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Abstract:

 In this study we compared the electrochemical pressure-concentration-temperature (EPCT) method with the gaseous phase pressure-concentration-temperature (PCT) method and demonstrated the differences between the two. Experimentally, this was done by electrochemically charging/discharging the electrodes of four different metal hydride (MH) alloys. The results indicate that in the PCT curve is flatter with a smaller hysteresis and a higher storage capacity compared to the EPCT curve. Moreover, while the PCT curves (up to around one third of the hydrogen storage capacity) reside in between the charge and discharge EPCT curves, the rest of the PCT curves are below the EPCT curves. Finally, we demonstrated a new calibration method based on the inflection points observed in the EPCT isotherms of a physical mixture of more than one alloy. This turning point can be used to find a preset calibration point to determine the state-of-charge.
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1. Introduction


Nickel/metal hydride (Ni/MH) batteries are an important energy storage medium for portable electronic devices, electric vehicles, and alternative energy. The active material used in the negative electrode (anode) of these batteries is a special kind of metal called hydrogen storage alloy (or metal hydride (MH) alloy) that is capable of storing hydrogen at ambient temperatures [1]. MH alloy can absorb hydrogen in two different environments: through an electrochemical charging process in wet chemistry or gaseous absorption in a dry container (Figure 1). While the former process requires splitting water molecules into protons and hydroxide ions, the latter depends on the splitting of hydrogen molecules into hydrogen atoms. Other differences between the electrochemical charging and gaseous phase hydrogen storage can be found in Table 1. Since the electrochemical environment is more complicated for hydrogen absorption compared to the gaseous phase, the pressure-concentration-temperature (PCT) measurement is commonly used to study the thermodynamics of gaseous phase hydrogen absorption of an MH alloy [1]. The information obtained from PCT, including hydrogen storage capacity, metal-hydrogen bond strength (from the equilibrium pressure), hysteresis, and heat of hydride formation, are all essential for the design of MH alloys used for gaseous hydrogen storage and electrochemical applications. In wet chemistry, the hydrogen storage performance may be heavily influenced by the surface oxide [2], surface catalyst phase [3], proximity effect among phases [4], and activated grain boundary [5], which are difficult to isolate. Therefore, it is interesting and important to compare the electrochemical and gaseous phase hydrogen storages side by side through comparing the stabilized open-circuit voltage (Voc) versus state of charge (SOC) curves in the electrochemical PCT (EPCT) and gaseous phase PCT curves.


Figure 1. Schematic of hydrogen absorption through (a) an electrochemical reaction and (b) a gaseous phase chemical reaction.
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Table 1. The main differences between electrochemical charging and gaseous phase hydrogen storage.


	Difference in
	Electrochemical Charging
	Gaseous Phase Hydrogen Storage





	Source of H
	Splitting H2O molecule at the electrode/electrolyte interface
	H2 dissociation at the surface



	Environment
	Alkaline oxidizing environment (KOH electrolyte)
	H2 gas, very susceptible to oxygen poisoning



	Kinetics
	Hydrogen storage/release at room temperature
	Hydrogen storage/release at temperature range of 20 –130 °C



	Thermodynamics
	ΔH from −30 kJ·mol·H2−1 to −35 kJ·mol·H2−1
	ΔH from −20 kJ·mol·H2−1 to −55 kJ·mol·H2−1



	Thermal conductivity
	Not crucial
	Very important



	Electrical conductivity
	Very important
	Not crucial



	Chemical reaction
	M + H2O + e− ⇆ MH + OH−
	H2 (g) ⇆ 2H



	Surface requirement
	A thin and porous oxide allowing electrolyte penetration
	Free from oxide and other contaminations



	Common catalyst
	Metallic Ni embedded in surface oxide [6]
	Noble metals like Pd and Pt [7]









The EPCT method is not a new idea and had been applied in a number of MH alloy studies, including studies on AB5 [8,9,10,11], AB2-based multiphase alloys [12,13,14], Ce-Mn-Al-Ni [15], Ce-Mg-Ni-Ti-F [16], carbon nanofiber [17], and Mg2Ni [18]. In EPCT, the stabilized Voc is converted to equilibrium pressure via the Nernst Equation (1) [19]:


