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ABSTRACT

Great attention has been focused on the
production of non-polluting gas fuel (hydrogen) from
water electrolysis combined with renewable resources.
However, the H, bubble removal during water
electrolysis is still challenging, which is a critical factor to
improve the electrode performance of hydrogen
evolution reaction (HER). Herein, a gradient porous
electrode with decreasing pore size from the middle of
the electrode to the two sides (SML-LMS-HE) was
developed to accelerate H, bubble removal rate by
optimizing the pore size distribution of HER electrode.
This electrode was prepared by using composite Ni
foams with gradient porous structure as the conductive
substrate, then being decorated with MoS,/NisS;
heteronanorods. The as-prepared electrode exhibited a
much higher H, bubble removal rate as compared with
that of homogeneous porous HER electrode (MMM-
MMM-HE) and gradient porous HER electrode with
increasing pore size from the middle of the electrode to
the two sides (LMS-SML-HE), conducive to the sufficient
exposure of the active sites and the effective
improvement of the electrode performance. As a result,
SML-LMS-HE demonstrated a considerably low
overpotential of 83 mV at the current density of 10 mA
cm? as compared with MMM-MMM-HE and LMS-SML-
HE.
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1. INTRODUCTION

In recent years, the massive consumption of fossil
fuels has caused global resource depletion and
environmental pollution. As a clean and sustainable
energy, hydrogen is regarded as one of the best
alternatives to fossil fuels [1]. For sustainable hydrogen
production, the electrocatalytic hydrogen evolution
reaction (HER) combined with renewable energy sources
(e.g., solar energy and wind energy) is considered as one
of the most promising pathways [2]. Currently, in order
to reduce the overpotential and improve the efficiency
of the HER, enormous HER electrodes have been
developed by designing and synthesizing various
eletrocatalysts on commercial conductive substrates,
such as carbon paper, carbon cloth, titanium plate and Ni
foam [3-6]. Although some eletrocatalysts have
comparable HER performance with Pt-based
eletrocatalysts considered as the most effective HER
electrocatalysts [7], H, bubbles usually attach on the
electrode surface during the HER process, covering the
effective reaction area, increasing ohmic drop of
electrolyzer, adding an additional mass transfer
resistance for substrate and active species, thus
deteriorating the HER performance [8]. Therefore,
developing HER electrodes with efficient removal of H,
bubbles to improve the HER performance remains an
urgent problem to be solved.

It was reported that the structure optimization of
electrode geometry was also an effective pathway to
accelerate bubble transportation in electrochemical
system [9-10]. Currently, Wang et al. proposed a new
type of 3D nonwoven stainless steel fabric electrode for
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electrocatalytic water splitting with a high gas bubble
removal rate [9]. This electrode showed much higher
current density under the same given overpotential as
compared with the traditional Ni foam-based HER
electrode. Therefore, developing new types of
electrodes with optimized electrode geometry structure
is a promising pathway to achieve rapid bubble removal
rate, thus enhancing hydrogen evolution performance.
Herein, a new type of gradient porous electrode with
decreasing pore size from the middle of the electrode to
the two sides (SML-LMS-HE) and high H, bubble removal
rate that can be produced by the hot press assembly of
Ni foams (NFs) with different PPl was proposed. Then,
porous MoS,/NizS, heteronanorods was loaded on SML-
LMS-HE via solvothermal method. As a result, SML-LMS-
HE demonstrated excellent HER performance, with a
considerably low overpotential of 83 mV at the current
density of 10 mA cm?, lower than that of MMM-MMM-
HE (119 mV) and LMS-SML-HE (146 mV).

