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Abstract

:

Hydrogen, a clean and renewable energy source, is a promising substitute for fossil fuels. Electricity-driven water electrolysis is an attractive pathway for clean hydrogen production. Accordingly, the development of electrolysis cells has drawn researchers’ attention to capital costs related to noble catalyst reduction and membrane degradation by the contaminations. In the literature, polymer electrolyte membranes (PEMs) have been studied on single cations contamination. In this study, we investigated the performance of a PEM on monovalent and divalent cation contamination by feed water. Artificial river water, called soft water, was used to analyze the effect of impurities on the PEM. The results demonstrated that the operating voltage drastically increased and induced cell failure with increasing Mg2+ and Ca2+ concentrations; however, it did not increase for Na+ and K+ after increase in voltage. Therefore, divalent cations have a stronger affinity than monovalent cations to degrade PEM and should be effectively excluded from the feed water.
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1. Introduction


Renewable energy production is regarded as a potential resource for meeting future energy demands. Hydrogen production from water electrolysis is highly promising as an eco-friendly and clean energy source. It can act as a potential energy storage medium for storing energy from intermittent renewable sources. Hydrogen is a sustainable energy carrier because it has a higher energy density than solid fuels [1,2,3]. Pure hydrogen can be extracted by simply applying electricity from renewable sources for water electrolysis. The kind of water electrolysis can be classified depending on the electrolyte, ionic agents, and operating parameters. The most established methods for practical use are alkaline water electrolysis and polymer electrolyte (also known as proton exchange membrane) water electrolysis [4,5,6]. Alkaline electrolysis is suitable for meeting hydrogen demand at a large scale [7,8]; however, it has major drawbacks in terms of the permeability of gases through the diaphragm and low current densities between the electrolyte and diaphragm, requiring enormous corrosive liquid electrolyte [9].



The PEM electrolysis method can be considered as an alternative to hydrogen production. It has advantages over the alkaline electrolysis method, such as high current density, compact system design, and energy efficiency [4,9,10,11,12,13,14,15,16,17,18,19]. In addition, pure hydrogen can be obtained because only deionized water is supplied to the electrolyzer [12,14,15,16]. However, the high investment cost of novel catalysts and the degradation of stack components are challenging issues in establishing a large-scale PEM system. Accordingly, numerous studies have been conducted to optimize the low-cost, non-noble-based metal catalysts [13,20,21,22]. Recently, some research groups reported the proper coupling of a highly efficient catalyst with other materials to reduce the cost and enhance hydrogen production [23,24]. Others studied the degradation aspects of the performance of PEM membranes [25,26,27,28,29,30,31,32]. Furthermore, several studies have focused on single cation contaminations in the circulating water, and these cations may be mainly initiated from the feed-water impurities, water pipes and membranes corrosion, and electro-catalyst dissolution [32,33,34,35,36,37,38,39]. In this regard, Fe3+, Mg2+, Ca2+, Cu2+, and Na+ have gained attention as the most common impurities. Studies have been conducted on the influence of single cations by introducing cation impurities into the feed water [33,36,40,41,42,43,44,45,46,47,48,49,50].



Membrane electrode assembly (MEA) is the pivot of the PEM electrolyzer. Nafion membrane is one of the main components in the MEA. Nafion membranes are widely used for PEM electrolyzers owing to their high adaptability and durability at high current densities. The electrodes (anode and cathode) are bonded to each side of the Nafion membrane. When water is supplied to the electrolyzer, the following equations hold at the anode (Equation (1)) and cathode (Equation (2)).


Anode: H2O (l) → 2H+ + 2e− + 1/2O2 (g),



(1)






Cathode: 2H+ + 2e− → H2 (g),



(2)







Therefore, the membrane of a PEM serves as an electrolyte and a gas separator for hydrogen and oxygen. Accordingly, its degradation can be affected by the deposition of impurities onto the membrane. In addition, these migrated cations could hinder hydrogen evolution and induce a rise in the operating voltage because of higher affinity than H+ ions for the sulfonic acid group [51,52]. In addition, cation impurities replace protons in the electrolyte membrane, thus decreasing the conductivity of MEA and resulting in high ohmic losses [33,36,50]. The migrated cations reduce the proton transport properties from anode to cathode and severely affect the PEM degradation. Accordingly, the performance of MEA for cation contamination is a challenge to the overall cost.



