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Abstract: The membrane electrode assembly was prepared by a catalyst coated membrane (CCM)
with an effective active area of 10 × 10 cm2 in this work. Porous titanium plates with different diame-
ters were used as anode collectors to study the polarization curve and electrochemical impedance
spectroscopy (EIS) of the electrolyzer. The results show that the pore size of a porous titanium
plate on the anode side has a significant effect on the performance of the electrolyzer. The best cell
performance was obtained when the median diameter of the anode titanium plate was 12.3 um.
When the current density is 1 A/cm2, the battery voltage is 2.253 V.

Keywords: hydrogen; energy security; energy source; impedance spectroscopy

1. Introduction

With the continuous development of the global economy and the improvement of
living standards, the demand for energy is also growing [1,2]. At present, about 80% of
the energy comes from conventional fossil energy [3]. Carbon emissions and the problem
of energy security are becoming increasingly serious. The impact of greenhouse gases,
especially carbon dioxide emissions, on the environment gradually exceeds the ability of
ecosystems to provide living conditions for human beings. Consequently, it is necessary
to realize energy transformation as soon as possible [4]. Compared with traditional fossil
energy, renewable energy has less impact on the environment. Hydrogen energy is a
renewable and clean energy gradually popularized in recent years, which can replace
fossil fuels to a certain extent [5]. Hydrogen has a high calorific value and the gravimetric
density of hydrogen energy is generally about seven times higher than the density of fossil
fuels [6]. Compared with other fuels, hydrogen theoretically only generates water when
burning without releasing toxic substances, so it is also regarded as a future fuel [7,8].
Furthermore, it is efficient and capable of production from diverse domestic resources, both
renewable and non-renewable [9–11]. Hydrogen can be generated from carbon sources
(natural gas and coal), renewable sources (water, biomass, solar, and wind), and nuclear
sources. Currently, H2 is mainly produced from non-renewable sources, such as natural
gas, via steam reforming (SMR) [12]. Hydrogen of corresponding purity is obtained by
reaction, separation and purification. The traditional way of hydrogen production still
relies on fossil energy. Among various hydrogen production methods, electrolytic water
can produce hydrogen with high density and environmental protection. In addition, the
electrolytic cell has the advantage of relatively compact volume [13–16].

Proton exchange membrane electrolyzer cell (PEMEC) consists of membrane electrode
assembly (MEA), collector, bipolar plate with flow channel and end plate. The collector
is a porous medium placed between the MEA on both sides of the electrode and the
bipolar plate, which mainly plays the role of conduction and mass transfer [17]. Under
the action of external voltage, water loses electrons at the anode and generates oxygen
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and hydrogen ions. Hydrogen ions pass through the proton exchange membrane and
reach the cathode, where electrons are generated and hydrogen is precipitated. High
purity oxygen can be obtained by this method [18]. Reducing the electrolytic voltage and
optimizing the performance of the electrolyzer are among the hot issues in the research of
electrolyzers. At low current density, the polarization of the electrolyzer is mainly affected
by reaction kinetics, while at medium current density, it is mainly ohmic polarization,
which comes from the internal resistance and contact resistance of electrolyzer components.
When the current density is high, the effect of mass transfer on the performance of the
electrolyzer increases gradually. With the development of research, the mass transfer in the
electrolyzer has been given more and more attention. The mass transfer in the electrolyzer
mainly includes the mass transfer from water to anode, the diffusion of escaping gas
and the electroosmotic transport on the proton exchange membrane, in which the mass
transfer of water and gas is the main source of mass transfer loss [19–21]. The water in
the catalytic layer decomposes to generate hydrogen, which is transmitted to the channel
through gas diffusion layer (GDL). On the one hand, the liquid water flows through the gas
diffusion layer along the direction of the channel, on the other hand, it penetrates into the
catalytic layer through capillary action. The electrons generated by water decomposition are
transmitted to the external circuit throughGDL and BP (bipolar plate). Gas accumulation
and insufficient water supply will affect the performance of the electrolyzer [22–25]. The
collector plays an important role in charge transfer and water gas mass transfer, so it is
necessary to determine the micro size of the collector [26]. At present, the research on the
micro size of the collector is mostly based on the small size of the active area, while the
research on the collector for large area MEA is less.

In this paper, titanium plates with different apertures were used as anode collectors
and MEA with an effective working area of 10 × 10 cm2. The effect of microstructure of
porous titanium plates on the performance of electrolytic cells was studied. The physical
parameters of collectors were characterized, and the polarization curves of collectors with
different apertures were measured, in order to obtain the optimal process parameters of
anode collectors with this size.

