosphere of the Co?*-g-C3N,, followed by acid treatment of the resulting material to etch away any accessible cobalt species
on it. (a) SEM image, (b—-d) STEM images of Co-NRCNTs. (Reprinted with permission from Ref. [22] ©2014 Wiley-VCH.)

carbon shell with high HER activity have been not reported.
(3) DFT calculations indicate that the ultrathin graphene shells
(less than 2 nm) promote electron penetration from the metal core
to the graphene surface to enhance the HER activity. Deng et al.
[59] designed a hierarchical architecture consisted of CoNi na-
noalloy encapsulated by 1-3 layers of ultrathin graphene shells
(CoNi@NC), which prepared by a bottom-up method of using
Co?*, Ni**, and EDTA*~ as precursors. The optimized catalyst
exhibited high stability and activity with an onset overpotential of
almost zero vs. RHE and an overpotential of only 142 mV at
10 mA cm 2, which was quite close to that of commercial 40% Pt/C
catalysts in 0.1 M H,SO,4 electrolyte (Fig. 8). Up to now, it is sup-
posed that the catalytic sites of metal@carbon locate on carbon
shell, resulting from the electron injection by core metals. In fact,
experiments confirmed that the nonmetal-doping in carbon shell
is vital to enhance the HER activity of metal@carbon and the metal
cores encapsulated by pure carbon possessed the poor HER per-
formance [62]. This is because that the hetero-atoms doping into
carbon shell will introduce the structure defects into the graphene
lattice, which weaken the limit of carbon shell thickness. However,
the catalytic mechanisms of metal@carbon require in-depth
research.

According to the above mechanism, the HER catalytic sites of

metal@carbon were located on the surface of carbon shell, which
increased with the interface between metal core and carbon shell.
So, the various metal@carbon structures loaded onto grapheme
[65], carbon nanotubes [22], cellulose filter paper [67] and Ti mesh
[28] have been reported. For examples, Mohammad Tavakkoli et al.
[64] prepared single shell carbon-encapsulated iron nanoparticles
(SCEINs) decorated on single-walled carbon nanotubes (SWNTs) as
a novel highly active and durable non-noble-metal catalyst for the
HER (Fig. 9), which possessed a low overpotential of 77 mV to
achieve current densities of 10 mA cm~2 with a Tafel slope of
40 mV dec™!'. Zhou et al. [62] reported that N-doped carbon-
wrapped cobalt nanoparticles supported on N-doped graphene
nanosheets (Co/NC/NG) were prepared by a facile solvothermal
procedure and subsequent calcination at controlled temperatures,
which possessed a small overpotential of 49 mV with a Tafel slope
of 793 mVdec™! and prominent electrochemical durability in
0.5 M H,SO,4. The electrochemical results confirmed that the sy-
nergetic effect among N-doped graphene, metal Co, and core-shell
structure played an important role in enhancing HER activity
(Fig. 10).

Notably, to develop high efficiency and binder-free HER elec-
trodes, active components are directly grown on current-collecting
substrates instead of using Nafion as binder. The 3D electrode
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*) (red line) and electronic potential (blue line) as a function of the number

of graphene layers, where AAG=AG (without metal)-AG (with metal). (c) Redistribution of the electron densities after the CoNi clusters have covered by one to three layers
of graphene. The differential charge density (Ap) is defined as the difference in the electron density with and without the CoNi cluster. The red and blue regions are regions of
increased and decreased electron density, respectively. (Reprinted with permission from Ref. [59] ©2014 The Royal Society of Chemistry.)

entailed a large surface area and abundant exposed active sites.
For example, Zhou et al. [28] described the preparation of self-
supported N-doped carbon-coated cobalt nanorod arrays sup-
ported on a Ti mesh (Co@NC/Ti, Fig. 11), which exhibited a re-
markable HER performance in acid solutions with an onset po-
tential of —56 mV vs. RHE, a Tafel slope of 78.2 mV dec™!, and
robust stability for 8 h of continuous operation. In addition, Xing et
al. [27] described the direct growth of a film consisting of inter-
connected Co-entrapped, N-doped carbon nanotubes on carbon
cloth using chemical vapor deposition from dicyanodiamine using
a Co304 nanowire array as a flexible 3D electrode, which delivers
10, 20, and 100 mA cm 2 at overpotentials of 78, 100, and 155 mV
in 0.5 M H,S0,, respectively.