EMH,eq (vs. Hg/HgO) = −0.934 − 0.029logP(H2)



(1)




where EMH,eq is the equilibrium potential of hydrogen storage electrode versus the Hg/HgO reference electrode and P(H2) is the equilibrium hydrogen gas pressure, and the electrochemical capacity is converted to hydrogen storage capacity by using the conversion of 268 mAh·g−1 = 1 wt%. It should be noted that for the Ni/MH half-cell configuration used in this study, a partially pre-charged positive electrode was used and has a constant potential of 0.36 V versus Hg/HgO [20], and therefore EMH,eq (vs. Hg/HgO) ≈ Voc − 0.36 (V). Ideally, the stabilized Voc obtained experimentally is close to the battery equilibrium potential.



The advantages of EPCT include simplicity, ease of operation, and ability to cover a wider voltage (pressure) range since a decade of pressure change is equivalent to a voltage difference of 29 mV at room temperature. It is also closer to the real life environment that batteries experience. Although many studies using EPCT to characterize MH alloys have been reported, a direct comparison between EPCT and the gaseous phase PCT had never been made and is the focus of this paper.




2. Experimental Section


Induction melting with an MgAl2O4 crucible, an alumina tundish, and a pancake-shaped steel mold in a 2-kg furnace under argon atmosphere were performed to prepare the ingot samples. AB5 MH alloys were annealed at 960 °C for 8 h under vacuum. Gaseous phase hydrogen storage was measured using a Suzuki-Shokan multi-channel PCT system (Suzuki Shokan, Tokyo, Japan). Each ingot piece (about 2 g) was first activated by a 2 h thermal cycle between room temperature and 300 °C under 2.5 MPa H2 pressure followed by PCT measurements at 30, 60, and 90 °C. To fabricate the electrodes for electrochemical tests, the ingot was hydrided and pulverized to −200 mesh powder and pressed onto an expanded Ni substrate without any binder. For EPCT analysis, a flooded half-cell configuration was used with the MH alloy as negative electrode, partially pre-charged and oversized Ni0.9Co0.1(OH)2 as counter electrode, and 30 wt% KOH as electrolyte. Before the EPCT measurements, the electrode samples in half-cells were activated with 10 charge/discharge cycles at 25 mA·g−1 and room temperature using a CTE MCL2 Mini cell test system (Chen Tech Electric MFG. Co., Ltd., New Taipei, Taiwan). Each half-cell was then cycled with several charge/discharge steps, each is 15 min long, at a current density of 25 mA·g−1 and with a 30 min rest between each step. The electrochemical Voc was recorded at the end of the 30 min rest after each charge/discharge step.




3. Results and Discussion


EPCTs of four MH alloys are included in this study, and their compositions and some gaseous phase properties are listed in Table 2. Fe1 is a C14-predominated AB2 MH alloy developed in a previous Fe-addition study [21]. B37 and B65 are misch metal-based AB5 MH alloys with very different equilibrium plateau pressures (Figure 2). The last alloy, YC#1, is a transition metal-based AB5 MH alloy developed in a study of a series of ZrVxNi4.5−x alloys showing a large discrepancy between gaseous phase and electrochemical hydrogen storage capacities [22]. EPCTs of these alloys will be reported in the following sections.


Figure 2. PCT isotherms of alloys in this study. Fe1 is a Fe-containing AB2 metal hydride (MH) alloy. B37 and B65 are misch metal-based AB5 MH alloys. YC#1 is a ZrNi5-based MH alloy. Open and filled symbols stand for absorption and desorption isotherms, respectively.
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Table 2. Design composition and hydrogen storage properties (at 30 °C) of the alloys in this study. PCT: pressure-concentration-temperature.