2. PAPER STRUCTURE EXPERIMENTAL SECTION

2.1 Fabrication of composite Ni foam conductive
substrates (CNFs)

The gradient porous composite conductive
substrates with decreasing pore size from the middle of
the electrode to the both sides (SML-LMS-CNFs) were
prepared by a stack-up pressing procedure. Firstly, six Ni
foams (NFs) with different pore sizes stacked together,
and from top to bottom were the NFs with 120, 50, 30,
30, 50 and 120 PPI, respectively. Then, using a hollow
titanium with the thickness of 3 mm as a mold, a gradient
porous precursor with the thickness of 3 mm was formed
by pressing these six NFs at 2.3 MPa for 30 min. Finally,
the gradient porous precursor was trimmed into a
conductive substrate with the size of 25 x 10 x 3 mm3,
named SML-LMS-CNF. For comparison, MMM-MMM-
CNF and LMS-SML-CNF were prepared using the same
procedure, except for the stacking order. The stacking
order of MMM-MMM-CNF (a homogeneous porous
composite conductive substrate) was NFs with 50, 50, 50,
50, 50 and 50 PPI from top to bottom, and the stacking
order of LMS-SML-CNF (a gradient porous composite
conductive substrate with increasing pore size from the
middle of the electrode to the both sides) was NFs with
30, 50, 120, 120, 50 and 30 PPl from top to bottom. These
three CNFs have the same mass of 620 + 5 mg.

2.2 Loading MoS;/NisS; heteronanorods on Various

SML-LMS-HE was prepared by loading MoS,/NisS;
on SML-LMS-CNF. In a typical process, a solution of 145.2

mg NaMo0O,-2H,0 and 456.8 mg CH4N,S was dissolved in
50 ml deionized water, and stirred for 30 min.
Meanwhile, a SML-LMS-CNF was cleaned by sonication
sequentially in 3 M hydrochloric acid, ethanol and
deionized water for 15 min each. Then, the solution and
the as-prepared SML-LMS-CNF were moved into a 100 ml
Teflon-lined autoclave with steel shell. Thereafter, the
autoclave was sealed and kept at 200°C for 20 h, and
naturally cooled to room temperature. Finally, the SML-
LMS-HE was obtained by thoroughly cleaning with
deionized water and ethanol and oven-dried. The MMM-
MMM-HE and LMS-SML-HE were prepared, using the
same process to load MoS;/NizS; on MMM-MMM-CNF
and LMS-SML-CNF, respectively. The schematic for the
entire preparation of SML-LMS-HE is shown in Fig. 1.
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Fig 1 Scheme for the entire preparation of SML-LMS-HE

2.3 Physical and Chemical Characterization

State the objectives of the work and provide an
adequate background, avoiding a detailed literature
survey or a summary of the results. The pore size
distributions of three HER electrodes and the
morphologies of MoS,/NisS, heteronanorods were
performed by scanning electron microscope and high-
resolution transmission electron microscopy (SEM:
Hitachi SU8020, HRTEM: Tecnai G2 F20). The chemical
compositions of MoS,/NizS; heteronanorods were
characterized by X-ray diffraction and X-ray
photoelectron spectroscopy (XRD: D8 ADVANCE, XPS:
Thermo ESCALAB 250Xi). Energy-dispersive X-ray
spectroscopy (EDX) and elemental mapping of Mo, Ni
and S on the electrodes were conducted by the same
instruments as HRTEM. The S elemental of three HER
electrodes was analyzed by inductively coupled plasma
mass spectrometry (ICP-MS: Agilent 7700). The images of
the removal process of H, bubbles were recorded using
a Pointgray GS3-U3 charge-coupled device (CCD) camera
equipped with a Navitar lens. A LED plane light source
system provided the illumination.

3. RESULT AND DISCUSSION

3.1 Physicochemical Characterization
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Fig 2 (a-b) Catalyst morphologies at different

magnifications. (c) High-resolution TEM images and (d) its

elemental maps

The MoS,/NisS; architectures on SML-LMS-HE were
observed by SEM. As shown in Fig. 2a-b, The porous
MoS,/NisS; heteronanorods arrays were evenly attached
on the surface of the SML-LMS-HE, and the pore
diameters of the porous MoS,/NisS; heteronanorods
were 15 - 140 nm. The porous nanostructures greatly
increased the ECSA of the HER electrode due to a high
specific surface area. In addition, since the pores of
electrocatalysts are mainly mesopores and macropores,
thereby enhancing the transfer of substrate and active
species. In conclusion, MoS,/NisS, heteronanorods on
SML-LMS-HE were beneficial to the improvement of HER
performance of electrode. The microstructure of these
heteronanorods was further performed by TEM (Fig. 2c).
The diameter of the porous MoS,/NisS; heteronanorods
is about 360 nm. Furthermore, the elemental mapping
showed the uniform distribution of Ni, Mo and S in
MoS,/NisS; heteronanorods (Fig. 2d). The above results
indicated a hierarchical porous structure with macro (Ni
foams, macro pores at um size) and nano (MoS,/NisS;
heteronanorods, nano pores at nm size) was successfully
formed on the surface of electrodes.