3.2. Metal organic frameworks (MOFs) for HER

Metal organic frameworks (MOFs), built from metal ions and
organic ligands by coordination bonds, are a family of crystalline
porous solids [70]. Thanks to their particular structure, MOFs
possess diverse composition, ultra-high surface area, ordered and
controllable porous structure [71]. Porous carbon and metal oxide/
carbon hybrid materials with the morphology of MOFs can get
easily by direct pyrolysis of MOFs under an inert atmosphere. For
this reason, MOFs derived electrocatalysts have been bring in en-
ergy conversion and storage applications and exhibit excellent
electrochemical activity, like supercapacitors [72,73], ORR
[72,74,75] and oxygen evolution reaction (OER) [74,76]. Based on
this, MOFs derived materials are also potential electrocatalysts for
HER.

When MOFs were used as electrocatalysts for HER, they can be
divided into two groups: (1) MOFs used as electrocatalysts directly
without any other procedure. Polyoxometalates-based metal or-
ganic frameworks (POMOFs) were widely utilized as electro-
catalysts for HER in recent years, for the reason that they have
combined the advantages of POMs and MOFs [76-78]. Other types

of MOFs, like Cu-MOF [79], Co-MOF [80] are also applied as elec-
trocatalysts for HER without calcination, which usually possess the
bad catalytic stability. (2) metal@carbon materials derived from
MOFs calcined at different atmosphere as electrocatalysts for HER
[69,81,82]. The high catalytic activity are mainly from following
reasons: M the porous structure of carbon inherit from the MOFs
with a large surface area; @ the metal@carbon core-shell structure
where electron can transfer from metal to carbon to improve the
catalytic activity. For instance, Hou et al. [81] prepared a nitrogen-
doped graphene/cobalt-embedded porous carbon polyhedron (N/
Co-doped PCP//NRGO) through the calcination of the mixture of
Co-MOFs and graphene oxide under N, atmosphere (Fig. 12). The
hybrid offering a low onset potential of 58 mV vs. RHE and Tafel
slope of 126 mV dec™! at acid media. Researches about MOFs-
derived HER catalysts are not only limited to a handful of elements
(Zn, Cu, Co), other elements (such as Mo) are also widely em-
ployed. Wu et al. [82] synthesized porous molybdenum carbide
nano-octahedrons (MoC,) by pyrolysis of a Mo-based MOFs
(Fig. 13). And MoC, nano-octahedrons are regard as efficient
electrocatalyst for HER, offering a low onset potential of —25 mV
in acid electrolyte and a small Tafel slope of 53 mV dec™ .

In addition to the direct carbonization of MOFs, other kinds of
treatments to synthesize metal compounds as electrocatalysts for
HER have also been reported. Direct phosphorization of Ni-MOFs
at a mild condition can transform Ni-MOFs into nickel phosphide,
which was proved to be outstanding catalyst for HER in acid
electrolyte. For example, Tian et al. [83] synthesized nickel phos-
phides (NiP) derived from Ni-MOFs by NaH,PO, at 275 °C in a
muffle furnace, which showed excellent HER activity in 0.5 M
H,SO,4 with a low onset potential of —75 mV and a small Tafel
slope of 62 mV dec!.