The degradation of MEA was induced by the presence of cations, which could have migrated from the feed water. Since PEM electrolysis uses only deionized water, several filtration steps to attain purity increase the capital cost for PEM. Pure water can be produced by river water treatment using ultrafiltration and reverse osmosis methods [53,54]. In recent years, various techniques for seawater desalination with the removal of charged ions have been developed [55,56,57,58,59,60,61]. The cations impurities, such as sodium ions, are the common impurities found in the feed water. Sodium cations accumulated at the cathode and anode cause an increase in ohm resistance. It can degrade PEM by inducing cell voltage increases due to anode and cathode overpotential [49]. In addition, it can also result in membrane thinning by sodium cations concentration to the Nafion membrane. However, the cations can be effectively excluded from synthetic water. Initial cost of pure feed water can be minimized if artificially treated water with fewer cations is used. Generally, the most abundant cation impurities observed in river water are calcium (Ca2+), magnesium (Mg2+), sodium (Na+), and potassium (K+).



If treated water is supplied to the PEM, it is necessary to identify the influence of cations in the feed water. The existing studies have investigated how to improve the efficiency of a PEM [62,63,64,65], and several studies have reported single cations contaminations introduced from the feed water [39,40,41,42,43]. In addition, these studies were conducted on deionized or ultrapure water and analyzed the effects of cations by adding impurities to the feed water. At present, there are no literature reviews on the performance of PEM in terms of cations contaminations by treated water. Additionally, the potential foreign cations that could migrate from the treated water have not been studied. Therefore, we fabricated artificial soft water containing the major impurities found in river water to investigate the acceptable cations in the treated stage. In this study, we focused on the effect of impurities from artificial soft water and analyzed the contaminations in MEA. Ca2+, Mg2+, Na+, and K+ cations were considered the impurities induced by the soft water. In addition, the PEM performance was studied on the operating voltage before and after soft-water supply. The cell voltage was analyzed under different soft-water concentrations. The influence of monovalent and divalent cations that can severely degrade the PEM were compared.




2. Results and Discussion


2.1. Effect of Na+, Mg2+, K+, Ca2+ on the Operating Performance


The effect of cation contamination was analyzed in comparison with ultrapure and soft water. The PEM cell was operated for approximately 6.5 h for each test analysis. The operating voltage was measured during the experimental period, and the corresponding results are shown in Figure 1.



Figure 1 shows the voltage profile of the cell when ultrapure water and soft water were provided to the system. To split water molecules, the minimum voltage required to overcome the kinetic barrier is 1.8 V. As shown in Figure 1a, when the soft water was supplied to the system, the cell voltage drastically increased to 2.3 V at a rate of 0.9 V/h, and then, gradually increased to 3.0 V at a rate of 0.1 V/h. The maximum allowable voltage of our PEM cell is 3.0 V. Accordingly, the analysis was performed until the cell voltage reached its maximum. However, the cell voltage was steady when ultrapure water was added to the cell. After the soft water supply, ultrapure water was used to investigate the effects of impurities and degradation of cell performance. The increase in cell voltage was caused by the replacement of protons with Ca2+, Mg2+, Na+, and K+ in the MEA. The Nafion membrane has sulfonic acid groups in which Na+ has a stronger affinity than H+. Therefore, the substituted Na+ becomes a dominant factor that decreases the conductivity of the MEA and increases the cell voltage [49]. Mg2+, K+, and Ca+ were also replaced by the sulfonic acid groups, which caused the cell voltage to increase. Additionally, the rapid increase in cell voltage was influenced by the hydrogen production reaction at the cathode, which proceeds according to Equation (3) instead of Equation (2). The cations passed from the anode to cathode owing to the electric field and replaced the H+ ions. The theoretical cathode potentials of Equations (2) and (3) are 0 V and −0.828 V, respectively [49].


Cathode: 2H2O + 2e− → H2 (g) + 2OH−,



(3)







Subsequently, the IV characteristics were monitored in two cases: before and after the soft-water supply, as shown in Figure 1b. According to the IV characteristic graph, the impurities in the feed water increased the ohmic resistance of the cell after the soft water supply. Therefore, the PEM cell was greatly affected by cation impurities.