	Alloy
	Family
	Composition (in at%)
	Maximum H-storage Capacity
	Desorption Plateau Pressure
	PCT Hysteresis





	Fe1
	AB2
	Ti12Zr21.5V10Cr7.5Mn8.1Fe1.0Co7.0Ni32.2Sn0.3Al0.4
	1.51 wt%
	0.046 MPa
	0.05



	B37
	AB5
	La9.6Ce4.0Pr0.5Nd1.3Ni65.8Co4.6Mn4.2Al5.5Cu4.6
	1.34 wt%
	0.088 MPa
	0.06



	B65
	AB5
	La10.5Ce4.3Pr0.5Nd1.4Ni62.3Co5.0Mn4.6Al6.0Cu3.2Zr0.2Mo2.0
	1.21 wt%
	0.012 MPa
	0.28



	YC#1
	AB5
	Zr18.2Ni81.8
	0.075 wt%
	>1 MPa
	1.76









3.1. Electrochemical Pressure-Concentration-Temperature of AB2 Metal Hydride Alloy


Room EPCT without re-calibration from Fe1 is shown in Figure 3a. Due to hydrogen gas evolution in the open-cell configuration, the starting point of the charge curve does not match the ending point of the discharge curve. After performing a self-discharge calibration, we found the capacity loss due to hydrogen gas evolution is linear with regard to SOC (from 0% to 100%), and the capacity loss for Fe1 is about (0.3 + 1.2 × SOC) mAh·g−1·h−1. The higher SOC of the electrode promotes increased hydrogen gas escaping from the electrode surface. After this calibration, the EPCT charge and discharge curves for Fe1 form a closed loop (Figure 3b). Compared to the PCT isotherm in the same graph, four observations can be made:

	(1)

	
The EPCT curve is much more slanted than the PCT curve.




	(2)

	
The hysteresis of EPCT is much larger than that of PCT, which has been demonstrated previously by Wójcik and his coworkers [13].




	(3)

	
The maximum capacity measured from EPCT is smaller than that from PCT, which has also been previously shown by Wójcik and his coworkers [13].




	(4)

	
The PCT isotherm is closer to the EPCT charge curve when the hydrogen storage content is small, but as the hydrogen storage content increases, it then moves to the center between the EPCT charge and discharge curves and finally flattens out.








Figure 3. Room temperature electrochemical pressure-concentration-temperature (EPCTs) for Fe1: (a) before and (b) after taking self-discharge into consideration.
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The higher hysteresis (asymmetry) in EPCT compared to that in PCT (Observation 2) is related to the difference in equilibrium state. In the gaseous phase equilibrium state, hydrogen concentration in the alloy bulk is uniform. However, in the electrochemical open-circuit condition, distribution of protons is uneven if there is a voltage across the electrode. Therefore, Voc during the charge state (high concentration of OH− in the pores of surface oxide layer) and discharge state (lower concentration of OH− in the pores of surface oxide layer due to water recombination) are different. In the open-circuit condition, the levels of hydrogen storage content in various parts of the electrode are different depending on the distance to surface, which results in a composite of hydrogen storage phases (components) with different metal-hydrogen bond strengths. This phenomenon increases the degree of disorder and lowers the critical temperature to where the PCT plateau disappears [23,24] and thus makes the EPCT curve more slanted (Observation 1).



As for the lower electrochemical capacity seen in EPCT compared to that in PCT (Observation 3), it is a very common observation in MH alloys [25,26]. Surface oxidation during the activation step in the electrochemical environment is one of the causes. In addition, some inter-grain phases acting as catalysts in the gaseous phase [27] can be etched away in the electrochemical environment [5]. In the open-cell configuration, the electrode cannot be fully charged due to hydrogen evolution, which can also contribute to the lower capacity measured by EPCT.



Observation 4 implies that the assumption of two-electron transfer with H2 in Equation (1) is only valid at lower SOCs. As the hydrogen storage content increases, the electrochemical reaction becomes closer to the interaction with single H atoms, which will raise the voltage as dictated by the Nernst equation with single electron transfer Equation (2):


EMH,eq (vs. Hg/HgO) = −0.934 − 0.059logP(H2)



(2)








3.2. Electrochemical Pressure-Concentration-Temperatures of Two AB5 Metal Hydride Alloys


Room EPCTs of two AB5 alloys with a large difference in plateau pressure, B37 and B65, were measured, and the charge and discharge curves after self-discharge calibration are shown in Figure 4. All four observations made in the previous section of the AB2 MH alloy are also present for the AB5 MH alloys. Therefore, these observations are likely to be universal for most MH alloys. Comparing these two EPCTs, the alloy with a lower PCT plateau pressure (B65) has a higher electrochemical capacity than the alloy with a higher PCT plateau pressure (B37), and hence the proposed cause for lower EPCT capacity discussed in the last section (incomplete charging due to hydrogen gas evolution) is validated.