2. Materials and Methods
2.1. Preparation

In this paper, the membrane electrode assembly was prepared by nafion-117 mem-
brane. Cutting film area 11 × 11 cm2, catalyst spraying area 10 × 10 cm2. Before it used
for spraying, the membrane was pretreated with 3% H2O2 (wt%) and 5% H2SO4 (wt%) at
90 ◦C for 1 h sequentially. Then, it was pretreated with high purity water at 90 ◦C for 1 h.
Finally, the membrane was washed by deionized water and dried at 80 ◦C for spraying.

In this paper, 60% Pt/C was used as a cathode catalyst, the loading of Pt was
0.4 mg/cm2, IrO2 was used as anode catalyst, and the loading of IrO2 was 1.5 mg/cm2.
After the catalyst, deionized water, isopropanol and Nafion solution were mixed in a
certain proportion (The Nafion mass of anode is 5% of the catalyst and that of cathode is
30%), the spray slurry was prepared by ultrasonic dispersion.

The structure of the PEM electrolyzer used in this paper is shown in Figure 1. The
porous titanium plate is fixed with a silica gel pad, and then the MEA is pasted on the silica
gel pad with a polyimide film. Titanium plates are used as collectors.



World Electr. Veh. J. 2021, 12, 165 3 of 9World Electr. Veh. J. 2021, 12, x FOR PEER REVIEW 3 of 10 
 

 
Figure 1. Structure of PEM electrolyzer. 

2.2. Experimental Process 
The pressure of 1.6 MPa is applied to the assembled electrolyzer by air cylinder, 80 

°C deionized water is supplied to the electrolyzer by advection pump, the water temper-
ature is guaranteed by constant temperature water bath, and the flow rate is 50 mL/min. 
The cathode collector uses porous titanium plate with filtration grade T3, and the anode 
collector uses porous titanium plate with filtration grade T4, T3, T2 and T1, respectively. 

The polarization curve of the cell was measured at the current density of 0.01–1 
A/cm2. In order to get more accurate data, it is necessary to make the cell work at 10–100 
A current for a period of time before measuring the polarization curve. The electrochem-
ical impedance of MEA was measured by electrochemical workstation. The bias voltage 
is 1.5 V, the perturbation voltage is 0.06 V, and the frequency range is 0.1 Hz–100,000 Hz. 
The morphology of the anodic porous titanium plate was observed by optical microscope, 
and the pore size distribution and other physical parameters were characterized by mer-
cury porosimetry. 

3. Results 
3.1. Characterization of Titanium Plate 

The porous titanium plate was characterized by mercury intrusion porosimetry 
(MIP). Mercury is not wettable to general solids, so external pressure is needed to make it 
enter the hole. The larger the external pressure is, the smaller the radius of the hole into 
which mercury can enter. Therefore, the pore size distribution can be obtained by meas-
uring the amount of Mercury entering the hole under different external pressures. The 
pore size distribution of the porous titanium plate is shown in Figure 2, and other prop-
erties are given in Table 1. 

Table 1. Physical properties of titanium plate. 

Titanium Plate Median Pore Diameter (um) Porosity (%) Thickness (mm) 
T1 52.1 28.8005 1 
T2 47.4 46.1398 1 
T3 25.4 62.9010 1 
T4 12.3 49.2385 1 

The morphology of titanium plates is shown in Figure 3 a(T1), b(T2), c(T3) and 
(d)(T4). The dark area indicates the pores formed by sintering. It can be seen that with the 
increase of filtration grade, the size of sintered particles decreases and the pore size also 
decreases. The average sizes of particles were 593 um(T1), 397 um(T2), 217 um(T3) and 
113 um(T4), respectively. There is no obvious concentrated distribution of pore size in T1 
titanium plate in accordance with Figure 2. While the pore size of T2 is mainly distributed 

Figure 1. Structure of PEM electrolyzer.

2.2. Experimental Process

The pressure of 1.6 MPa is applied to the assembled electrolyzer by air cylinder, 80 ◦C
deionized water is supplied to the electrolyzer by advection pump, the water temperature
is guaranteed by constant temperature water bath, and the flow rate is 50 mL/min. The
cathode collector uses porous titanium plate with filtration grade T3, and the anode
collector uses porous titanium plate with filtration grade T4, T3, T2 and T1, respectively.