2.2. ICP Analysis


In the soft-water supply, Na+, Mg2+, K+, and Ca2+ cations were contaminated by the MEA. To investigate the effect of cation contamination on the cell, the concentration of cations attached to the MEA and the operating voltage were analyzed. Figure 2 shows the amounts of adhered cations with increasing voltage. At the initial voltage supply, only monovalent ions (Na+ and K+ ions) were present in the MEA. It was due to the stronger affinity of monovalent ions (Na+ and K+ ions) than H+. Among the mixed cations, Na+ and K+ ions were the highest in number when the cell voltage increased to 2.35 V. Protons with affinity lower than Na+ were easily substituted by monovalent ions during the initial period. Subsequently, the accumulation of divalent ions was more intense than Na+ and K+ over a long duration. After that, the amount of Mg2+ and Ca2+ cations drastically increased to 136 μg/cm2 and 49 μg/cm2, respectively; on the other hand, that of Na+ and K+ ions did not increase. Therefore, it can be considered that the divalent cations were concentrated on the cell with a rapid increase in voltage, whereas the monovalent cations were accumulated with a gradual voltage increase.




2.3. SEM and EDX Analyses


The cross-sectional area of the MEA was analyzed using SEM and EDX for cation distributions within the MEA. Figure 3 displays the SEM and EDX characterization profiles before and after soft water supply. The EDX measurements are shown along the red line in Figure 3a,b. As shown in Figure 3c,d, large amounts of Mg2+ and Ca2+ cations are distributed. However, the distributions of Mg2+ and Ca2+ are different; Mg2+ distribution is biased toward the cathode side with a peak before reaching the catalyst layer. However, Ca2+ is uniformly distributed from the anode to cathode. The difference in the distributions of Mg2+ and Ca2+ is attributed to the selectivity coefficient of the Nafion membrane. In general, the strength of affinity in the Nafion membrane is in the order of Ca2+ > Mg2+ > K+ > Na+ > H+. Therefore, Ca2+, having a stronger affinity is more easily absorbed and uniformly distributed, whereas Mg2+ possessing a weaker affinity than Ca2+ is mainly transferred to the cathode by the electric field. Accordingly, the cathode side is highly alkaline owing to the OH−, as indicated by Equation (3), and possible production of magnesium hydroxide.




2.4. Effects of Monovalent and Divalent Cations


Divalent cations have a strong influence on the cell voltage increase. However, it is necessary to investigate the effects of cations with different concentrations of soft water over a long duration. Therefore, we prepared five kinds of soft water and analyzed their long-term effects on MEA. They are mixed ions (Na+, Mg2+, K+, Ca2+) concentrated soft water, ¼ mixed-ion diluted water, only with divalent cations (Mg2+, Ca2+) water, monovalent cation solution (Na+ and K+), and double concentrated monovalent-cation water. Initially, ultrapure water was supplied to the cell, and the cell voltage was stabilized for approximately 5 h, to confirm no individual differences between the cells before the degradation initialized. Subsequently, the above solutions were provided as the feed water. In this measurement, we supplied only one solution to each PEM electrolyzer.



The cell voltage was monitored for 200 h before it reached 3 V for each test analysis. As shown in Figure 4, both mixed cations (soft water) and divalent ions concentrated water induced a noticeable voltage increase. In addition, a steady voltage increase appeared when a ¼ concentration of mixed cations was introduced. However, the voltage increased up to a certain value and remained constant for monovalent cation concentrations. This may be because a higher affinity of Mg2+ and Ca2+ ions contribute to staying in the membrane and substituting protons (H+ ions), thereby increasing cell resistance and cell voltage. However, monovalent cations have a lower affinity than divalent ions, and ion attachment and removal might be repetitive inside the cell. Table 1 presents the amounts of contaminated cations on the MEA and feed water. When comparing the amount of cation contamination based on the water type, the divalent ions were more concentrated on the membrane. Generally, cations are not included in the ultrapure water. However, monovalent cations can migrate to the membranes during the fabrication process or corrosion of cell components [48,49]. Accordingly, monovalent cations adhered to the membrane, as shown in Table 1.



We discussed the performance of a PEM cell for cation contamination by treated water. The PEM cell can be greatly affected by the voltage increase because the cell efficiency is inversely proportional to the cell voltage. The efficiency of the PEM electrolyzer can be calculated as follows (Equation (4)) [32]:


   PEM   efficiency     %  =    V T     V  cell     =   Δ  H / 2 F     V  cell      × 100  ,  



(4)




where VT is the thermoneutral voltage, ∆H is the enthalpy energy in the electrolysis process, F is the Faraday constant, and Vcell is the cell voltage. Here, we considered the number of hydrogen electrons to be 2 mol. In our system, the cell voltage increased owing to cation contamination on both the cathode and anode. Accordingly, the performance of the PEM electrolyzer decreased with increasing cell voltage. The cell voltage was more affected by the divalent cation contamination than the monovalent cations, leading to cell failure. In water treatment, divalent cations (Mg2+ and Ca2+) are easier to remove than monovalent cations [66]. However, it requires several filtration steps for ultrapure water.