4. Electrochemistry

The parameters to evaluate HER performance of
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Fig. 9. (a) TEM image of single-shell carbon-encapsulated iron nanoparticles (SCEINs) supported on SWNTs showing distribution of the particles on the SWNTs. (b) HRTEM
image of the SCEIN/SWNT sample, the inset indicates the (110) lattice plane of the Fe particles in SCEINs. (c) HRTEM image of SCEINs decorated on the sidewalls of the
SWNTs, the inset shows Fe catalyst particles for the growth of the SWNTs (arrows demonstrate the SWNT). (d) Schematic representation of SCEIN/SWNT sample simplifying
the HRTEM images and HER on SCEINs. (Reprinted with permission from Ref. [64] ©2014 Wiley-VCH.)

electrocatalysts include overpotential, current density, Tafel plot,
impendence, electrochemical surface area and stability, etc.
However, electrochemical measurements of carbon-based elec-
trocatalysts for HER should be rigorously evaluated to avoid pos-
sible errors.

4.1. Overpotential/onset-potential and calibration

To conduct electrochemical water splitting, the voltages above
the thermodynamic potential values corresponding to the intrinsic
activation barriers present in two half reactions were known as
overpotential (n) and onset potential [84,85]. The onset potential is
the applied potential with apparent cathodic currents. However, it
is embarrassed to determine the precise potential required to
produce a current density, which usually is 0.5 or 1 mA cm 2. For
the further quantitative comparison of HER activity, the required

overpotential to receive a current density of 10 mA cm 2 were
widely used to evaluate the activities of the electrocatalysts in
recently reports [80,81]. In fact, the measured voltage (Eejectrolysis)
is consisted of three parts: Eelectrolysis:Ereversible+AE irreversible+IR-
The AE jireversible 1S the overpotential (n) for HER. Thus, in order to
measure the accurate overpotential (n), the potential sweep rate of
polarization curve should be measured by low sweep rate (such as
2 or 5mV s~ ') to minimize the capacitive current, especially for
3D electrode with high electrochemical surface area.

In all measurements, the reference electrodes (Ag/AgCl or
Hg/Hg,Cl,) should be calibrated with respect to a reversible hy-
drogen electrode (RHE). The revision process should be done at
regular intervals due to the possible potential shift of reference
electrodes. One method is experimental measurement. The cali-
bration was performed in a high-purity H, (99.999%) saturated
electrolyte with Pt wires as the working electrode and counter
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Fig. 10. (a) Polarization curves for HER in 0.5 M H,SO, at a glassy carbon electrode modified with N doped carbon/N doped graphene (NC/NG), Co304 loaded on graphene
(Co304/G), Co loaded on graphene (Co/G), Co loaded on N doped carbon/N doped graphene (Co/NC/NG), Co@N doped carbon/N doped graphene (Co@NC/NG) (700 °C), and
20 wt% Pt/C, respectively. Potential sweep rate 5 mV s~ . (b) Corresponding Tafel plots derived from (a). (Reprinted with permission from Ref. [62] ©2015 The Royal Society

of Chemistry.)

electrode. Cyclic voltammograms (CVs) were collected at a scan
rate of 1 mVs~!, and the average of the two potentials at which
the current crossed zero was taken as the thermodynamic po-
tential for the reversible hydrogen electrode. The other method is
theoretical calculation by Nernst equation.

2H*(aq) + 2e- = H, (&)
2
RT In A =
nF 1
E°Hg/Hg,Cl,, saturated KCl) = 0.242V
E°(Ag/AgCl, saturated KCl) = 0.197 V

H*|H,(g) |Catalysts

E=E%- E® — 0.059pH

where the pH of 0.5 M H,S04 is 0.3, R is the universal gas constant,
R=8.314 472]JK 'mol~!, T is the absolute temperature
(T=298.15K), F is the Faraday constant, the number of coulombs
per mole of electrons (F=9.648 533 99 x 10° Cmol '), n is the
number of moles of electrons transferred in the cell reaction or
half-reaction (n=2).

4.2. Current density and electrochemical surface area

It is noting that the current densities (mA cm~2) of powder
catalyst and block 3D electrode are achieved by two different
testing methods. The former is that a certain amount of catalyst
was loaded onto a glass carbon electrode (GCE), and the corre-
sponding area is known as geometry area. The latter is, for block
3D electrode, geometric area of electrodes is also used to calculate
current density. In fact, their mass loading of catalyst and actual
electrochemical area are far more than those of powder catalysts
loaded onto GCE. In addition, IR-compensation can exclude the
influence of the resistance (Rs) from electrochemical workstation
and electrode, which will increase the current density. The ob-
tained results are useful to study the catalytic mechanism, such as
the calculation of Tafel plots. However, the current density ob-
tained without IR-compensation can give the integral and actual
HER performance of electrodes.

