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ABSTRACT

In order to study the effect of nickel powder
morphology on the hydrogen evolution performance of
prepared aligned porous electrodes, both spherical and
flake nickel powder are used in the electrode
preparation. Experimental results show that the aligned
porous electrode prepared by spherical nickel powder
exhibit a larger electrochemically active surface area,
demonstrating superior hydrogen evolution
performance at low current density. Conversely, the
aligned porous electrode prepared by flake nickel
powder demonstrates higher bubble transfer efficiency
and better hydrogen evolution performance at high
current density. Furthermore, the influence of electrode
thickness on the hydrogen evolution performance are
studied. For the aligned porous electrode prepared using
spherical nickel powder, increasing the thickness to 600
um initially enhances electrode performance, but it
subsequently decreases with further increases in current
density. On the other hand, the aligned porous electrode
prepared using flake nickel powder exhibits improved
performance within the tested range as the electrode
thickness is increased to 600 um.

Keywords: Hydrogen Evolution Reaction, freeze casting,
aligned porous electrode, bubble removal

NONMENCLATURE
Abbreviations
HER hydrogen evolution reaction
ECSA electrochemical active surface area
RHE reversible hydrogen electrode
PVP Polyvinyl pyrrolidone
PVA polyvinyl alcohol
cv cyclic voltammetry

LSV linear sweep voltammetry

Symbols

Cai double layer capacitance

n Overpotential

jecsa The ECSA normalized current density
0] The ratio of An, to An;

1. INTRODUCTION

Energy conservation and emission reduction
measures promote the vigorous development of
renewable energy. However, due to the variability and
regional disparities of wind and solar energy, a carrier is
urgently needed to store this surplus electricity [1-3].
Hydrogen, as a clean energy source, has been utilized
directly for fuel cell power generation and has also been
employed in the synthesis of methane for storage and
long-distance transportation [4-6]. It can be used as a
carrier to more effectively facilitating the utilization of
renewable energy resources.

As one of the primary methods for hydrogen
production, alkaline water electrolysis (AWE) is currently
the most mature and cost-effective electrolysis
technology at present [7, 8], but its low maximum
current density limits its application range. One of the
reasons for this limitation is the presence of bubbles on
the electrode surface during the water electrolysis
process, which increases the internal resistance of the
system and reduces the effective active area, leading to
an increase in overpotential [9, 10]. Research has
demonstrated that as the current density increases, the
ohmic overpotential caused by bubbles gradually
becomes the main factor affecting hydrogen evolution
performance [11]. In order to reduce the influence of
bubbles, various of methods using external field [12-16]
to enhance convection have been proposed to remove
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bubbles from the electrode surface in time and reduce
the overpotential caused by bubbles. In addition,
modifying the electrode structure has also become one
of the research directions.

Currently, commercial nickel foam is widely used in
high-efficiency electrodes [17-20]. However, commercial
nickel foam is difficult to balance the specific surface area
and bubble transmission resistance. Freeze casting, a
low-cost and environmentally friendly method, offers a
solution for preparing aligned porous materials [21-23].
Aligned porous materials possess a unique double pore
size structure. The large pore size is formed by the
growth of ice crystals, enabling efficient gas-liquid
transport, while the small pore size is formed by the
accumulation of particles to provide sufficient reaction
sites. The microstructure and macroscopic structure of
the aligned porous materials can be controlled by
adjusting freezing parameters during the preparation
process [24-26]. In our previous work, we compared the
hydrogen evolution performance of nickel foam, nickel
fiber felt and aligned porous electrodes. Due to the larger
electrochemical active surface area (ECSA) and stronger
bubble removal ability, aligned porous electrodes exhibit
excellent HER performance [27]. This paper compares

the aligned porous electrode prepared using in flake
nickel powder and spherical nickel powder, and studies

h different nickel powders and thicknesses

their electrochemical performance and bubble removal
ability.

2. MATERIAL AND METHODS
2.1 Preparation of slurry

The spherical nickel powder or flake nickel powder
was evenly mixed with thickener, 0.25 wt% (relative to
nickel powder) Xanthan gum. Polyvinyl pyrrolidone (PVP)
solutions, polyvinyl alcohol (PVA) solutions with both
mass fractions of 6% and deionized water were added.
The volume fraction of deionized water was 45%. The
PVP solution with volume fraction of 15% was used as
dispersant and PVA solution with volume fraction of 30%
was used as binder. The slurry was dispersed using a
planetary ball mill at 150 rpm for 12 hours.