3. Materials and Methods


3.1. PEM Electrolyzer Setup


Figure 5 illustrates the configuration of a PEM electrolyzer (Enoah Inc., (Aichi, Japan) EHC 070), which consists of MEA with a Nafion membrane and noble metal catalysts, a gas diffusion layer as a passage for reactant transport, current collectors, and end plates used in our system. The active area of the electrodes was 11.34 cm2, and the allowable current density was 0–0.79 A/cm2). A platinum catalyst was utilized at the cathode for the hydrogen evolution reaction, whereas IrO2 was supported on the anode side. After passing through the electrolyte, H+ ions move from the anode to the cathode through the cation exchange membrane. At the cathode, they combine with electrons to generate hydrogen gas. An oxygen-evolving reaction takes places at the anode.




3.2. Preparation of Feed Water


Deionized water or pure water was used as feed water for the actual operation of PEM water electrolysis. In general, pure water can be obtained from rivers, ponds, lakes, and groundwater through multiple filtration steps. Such water sources contain salts, which determine the hardness of water, where the hardness may vary depending on the region. In this study, we used artificial soft water as the water source to investigate the performance of the PEM electrolyzer. Artificial soft water was prepared by adding NaHCO3, CaSO4, MgSO4, and KCl solutions to ultrapure water (Fujifilm Wako Pure Chemical (Osaka, Japan), 212-01601) because these are the main minerals present in river water. Table 2 shows the detailed composition of soft water and its properties. These characteristics are recommended for reconstituted freshwater and are modified by the American Public Health Association (Washington, DC, USA, 1992) [54].




3.3. Experimental Setup and Characterizations


Figure 6 shows the experimental setup for analyzing the PEM performance with feed water. The operation was performed under atmospheric pressure and at room temperature. At the anode side, water was supplied to the lower side of the PEM cell using a pump. The direct current supplied to the cell was 9.0 A (0.79 A/cm2), and the rate of water supply was 1.5 mL/min. Hydrogen was generated at the cathode side, and the circulating water for H+ ion movement in the cell was also discharged. However, the residual water escaped from the anode with the oxygen evolution.



Because the feed water might contain cation impurities, they could adhere inside the cell and severely affect the PEM. Nitric acid (10 mL; Fujifilm Wako Pure Chemical, 141-01425) was prepared to investigate the cation contamination on the MEA. The MEA was immersed in nitric acid for approximately 60 min after each test operation. The extract was analyzed using inductively coupled plasma (ICP) emission analysis (Shimadzu, ICPS8100) to quantify the cations contaminated inside the cell. According to our measurement data, Na+, Mg2+, K+, and Ca2+ cations adhered to the cell.



To further investigate the effects of cation contamination on the MEA, scanning electron microscopy (SEM, HITACHI, SU3500) and energy-dispersive X-ray spectroscopy (EDX, AMETEK, EDAX Genesis APEX2) were performed. After the cell voltage increased to 3.0 V by the soft water, the distributed cations were analyzed along the cross-sectional area of the MEA. The MEAs (before and after soft water supply) were cut into small pieces for the SEM and EDX tests.





4. Conclusions


Low-cost hydrogen production is required to effectively store intermittent renewable sources while replacing fossil fuels. The treatment water could reduce the initial cost of PEM electrolysis. In this study, the effects of cations on the MEA were analyzed and reviewed by introducing treated soft water, including cation impurities. The findings indicated that the contaminated divalent cations induced a rapid cell voltage increase and severely degraded the PEM performance. However, the monovalent cations slightly increased the cell voltage and did not increase after that. The cations were contaminated on both cathode and anode, resulting in a dramatic increase in the voltage. The results of this study indicated that the divalent cation contamination severely affected the cell voltage, and they were more concentrated than the monovalent cations, causing cell failure. Thus, it affected the performance of the PEM cell. The effects of Mg2+ and Ca2+ were more intense than those of monovalent ions; additionally, these cations should be excluded from the feed water. Furthermore, it is possible to effectively remove divalent cations in treated water with a minimum step. An efficient hydrogen production system could be developed if the artificial soft water is supplied to the PEM electrolysis.
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Figure 1. Performance analysis of PEM with soft water and ultrapure water (a) cell voltage profile, (b) polarization curves of voltage and current density. 
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Figure 2. The influence of cations on the cell voltage with respect to adhered cations concentration. 
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Figure 3. SEM images of the cross-section of the MEA: (a) before and (b) after soft water supply. Line scanning EDX about the distribution of cations at the cross-section of the MEA: (c) before and (d) after soft water supply. 
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Figure 4. Cell voltage profile for different feed-water solutions. 
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Figure 5. Schematic of PEM electrolyzer assembly (a) end plates, (b) current collectors, (c) gaskets, (d) gas diffusion layers, (e) MEA. 
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Figure 6. Experimental setup of PEM electrolysis. 
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Table 1. Concentration of cations adhered to the membrane electrodes and feed water based on water type.
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Water Type