The electrochemical surface area is employed as an approx-
imate guide for surface roughness within an order-of-magnitude
accuracy [86]. To estimate the effective surface areas, the capaci-
tance of the double layer at the solid-liquid interface was mea-
sured. CVs were collected in a certain potential window without
faradaic processes [17,85]. The current density of CV consists of
two parts: capacitance current (proportional to r', r is the sweep
speed) and faradic current (proportional to r'/?). Therefore, the
sweep speed should be high enough, such as 40, 80, 120, 160, and

200 mV s~ ! to acquire the capacitance current.

4.3. Tafel plot and exchange current density

Tafel plot is normally used to evaluate the intrinsic property of
the catalysts and the efficiency of the catalytic reaction. The po-
larization curves are replotted as overpotential (n) vs. log current
(log |j|) to get Tafel plots. By fitting the linear portion of the Tafel
plots to the Tafel equation (n=b log |j|+a, the Tafel slope (b) can be
achieved. Note that for hydrogen evolution in acid electrolyte on
metal electrode surfaces, the mechanism typically involves the
following three major reactions [85],

First is a primary H* adsorption step (Volmer reaction):

2. 3RT

H30*+e —H,4s+H,0 b = ~120 mV dec-!

M

where R is the ideal gas constant, T is the absolute temperature,
a~ 0.5 is the symmetry coefficient, and F is the Faraday constant.
This step is followed by either an electrochemical desorption step
(Heyrovsky reaction),

2. 3RTF ~40 mV dec!

(1 +0()

or a recombination step (Tafel reaction),

Hads+H3O++e*—>H2+H20 b= )
(2

Hads+Hads—Hab = 2. 3RT/2F~30 mV dec! 3)

Tafel slope is an inherent property of the catalyst that is de-
termined by the rate-limiting step of the HER. For example, HER
kinetic models suggest that Tafel slope of about 120, 40 or
30 mV dec~! will be obtained if the Volmer, Heyrovsky or Tafel
reaction is the rate-determining step, respectively [87]. Further-
more, the logarithmic current density usually deviates from linear
dependence at high overpotentials, which is strongly influenced
by evolved hydrogen bubbles limiting the available surface area or
mass transport [17]. Therefore, Tafel plots are recorded with the
linear portions at low overpotential fitted to the Tafel equation
[81]. To further estimate the intrinsic activity of the electro-
catalysts, the exchange current density (jo) is determined by ex-
trapolation of the Tafel plots to j/log(j) axis. For n=b log j+a, the
constant terms a and b are known from the Tafel plot, the 7 is zero,
and then the jo is received. The large exchange current density
indicates the large surface area, fast electron transfer rate, and
favorable HER kinetics.
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Fig. 11. (a) Top view and (b) side-view SEM images, (c) XRD patterns and (d and e) TEM images of Co@NC/Ti. (f) The corresponding EDX elemental mapping images of C, N
and Co for Co@NC. (g) EDX line scan curves showing C, N, and Co element profiles across the CoO@NC indicated by the red line in (f). (Reprinted with permission from Ref. [28]

©2015 The Royal Society of Chemistry.)