The polarization curve of the cell was measured at the current density of 0.01–1 A/cm2.
In order to get more accurate data, it is necessary to make the cell work at 10–100 A
current for a period of time before measuring the polarization curve. The electrochemical
impedance of MEA was measured by electrochemical workstation. The bias voltage is
1.5 V, the perturbation voltage is 0.06 V, and the frequency range is 0.1 Hz–100,000 Hz. The
morphology of the anodic porous titanium plate was observed by optical microscope, and
the pore size distribution and other physical parameters were characterized by mercury
porosimetry.

3. Results
3.1. Characterization of Titanium Plate

The porous titanium plate was characterized by mercury intrusion porosimetry (MIP).
Mercury is not wettable to general solids, so external pressure is needed to make it enter
the hole. The larger the external pressure is, the smaller the radius of the hole into which
mercury can enter. Therefore, the pore size distribution can be obtained by measuring the
amount of Mercury entering the hole under different external pressures. The pore size
distribution of the porous titanium plate is shown in Figure 2, and other properties are
given in Table 1.

World Electr. Veh. J. 2021, 12, x FOR PEER REVIEW 4 of 10 
 

in about 40–100 um and that of T3 is mainly 20–45 um. The pore size distribution of T1 is 
the most concentrated, about 10–22 um. This is because the average size of the sintered 
particles is small and the packing is more compact, so the pore size is small and the dis-
tribution is relatively concentrated. It can be seen from the table that T3 has the largest 
porosity of 62.9%, and T1 has the smallest porosity of 28.8%. The porosity, affecting the 
penetration of liquid and the escape of gas, is generally related to the arrangement, size 
and surface shape of particles. That of porous titanium plate usually obtained by sintering 
is 20–70%, which is related to the sintering process of titanium plate. 

 
Figure 2. Pore size distribution of different titanium plates. 

 
Figure 3. Morphology of titanium plate under optical microscope, (a) T1, (b) T2, (c) T3, and (d) T4. 

3.2. Electrolytic Cell Performance 
Electrochemical impedance spectroscopy analyzes the electrochemical behavior by 

measuring the change of impedance with sine wave frequency, which is a common 
method in electrochemical research. The applied voltage is 1.5 V and the disturbance volt-
age is 60 mV. The impedance and equivalent circuit of the electrolytic cell are shown in 
Figure 4. Rs represents the ohmic impedance of the whole electrolytic cell, Rct1 and Rct2 
represent the charge transfer impedance of the anode and cathode, respectively. CPE is a 
constant phase element, which replaces capacitance in EIS test. Two parallel RC units are 

Figure 2. Pore size distribution of different titanium plates.



World Electr. Veh. J. 2021, 12, 165 4 of 9

Table 1. Physical properties of titanium plate.

Titanium Plate Median Pore
Diameter (um) Porosity (%) Thickness (mm)

T1 52.1 28.8005 1

T2 47.4 46.1398 1

T3 25.4 62.9010 1

T4 12.3 49.2385 1

The morphology of titanium plates is shown in Figure 3 a(T1), b(T2), c(T3) and (d)(T4).
The dark area indicates the pores formed by sintering. It can be seen that with the increase
of filtration grade, the size of sintered particles decreases and the pore size also decreases.
The average sizes of particles were 593 um(T1), 397 um(T2), 217 um(T3) and 113 um(T4),
respectively. There is no obvious concentrated distribution of pore size in T1 titanium
plate in accordance with Figure 2. While the pore size of T2 is mainly distributed in about
40–100 um and that of T3 is mainly 20–45 um. The pore size distribution of T1 is the most
concentrated, about 10–22 um. This is because the average size of the sintered particles
is small and the packing is more compact, so the pore size is small and the distribution
is relatively concentrated. It can be seen from the table that T3 has the largest porosity of
62.9%, and T1 has the smallest porosity of 28.8%. The porosity, affecting the penetration
of liquid and the escape of gas, is generally related to the arrangement, size and surface
shape of particles. That of porous titanium plate usually obtained by sintering is 20–70%,
which is related to the sintering process of titanium plate.
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Figure 3. Morphology of titanium plate under optical microscope, (a) T1, (b) T2, (c) T3, and (d) T4.