	
Concentration of Cations Adhering on the Membrane (μg/cm2)




	
Na+

	
Mg2+

	
K+

	
Ca2+






	
Ultrapure water

	
0.7

	
0

	
1.2

	
0




	
Soft water

	
15.8

	
122.5

	
2.5

	
32.8




	
Mg2+, Ca2+ concentrated water

	
0.3

	
137.0

	
1.8

	
55.1




	
Na+, K+ concentrated water

	
63.8

	
0

	
11.1

	
0




	
2 × (Na+, K+) concentrated water

	
82.1

	
0

	
12.7

	
0




	

	
Cation concentration in feed water (mg/L)




	
Ultrapure water

	
0

	
0

	
0

	
0




	
Soft water

	
13.1

	
6.1

	
1.0

	
7.0




	
Mg2+, Ca2+ concentrated water

	
0

	
5.9

	
0

	
6.0




	
Na+, K+ concentrated water

	
13.3

	
0

	
0.9

	
0




	
2 × (Na+, K+) concentrated water

	
26.4

	
0

	
1.9

	
0
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Table 2. Summary of the properties of artificial soft water.
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Salts Required (mg/L)

	
Water Quality






	
Water type

	
NaHCO3

	
CaSO4 • 2H2O

	
MgSO4

	
KCl

	
pH

	
Hardness

(mg/L)

	
Alkalinity

(mg/L)




	
Soft

	
48

	
30

	
30

	
2.0

	
7.2–7.6

	
40–48

	
30–35

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
& Mg2+
[ ] Caz+

B Na*
mK

e = e R = T T
T &N O 0 =+

160

(z_urd 311) UOneNUIUOD PAQIOSPY

2.85

2.35

1.85

Voltage (V)





nav.xhtml


  catalysts-12-00934


  
    		
      catalysts-12-00934
    


  




  





media/file2.png
Voltage (V)

3.4

2.6

2.2

1.8

1.4

—— Ultrapure water

— Soft water

|

3
Time (h)

(a)

4

th

Voltage (V)

3.4

1.4

—a—Before Soft water supply

—e— After Soft water supply

01 02 03 04 05 0.6
Current Density (A cm™)

(b)

0.7

0.8

0.9





media/file5.jpg
Membrane

§f Membrane

D ) Disane ()

(©) (d)





media/file3.jpg
Ll

uMg>
mCa>

HNa*
mK*

2.85
Voltage (V)

235

1.85





media/file1.jpg
Voltage (V)

%
2

— Ul e

L) S —

— st o 3 |t ey
[ 0 01 02 03 04 05 06 07 03 03
Time () Curent Density (A )

(b)





media/file7.jpg
Voltage (V)

3

o
in

n

S

~

e

. |

——Soft water
——Nu', E*
—Mg*, Ca>

/4= Soft water

—2x(Na"K)

0 20 40 60 80 100 120 140 160 180 200

Time (h)





media/file10.png
0, +H,20

H2+H,0

H,0






media/file12.png





media/file9.jpg
0 +H;0

H2+H;0

H,0

© © ® @
@ @





media/file0.png





media/file8.png
Voltage (V)

3.5

)
th

19

— Soft water 1 /4= Soft water
—Na. K~ —2x(Na".K")
Mg, Ca**

20 40 60 80 100 120 140 160 180 200

Time (h)





media/file11.jpg





media/file6.png
Membrane

SU3500 30.0kV x350 SE

Intensity (counts)

[ i [ ’0 7]

e & 8 8 =
1
&
1
o
=
Ty
&
-

h
=

=

Distance (um)

()

—Pt

Cathode

Membrane

2
3
&

Intensity (counts)
— [ ]
g 8

=

n
=

(=

—Mg —K —Ca

Membrane

Distance (um)

(d)

—]r

—Pt

Cathode