Figure 4. Room temperature EPCTs for (a) B37 and (b) B65 after taking self-discharge into consideration.
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3.3. Electrochemical Pressure-Concentration-Temperatures of Mixtures of Two AB5 Metal Hydride Alloys


PCTs of materials with two phases (components) were classified into three categories: funneling mode, synergetic mode, and independent mode [4,28]. If two MH alloys were physically mixed together without any alloying, the resulting PCT isotherm will be a composite showing two individual plateaus (Figure 7c in [4]). It is interesting to see whether the discontinuity in the PCT isotherm of two-part alloy is present in the corresponding EPCT isotherm. If the discontinuity exists in the EPCT isotherm, it will contribute tremendously to SOC determination, which relies heavily on Voc and impedance (Z) in today’s battery management systems [29,30,31,32,33,34,35]. However, Voc and Z depend not only on SOC but also on the state-of-health and environmental temperature, making a precise calculation of SOC impossible.



Room temperature EPCTs of B37/B65 mixtures (10:90, 30:70 and 50:50 by weight) are shown in Figure 5a–c, respectively. Discontinuities in slope can easily be found in both the charge and discharge curves in Figure 5a,b. In the case of the 50:50 mixture, the derivative of Vocversus hydrogen storage content is plotted in Figure 5d to show the locations of the inflection points (when the derivative reaches the local maximum). The existence of these inflection points confirms the possibility of using Voc to find a preset calibration point for SOC determination.


Figure 5. Room temperature EPCTs for (a) 10% B37 + 90% B65; (b) 30% B37 + 70% B65; (c) 50% B37 + 50% B65 mixtures and (d) derivative of Figure 5c. Arrows indicate positions of inflection points.
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In order to investigate whether the existence of inflection points is sensitive to the environment temperature, EPCT of the B37/B65 50:50 mixture was measured at 10 °C. The resulting charge and discharge curves are shown in Figure 6a and clearly show the inflection points at approximately 50% SOC. Moreover, Figure 6b shows the derivative of Vocversus hydrogen storage content, which can be used to better locate the inflection points.


Figure 6. 10 °C: (a) EPCT and (b) derivative for 50% B37 + 50% B65 mixture. Arrows indicate positions of inflection points.
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3.4. Electrochemical Pressure-Concentration-Temperature of ZrNi4.5 Metal Hydride Alloy


In studies of multiphase Zr-Ni-V MH alloys, we found that the electrochemical capacities of these alloys were unusually high compared to the gaseous phase hydrogen storage capacities [22,36], which had been attributed to the decrease in PCT plateau pressure through synergetic effects in the electrochemical environment [22,36]. We now compare EPCT and PCT of one of those alloys, YC#1, in Figure 7. It is obvious that the charge and discharge curves are below the PCT curves with the assumption that the same correlation from AB2 (Figure 3b) and AB5 (Figure 4a,b) can be applied in YC#1. Therefore, we confirm that our previous statement: lowering the equilibrium pressure in the electrochemical environment is the main cause of increased capacity.


Figure 7. Room temperature EPCT for YC #1.
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3.5. Discussion


The difference between PCT and EPCT results can be explained by the different natures of hydrogen storage processes in a single component hydrogen storage alloy (or metal) system. For hydrogen absorption in the gaseous phase, hydrogen gas molecules adsorb and split into two hydrogen atoms at the clean surface of metal (free from oxide), and then hydrogen atoms move into the bulk of alloy by diffusion. The protons occupy the interstitial sites among the host atoms while the accompanied electrons join the conduction band of host metal and increase the Fermi level of conduction electrons. In the electrochemical environment, the applied voltage forces electrons to flow into the negative electrode and also splits the water molecules at the electrode surface. While the protons enter the bulk of alloy driven by the electric field from the potential difference and are neutralized by the electrons from the current collector, the hydroxide ions are released into the electrolyte. Moreover, the equilibrium pressure in the gaseous phase is only dependent on the concentration of hydrogen in the metal, but what affects Voc in the electrochemical environment is far more complicated and involves the dipole from the electrolyte-solid interface, chemical products from the activation process, and potential between the bulk and altered surfaces with different chemical compositions from the bulk. The discharge processes for the gaseous phase and electrochemistry are also different. In the gaseous phase, the movement of protons is intrigued by diffusion, and equilibrium is reached when the same amount of hydrogen is leaving and entering the metal. However, it is more complicated in the electrochemical environment. During discharge, electrons move away from the hydrided alloy into the current collector, forcing the protons to move in the opposite direction and reach the electrode surface. Unless the surface recombination of either proton-hydroxide or proton-oxygen is very slow (not likely) and a large amount of protons accumulation presents at the electrode-electrolyte interface, the protons should continue to flow towards the interface in order to reach charge neutrality until a depletion of protons.