3.2 Bubble Behaviors

To compare the bubble behavior of three HER
electrodes, a visualization experiment was carried out on
SML-LMS-HE, MMM-MMM-HE and LMS-SML-HE at -30
mA cm?. As shown in Fig. 3a-d, the H, bubbles quickly
escaped from the SML-LMS-HE electrode within 1.87 s.
As a comparison, MMM-MMM-HE and LMS-SML-HE
showed a much slower H, bubble removal process during
the HER. Accompanied with the nucleation, growth and
detachment, it took 4.20 s to release H, bubbles from the

MMM-MMM-HE electrode (Fig. 3e-h). As shown in Fig.
3i-I, LMS-SML-HE spent 6.20 s releasing H, bubble from
electrode. The high H; bubble removal rate from SML-
LMS-HE electrode was ascribed to its large pore size
inside electrode, which decreased the resistance slowing
down H; bubbles escaping rate, thus avoiding H, bubbles
getting trapped into pore channels. Furthermore, the
small pore size of SML-LMS-HE distributed in both sides
of electrode could induce a stronger Marangoni
convection outside the electrode, which accelerated the
removal rate of bubbles, resulting from a higher specific
surface area of the small pore layer resulting from a large
specific surface of small pore layers [11-13].

t=0s t=207s t=4.135 t=6.20s
Fig 3 Digital photos demonstrating the bubble removal
process on (a-d) SML-LMS-HE, (e-h) MMM-MMM-HE and
(i-1) LMS-SML-HE. Red arrow indicates the evolution
process of a typical hydrogen bubble.

3.3 Electrocatalytic Performance
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Fig 4 (a) LSV curvres and (b) Tafel plots for SML-LMS-
HE, MMM-MMM-HE and LMS-SML-HE. (c) Stability of
SML-LMS-HE at -10 mA cm™ for 18 h, and (d) LSV curve
before and after test.
The HER performance of SML-LMS-HE, MMM-
MMM-HE and LMS-SML-HE was conducted with a three-
electrode system. Fig. 4a showed the HER activities of

three HER electrodes, followed the order of SML-LMS-HE >

MMM-MMM-HE > LMS-SML-HE. The optimized SML-
LMS-HE exhibited excellent HER electrocatalytic activity

with a low overpotential of 83 mV at a current density of
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10 mA cm?, whereas the MMM-MMM-HE and the SML-
LMS-HE required about 119 and 146 mV of overpotential
to reach the same current density. What’s more, a further
increase of current densities led to a slow rise in
overpotential of SML-LMS-HE (an overpotential of 177
mV reach 100 mA cm). The excellent HER performance
of SML-LMS-HE was owing to the optimized porous
structure, which accelerated the removal of H, bubble,
thereby increasing the number of effective active sites.
Additionally, Fig. 4b showed that the Tafel slop of SML-
LMS-HE was the lowest (95 mV dec?) as compared with
the other two HER electrodes (113 mV dec for MMM-
MMM-HE, 132 mV dec* for LMS-SML-HE, respectively).
The low Tafel slop indicated a faster increase of the HER
rate with increasing overpotential. This result confirmed
again that a high H; bubble removal rate can greatly
improve the HER performance of SML-LMS-HE, due to
the optimized porous structure.

4. CONCLUSIONS

In conclusion, we have developed a new type of
gradient porous electrode (SML-LMS-HE). It was found
that the as-prepared SML-LMS-HE electrode showed a
high H, bubble removal rate as compared with MMM-
MMM-HE (a homogeneous porous HER electrode) and
LMS-SML-HE (another gradient porous electrode) during
the HER, which attributes to that the large pore size
inside electrode could accelerate H; bubble escaping
from pore channels, and the small pore size outside
electrode could lead to a stronger Marangoni convection,
further accelerating the detachment of bubble. This
study provides an alternative strategy to improve HER
performance by accelerating bubble removal rate from
HER electrodes and will inspire further efforts to develop
the electrodes with optimized structure for not only
hydrogen evolution but also other key technologies of
energy conversion and storage.
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