4.4. Electrochemical impedance

Electrochemical impedance spectroscopy (EIS) is a powerful
technique to characterize interface reactions and electrode ki-
netics in HER. The simple equivalent circuit was usually given,
where a constant phase element (CPE) was employed. The series
resistance (Rs) represents a combination of ionic resistance of the
electrolytes, electronic resistance of the electrode materials and
internal resistance of electrochemical workstation, was obtained
in the high frequency zone and then sometimes used to correct

the polarization curves (IR-corrected). The charge transfer re-
sistance (Rct) is related to the electrocatalytic kinetics and its
lower value corresponds to the faster reaction rate, which can be
obtained from the semicircle in the low frequency zone. From the
Nyquist plots of the EIS response, we can see a depressed semi-
circle in the high-frequency region (Rct) and a quasi-sloping line in
the low-frequency region (corresponding to mass transfer re-
sistance). It is noting that Nyquist plots of the EIS response at
various overpotentials, the diameter of the semicircles markedly
diminished with increasing overpotential, suggesting decreasing
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Rct with increasingly negative electrode potentials.
4.5. HER durability and H, production

Durability is another important criterion to evaluate the HER
performance of electrocatalyst. To probe the durability of the
catalyst in acidic environment, long-term potential cycling and
current-time responses at fixed potentials over extended periods
were performed. It is noted that after continuous cyclic voltam-
mograms at an accelerated scanning rate of 100 mV s~ ! for 1000
cycles, the polarization curves almost exactly overlays with the
initial one, with negligible loss of cathodic current [17,88]. Long-
term electrochemical stability was also measured by chron-
opotentiometry or chronoamperometry, maintaining for a certain
hours with a given current density and applied potential [89,90].
In fact, the i-t testing show the real reaction activity of hydrogen
production, and the measured current densities obtained from i-t
curve are usually less than or equal to that obtained from polar-
ization curve.

The H, production rate was quantified by gas chromatographic
measurements. Due to the increasing pressure from a large hy-
drogen gas production, the accurate measurement in the electro-
lytic cell should proceed carefully. After that, the Faradaic effi-
ciency (FE) of the electrocatalytic hydrogen evolution process was
calculated by comparing the amount of experimentally quantified
hydrogen (gas chromatographic measurements) with theoretically
calculated hydrogen (chronoamperometry). Faraday efficiency for
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HER is important information to confirm complete decomposition
of water and other reductive side-reaction.

4.6. Activation

Before the testing for HER, the electrodes with cured mem-
brane should be activated to clear the surface of electrodes and
improve the hydrophilic performance. One way is the soaking the
electrode in electrolyte overnight to improve the contact between
catalysts and electrolyte. Another way is that given numbers of
CVs were carried out, which can improve the HER activity sig-
nificantly because of the improved interactions between active
species and electrolyte, especially for the hydrophobic catalysts.
Generally, the activation process can only increase the current
density of catalysts. However, sometime, the onset potentials were
significantly improved by the activation treatment. Occasionally,
there are some studies claiming that “metal-free” carbon nano-
tubes are electrocatalytically active [91,92]. However, it should be
confirmed that the high HER performance was not from the dis-
solution of the Pt electrode in acid electrolyte. Especially for the
long time of activation process with high potentials and large
current densities, the Pt electrode can be dissolved from oxidation
Pt® to P?*, then which is electro-reduced onto the working
electrode. The other facilitating condition is the existence of
chlorine ion in electrolyte from reference electrode (Ag/AgCl and
Hg/Hg,Cl,). The results have been reported by some researchers
[93,94]. When a Pt wire was used for activation process, the
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Fig. 13. Schematic illustration of the synthesis procedure for porous MoC, nano-octahedrons. (a) Synthesis of NENU-5 nano-octahedrons with Mo based POMs residing in
the pores of HKUST-1 host. (b) Formation of MoC,-Cu nano-octahedrons after annealing at 800 °C. (c) Removal of metallic Cu nanoparticles by Fe>*+ etching to produce
porous MoC, nano-octahedrons for electrocatalytic hydrogen production. (Reprinted with permission from Ref. [82] @2015 Nature publishing group.).
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electrochemical catalytic activity of the graphite working electrode
was greatly improved to an extent as good as that of commercial
Pt/C. When a graphite rod was used, the working electrode could
not be activated effectively. In our group, we also confirmed the
above conclusion. The molybdenum oxide loaded on reduced
graphene oxide (MoO,/rGO) was synthesized by hydrothermal
method, which was used as an electrocatalyst for HER (Fig. 14).
Before activation, the MoO,/rGO possessed the bad HER perfor-
mance. After activation with different cycles, the HER performance
had been improved dramatically. Fortunately, we characterized the
MoO,/rGO after activation by elemental analysis, where the ap-
parent peaks for Pt were observed, which confirmed that the en-
hanced HER catalytic performance due to the dissolution of the Pt
electrode in acid electrolyte.