2.2 Fabrication of nickel electrodes

The well-dispersed slurry was evenly coated on a
copper substrate using a pipette gun. The sample was
placed on a -10 °C freezing platform, and then the frozen
sample was transferred to a freeze dryer for 12 hours.
The prepared samples were sintered in a tubular furnace
under a hydrogen (5%) and argon atmosphere. The
temperature was increased at a rate of 5 °C/min from
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room temperature. The samples were held at 400°C for
two hours to remove organic matter, and then the



temperature was slowly lowered to room temperature
after being held at 800 °C for two hours. Two types of
electrodes with thickness 400 um (T4) and 600 um (T6)
were prepared, and electrodes were named according to
their its thickness and the shape of nickel powder.

2.3 Electrochemical measurement

The electrochemical performance of the prepared
porous electrodes was evaluated using the
electrochemical workstation CHI660E in a three-
electrode system. The working electrode was the
prepared porous electrodes (1x1 cm), while the counter
electrode was a platinum foil (2x2 c¢cm). The Hg/HgO
electrode was used as the reference electrode, and all
measured potential was converted to the potential of
the relatively reversible hydrogen electrode (RHE). Prior
to the actual measurements, cyclic voltammetry (CV)
was conducted at a scan rate of 100 mV/s. Linear sweep
voltammetry (LSV) was performed at a scanning rate of 1
mV/s, and 95% IR compensation was applied.

3. RESULTS AND DISCUSSION
3.1 Characterization of porous electrodes

Fig. 1 shows the SEM images of the four electrodes.
The aligned pores formed by the sublimation of ice
crystals and the porous skeleton formed by the
accumulation of nickel powder are observed. The
skeleton provides the reaction site, and the aligned pores
allow the bubbles to escape smoothly. In addition,
distinct connections referred to as "bridges" can be
observed between the skeletons, and the aligned porous
electrode prepared with spherical nickel powder has

(@ 0
_50 .
—~ -100-
13
S
< -150
£
-200
——F-T4
——F-T6
250 ——S-T4
——S-T6
-300 : .

Potential (V vs.RHE)

T T T
-0.30 -0.25 -0.20 -0.15 -0.10 -0.05 0.00

average pore size of the electrode prepared by spherical
nickel powder was approximately 14 um, and that of the
electrode prepared by flake nickel powder was
approximately 17 um.

3.2 HER performance of porous electrodes

Fig. 2a shows the polarization curves of the four
aligned porous electrodes. At low current density, the
overpotential of electrodes S-T4 and S-T6, made of
spherical nickel powder, is lower compared to electrodes
made of flake nickel powder with the same thickness.
While the overpotential of S-T4 and S-T6 gradually
becomes higher than that of F-T4 and F-T6 with the
increase of current density. In addition, the effect of
increasing the thickness from 400 um to 600 um differs
for electrodes prepared by the two kinds of nickel
powders. For electrodes prepared by spherical nickel
powder, the overpotential of S-T6 is lower than that of S-
T4 at low current density. However, as the current
gradually increases to about 250 mA/cm? the
overpotential of both becomes equal. Furthermore, as
the current density continues to increase, the
overpotential of S-T6 is higher than that of S-T4. On the
other hand, for electrodes prepared with flake nickel
powder, the overpotential of F-T6 is lower than that of F-
T4 within the tested range. Fig. 2b shows the
overpotential of each electrode at different current
density. The smallest nzs obtained by S-T6 is 125 mV,
while the smallest values of nigo, N200, and nsgo are
obtained by F-T6, measuring 198 mV, 228 mV, and 254
mV, respectively.

Fig. 3 shows the Tafel slope for the four aligned
porous electrodes. The Tafel slope reflects the reaction
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Fig. 2. (a) Polarization curves of each electrode for HER. (b) The n2s, n1ioo, N200, and N30 with different alighed porous electrodes

more derivatives. The average pore size of the electrode
was measured by mercury injection method. The

kinetics of HER, and the lower slope indicates the faster
the reaction process. The slopes of F-T4 and F-T6 are 85.2



mV/dec and 86.5 mV/dec, respectively, and they show
little variation with thickness. The slopes of S-T4 and S-
T6 are 116.4 mV/dec and 125.2 mV/dec, respectively,
and these slopes increase with the increase of thickness.
Notably, the slope of the aligned porous electrode
prepared by spherical nickel powder is significantly
higher than that of the electrode prepared with flake
nickel powder. This indicates that the morphology of the
nickel powder affects the reaction rate of the electrode.