3.2. Electrolytic Cell Performance

Electrochemical impedance spectroscopy analyzes the electrochemical behavior by
measuring the change of impedance with sine wave frequency, which is a common method
in electrochemical research. The applied voltage is 1.5 V and the disturbance voltage is
60 mV. The impedance and equivalent circuit of the electrolytic cell are shown in Figure 4.
Rs represents the ohmic impedance of the whole electrolytic cell, Rct1 and Rct2 represent the
charge transfer impedance of the anode and cathode, respectively. CPE is a constant phase
element, which replaces capacitance in EIS test. Two parallel RC units are used to simulate
the activation kinetics of anode and cathode, and ohmic resistance is used to describe
ohmic impedance [27]. The two semicircles represent the charge transfer impedance of the
cathode and anode, respectively. The ohmic impedance and charge transfer impedance of
the electrolytic cell can be clearly seen from the fitting curve, which are shown in Table 2.
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The ohmic impedances are 0.656 Ω·cm2 (T1), 0.604 Ω·cm2 (T2), 0.546 Ω·cm2 (T3) and
0.506 Ω·cm2 (T4), respectively. The difference of ohmic impedance is obvious, which
is mainly composed of bipolar plate resistance MEA internal resistance GDL internal
resistance and contact impedance. The conductivity can also directly show the function of
titanium plate. For this experiment, bipolar plate and membrane electrode of electrolytic
cell are the same sample, so the difference of ohmic impedance is mainly caused by collector
internal resistance. The results show that the contact area between the porous titanium
plate with smaller average aperture and MEA is larger, so the contact resistance is smaller.
Due to the smaller particle size and the denser inner part, T4 has higher conductivity, so
the ohmic impedance of T4 is the smallest. The charge transfer impedance, which reflects
the activation impedance of cathode and anode, is 0.112 Ω·cm2 (T1), 0.093 Ω·cm2 (T2),
0.121 Ω·cm2 (T3) and 0.099 Ω·cm2 (T4), respectively. The microstructure of the collector
will affect the contact condition between the collector and MEA, and then the charge
transfer resistance. The aperture of the collector determines the size of the bubble leaving
the collector. Larger bubbles will increase the gas coverage of the contact surface. Higher
gas phase volume fraction is conducive to reactant [28,29]. Similarly, too large porosity will
also reduce the effective reaction area. Proper pore diameter and porosity can promote the
effective transport of protons and make protons leave MEA efficiently [30]. Considering the
effects of pore size and porosity, T2 shows the minimum charge transfer impedance [31].
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Table 2. Electrochemical impedance of titanium plates.

Titanium Plate Ohmic Impedance
RΩ (Ω·cm2)

Charge Transfer Impedance
Rct (Ω·cm2)

Conductivity
S·cm−1

T1 0.656 0.112 0.1524

T2 0.604 0.093 0.1657

T3 0.546 0.121 0.1832

T4 0.506 0.099 0.1976

Porous titanium plates with different apertures were used as anode collectors, and
the polarization curves of the electrolyzer were measured, as shown in Figure 5. The
results show that when the current density is 0–0.07 A/cm2, the cell operates in the ac-
tive polarization region. When the current density is 0.07 A/cm2, the cell voltage is
1.551 V(T1), 1.492 V(T2), 1.498 V(T3), and 1.496 V(T4), respectively. When the current
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density is 0.07–1 A/cm2, the cell works in the ohmic polarization region, and the polariza-
tion voltage increases linearly. When the current density reaches 1 A/cm2, the electrolytic
voltage of the cell is 2.532 V(T1), 2.253 V(T2), 2.242(T3), 2.186 V(T4), respectively. The results
show that in the activated polarization region, under the condition of small current, the
polarization voltage of electrolyzer with different anode collectors has little difference. As
in the range of current density, the main factors affecting the performance of the electrolyzer
are catalyst and electrode materials, and the difference of overpotential is mainly caused
by ohmic polarization. Under the condition of high current, the effect of mass transfer
increases. Therefore, the overpotential difference of the electrolyzer is mainly caused by
mass transfer and ohmic impedance.
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The cell voltage consists of reversible voltage and polarization overpotential:

VCell = Vrev + η = Vrev + ηact + ηohm + ηdi f f (1)

ηact, ηohm, ηdi f f denotes activation polarization, ohmic polarization and diffusion
polarization, respectively. Diffusion polarization is related to material transport in the
electrolyzer, such as gas–liquid two-phase flow in channel and diffusion in diffusion
layer. Ohmic polarization is related to ohmic impedance and current of cell, which is
in accordance with Ohm law. The activation polarization part can be described by Tafel
formula:

ηact = − RT
αnF

In j0 +
RT
αnF

In j (2)

ηact = a + blog j (3)