In order to avoid the dissolution of the Pt electrode in acidic
electrolyte, some measures should be employed. (1) the surface
area of Pt as counter electrode should be much larger than that of
working electrode; (2) the applied overpotential should not be too
high; (3) avoid the presence of chloride ions in electrolyte; (4) the
porous ceramic membrane between counter electrode and work-
ing electrode should be used. Actually, Pt is not indispensable as
counter electrode. The counter electrode was used to balance the
current and voltage from working electrode. Accordingly, as long
as the materials with stability and conductive properties, can be
used as counter electrode, such as Ti mesh, carbon rod and carbon
cloth. (5) Pt should be not used in electrochemical measurement
as an counter electrode for HER and OER in acidic electrolyte,
especially under the continuous CV scan and i-t testing.

5. Outlook and future challenges

In recent years, a new family of carbon-based HER catalysts
have been developed as alternatives to Pt-based catalysts for HER
in acidic medium. Two main types of carbon-based HER catalysts
with low overpotentials and good durability have been developed,
including nonmetal doped carbon and metal@carbon. In this fea-
ture article, we review the research progress in the development
of carbon-based electrocatalysts toward HER throughout the past
few years. Continuing breakthroughs about carbon-based elec-
trocatalysts have revealed innovative catalysts with improved HER
performance. However, several unanswered questions about car-
bon-based electrocatalysts toward HER need be systematically
researched, such as controllable synthesis of metal@carbon, cata-
lytic mechanism, etc. (1) As for nonmetal doped carbon, the en-
hanced catalytic activity for HER was interpreted by the same
mechanism for ORR in most papers. Up to now, the reported re-
sults about nonmetal types and doping sites into carbon were
limited, which can not provide the accurate laws to design the

-1

efficient HER catalysts. For example, N doped carbons as efficient
catalysts were widely used in ORR, however, not all N-doped
carbons possess the high performance for HER. Usually, there are
some possible metal impurities in nonmetal doped carbon, which
will enhance the HER performance of nonmetal doped carbon. In
fact, the single-atom Co and Ni doped into carbon as efficient HER
electrocatalysts have been developed [23,57]. (2) As for me-
tal@carbon, the core metals have been restricted to only a small
number of transition metals, such as Fe, Co and Ni. Thus, extending
the core metal to other metals is the valuable research content in
the future, which will give more information to analyze the cata-
lytic activity caused by different electronic structure. In addition,
the controllable thickness and component of shell structures
should be established to confirm the catalytic sites from metal
core or carbon shell. At last, the above mechanism was proposed
by DFT calculations. So, more experimental results need to give
more direct evidences. (3) Electrochemistry, especially for activa-
tion process. The activation treatment for enhancing HER perfor-
mance in electrochemical measurement with Pt as counter elec-
trode should be used with caution. However, if eliminating the
dissolution of Pt, the overpotentials for HER were also markedly
improved after the activation, the mechanism should be re-
searched, can not be simply attributed to the full infiltration be-
tween electrolyte and electrode. (4) OER in acidic electrolyte. The
acidic electrolytes (e.g. 0.5 M H,SO4) are preferred for water
electrolysis to produce hydrogen as there are enough H* ions in
the electrolyte to react on the electrode surface. Up to now, sig-
nificant research efforts have been devoted to the design and en-
gineering of acid-stable HER catalysts. However, for the final in-
dustrial application, it is also essential to develop the electrolysis
of water through two electrodes, anode for OER and cathode for
HER. Hence, in the next step, the development of OER catalysts
with high performance in acidic electrolyte is extremely urgent.
Unfortunately, few results about the efficient catalysts for OER in
acidic electrolyte have been reported [95,96].
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