The electrochemically active surface area (ECSA) of
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Fig 3. Tafel plots of aligned porous electrodes for HER

the electrode reflects the actual area of the electrode
participating in the electrochemical reaction, which is
measured using the double layer capacitance (Cq)
method in this study. The CV scan range is 0.7 to 0.8 V,
and scan rate used is 10, 20, 40, 60, 80 and 100 mV/s. Fig.
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results indicate that ECSA increases with the thickness of
the porous electrode, and the aligned porous electrode
prepared by spherical nickel powder exhibits a larger
ECSA. However, the hydrogen evolution performance of
the aligned porous electrode prepared with spherical
nickel powder decreases with the increase of current
density, suggesting a greater influence from bubbles. Fig.
4b also shows the ECSA normalized current density (jecsa)
for each electrode at 250 mV. F-T4 achieves the
maximum value of 2.38 mA/cm?, and the jecsa of F-T6 is
1.64 mA/cm?, slightly lower than that of S-T4.
Furthermore, jecsa decreases with the increase of
electrode thickness, indicating a reduction in material
utilization efficiency as the thickness increases.

3.3 Effect of morphology of nickel powder on bubble
removal capability

In order to investigate the difference of hydrogen
evolution performance of aligned porous electrodes
prepared with different morphology of nickel powder,
we conducted a quantitative analysis of the bubble
removal ability of each electrode. Fig. 5a shows the
overpotential of each aligned porous electrode at jecsa of
0.2,0.4,0.5,and 1.0 mA/cm?. Based on the Tafel formula
(i.e., n=a+blogj), for the same electrode in an ideal
process, there are:

An; = Nigcsa=o0.4 ~ Migcsa=o.2 = b 1092 (1)

An, =Nigcsa=1.0 ~ Mjgcsa=os = b 1092 (2)

This implies that An: and An. should be equal.
However, in actual processes, the measured
overpotential includes the contribution from bubbles,
and therefore, they are generally not equal. Since Ans
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Fig. 4. The curves of current density at 0.75V against sweeping rate. (b) ECSA and jecsa at 250 mV of each electrode

4a shows the current density difference and scanning
rate at 0.75V, and its curve slope represents 2Cdl. The

and An; contain the same part of overpotential reflecting
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Fig. 5. () Overpotential at different jecsa forelectrodes; (b) the value of ¢ with different aligned porous electrodes

the reaction dynamics, the difference between An; and
An; reflects the effect of bubbles. Define ¢ as the ratio of
Anz to An: (@ = Ana / Ana), the value of @ represents the
change between the overpotential caused by the bubble
in the high current density range and the low current
density range. In practical process, ¢ < 1 indicates that
the overpotential caused by bubbles is smaller at high
current density. And ¢ > 1 indicates that the
overpotential caused by bubbles is smaller at low current
density. According to Faraday law, as the current density
increases, the rate of bubble generation also increases. If
the electrode cannot remove the bubbles in time, the
accumulated bubbles will significantly contribute to the
overpotential. Hence, the value of ¢ serves as an
indicator of the bubble removal capability of the
electrode.

Fig. 5b shows the values of ¢ for each electrode. It
can be observed that the ¢ value increases with the
electrode thickness increase, indicating a weakening
capability of bubble removal for thicker electrodes.
Additionally, the bubble removal capability of the aligned
porous electrode prepared by spherical nickel powder
exhibits a weaker bubble removal capability compared to
the one prepared with flake nickel powder. This
difference can be attributed to the skeleton formed by
the accumulation of nickel powder particles. In the case
of spherical nickel powder, the resulting skeleton
possesses more derivatives, and the mean pore size is
smaller, which increases the resistance of bubble
transmission. On the other hand, with flake nickel
powder, fewer skeleton derivatives are formed and the
average pore diameter is larger, resulting in a smoother
surface for the skeleton formed by the accumulation of
flake nickel powder, which promotes the transportation
of bubbles.

4. CONCLUSIONS

This study investigates the difference of hydrogen
evolution performance of aligned porous electrodes
prepared using different morphology of nickel powder.
The results demonstrate that the aligned porous
electrode prepared by spherical nickel powder exhibits
low overpotential at low current density primarily due to
its larger ECSA. The dense porous skeleton formed by the
accumulation of spherical nickel powder has more
derivatives and a rougher surface, which hinders the
transport rate of bubbles. In contrast, the skeleton
formed by flake nickel powder is smoother.
Consequently, as the current density increases, the
overpotential of the aligned porous electrode prepared
with spherical nickel powder becomes greater than that
of the electrode prepared with flake nickel powder.

On the other hand, the aligned porous electrode
prepared by flake nickel powder demonstrates better
hydrogen evolution performance and higher material
utilization rate at high current density. Additionally, the
hydrogen evolution performance of the electrode
further improves with increasing thickness.
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