When the working temperature of the electrolyzer is 80 ◦C, the reversible voltage is
Vrev = 1.168 V. The total polarization voltage of electrolytic cell with T4 can be divided into
the reversible part and irreversible part, as shown in Figure 6. When the current density
is 1 A/cm 2, the ohmic polarization is 0.506 V, the activation polarization is 0.353 V, and
the mass transfer polarization is 0.159 V. They account for 23.15%, 16.16% and 7.26% of the
total polarization voltage, respectively. They account for 23.15%, 16.16% and 7.26% of the
total polarization voltage, respectively. Among them, ohmic polarization and activated
polarization account for most of the irreversible loss. It can be seen from the figure that the
mass transfer loss increases with the increase of current density. Therefore, the optimization
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of mass transfer is of great help to improve the performance of the electrolyzer at high
current density.
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The polarization loss of the electrolyzer at 1 A/cm2 is shown in Table 3, in which
the ohmic loss are 0.656 V (T1), 0.604 V(T2), 0.546 V(T3) and 0.506 V(T4), respectively. In
this paper, DC power supply is used. Therefore, the ohmic loss is mainly determined
by the ohmic impedance of the electrolytic cell. The activation loss was 0.453 V(T1),
0.352 V(T2), 0.348 V(T3) and 0.353 V(T4), respectively. There was no significant difference
in the activation loss between T4, T3 and T2. This is because the activation polarization
part is mainly determined by the reaction kinetics, and the catalyst is the most important
factor. The increase of the activation polarization of T1 may be due to the larger pore size,
which leads to higher water immersion and difficult gas diffusion and overflow, resulting
in local accumulation and increasing the mass transfer resistance of water to the surface
of catalytic layer. The local accumulation of products affects the forward reaction, so the
activation polarization increases. The diffusion polarization was 0.246 V(T1), 0.129 V(T2),
0.180 V(T3) and 0.159 V(T4), respectively. The diffusion polarization has no obvious rule
with the pore size, because the mass transfer in the gas diffusion layer includes two parts:
liquid water diffusion from the flow field to the membrane electrode and gas diffusion to
the flow field. Large pore size has little resistance to mass transfer, but due to the opposite
diffusion direction of gas–liquid two-phase, excessive water content in pores will hinder
the outward diffusion of gas, and the accumulation of gas will also affect the mass transfer
of water. Although small pore size has great resistance to mass transfer, due to smaller
particle size, denser structure and more complex internal structure, more diverse gas–liquid
two-phase diffusion path, less prone to local water accumulation and gas accumulation,
it is beneficial to mass transfer. In this paper, the best collector aperture condition for
diffusion polarization is 12.3 um. Combined with the performance of electrolytic cell, the
porosity of more than 60% and 12.3 um were taken as the parameters of porous titanium
plate for further study.
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Table 3. Summary of all reversible and irreversible losses as a percentage of the total cell voltage,
with different anode titanium plate. Operating conditions: 80 ◦C, 50 mL/min water flow rate and
1 A/cm2 current density.

Titanium
Plate

Vrev ηohm ηact ηdiff Vtot

V % V % V % V % V

T4 1.168 53.87 0.506 23.15 0.353 16.15 0.159 7.27 2.186

T3 1.168 54.27 0.546 24.35 0.348 15.52 0.180 8.03 2.242

T2 1.168 51.84 0.604 26.81 0.352 15.62 0.129 5.73 2.253

T1 1.168 46.29 0.656 26.00 0.453 17.95 0.246 9.75 2.523

4. Conclusions

When the current density is 0.07 A/cm2, the corresponding cell voltages of T1–T4
are 1.551 V, 1.492 V, 1.498 V, respectively. When the current density reaches 1 A/cm2,
the electrolytic voltage of the cell is 2.186 V, 2.242 V, 2.253 V and 2.532 V, respectively. In
general, it can be considered that with the decrease of the aperture of the anode collector,
the polarization voltage of the cell decreases and the performance of the cell improves
under the same current density. Reducing the aperture of the anode collector will reduce
the ohmic impedance of the electrolyzer, and the microstructure of the collector will also
affect the charge transfer impedance. Mass transfer polarization is mainly related to
the microstructure of porous titanium plate. Porosity and pore size all affect the mass
transfer effect.

To sum up, under the current density of 1 A/cm 2, the T4 titanium plate has the
smallest ohmic impedance and better mass transfer performance, so it shows the best
electrolytic performance under this condition, that is, the polarization voltage is 2.186 V, in
which the ohmic polarization is 0.506 V, the activation polarization is 0.353 V, and the mass
transfer polarization is 0.159 V.

In this paper, the effect of collector microstructure on the performance of electrolytic
cells is studied. The optimum collector parameters of large active area electrolytic cells are
preliminarily determined, that is, median pore diameter is 50 um and the porosity is 0.5.
The results can provide some reference for further research and optimization of collector
parameters.
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