Hystereses found in EPCT of the AB2 and AB5 MH alloys are much larger than the corresponding hysterese in PCT. While the hysteresis observed in PCT can be simplified as the energy barrier of elastic deformation at the α-β interface during hydrogenation [37], many other factors can influence the hysteresis in EPCT, such as the potential between the activated surface region and bulk, potential across the surface oxide region and oxide in the activated grain boundaries [38], remaining charge trapped within the defects and grain boundaries, residual protons trapped in the grain boundaries, and distribution of hydroxide ions in the surface pores and grain boundaries that are connected to the electrolyte by narrow channels.



Hydrogen storage in a multiphase alloy system is by far more complicated due to the presence of synergetic effects. Synergetic effects in multiphase MH alloys refer to the beneficial effects provided by the presence of micro-segregated secondary phases occurred in the melted alloys [39], which were reviewed, explained, and compared between gaseous phase and electrochemistry in one of our recent publications [40] and can be summarized as follows: the contact potential at the boundary between two neighboring phases with different work functions resulted from the increase in the Fermi level of the side with a lower Fermi level by the addition of electrons into the conduction band from the substituted hydrogen. This remaining hydrogen at the very end of dehydrogenation will act as the nucleation center for the β-phase (MH). It will also facilitate the hydrogenation process with a much reduced PCT hysteresis as seen from Figure 2—two single component AB5 MH alloys (large hysteresis) and one multiphase AB2 MH alloy (small hysteresis).



The above description, in general, works for both gaseous phase and electrochemistry. However, the synergetic effects in electrochemistry are more profound than those in the gaseous phase. With additional potential difference present across the alloy, the grain boundary acts as a liaison between two phases (changing from charged side to the uncharged side, resulting in two partially charged sides). The sharp transition in gaseous phase equilibrium pressure will not be seen in the electrochemical environment. In a separate article, a group of MH alloys composed of BCC and non-BCC (TiNi, C14, and Ti2Ni) phases show two distinctive pressure plateaus in PCT but no noticeable jump or change in the slope of electrochemical charge/discharge curves even though x-ray diffraction analysis indicates the transformation from the completion of hydrogenation of the non-BCC phases (lower equilibrium pressure) to the start of hydrogenation of the BCC phase (higher equilibrium pressure) [40]. In the current study, the equivalent equilibrium pressure in the electrochemical environment of the phase with a higher plateau pressure (ZrNi5) is lowered by the synergetic effects from the phase with a lower plateau pressure (Zr2Ni7).



According to our experience, the comparison between PCT and EPCT measurements is summarized in Table 3. Advantages of EPCT over PCT are its lower cost, ease of operation, ability to cover a wider voltage (pressure) range, and similarity to the real battery environment. The disadvantages of EPCT are that it is difficult to perform phase identification (catalyst versus storage) and separate the contributions from the surface and alloy bulk; it is also insensitive to several important MH alloy characteristics (metal-hydrogen bond strength, homogeneity, degree of disorder in both alloy and hydride, etc.).


Table 3. The comparison between PCT and EPCT techniques.


	Aspect
	PCT
	EPCT





	Main application
	Gaseous phase hydrogen storage
	Electrochemistry



	Set-up
	Valve, pressure gauge, vacuum pump, and heater
	Basic electrochemical station



	Equipment cost
	~$20,000 USD per channel
	~$1000 USD per channel



	Sample size
	0.5 g to 2 g
	100 mg to 100 g



	Sample shape
	Ingot
	−200 mesh powder



	Pre-condition
	Fresh cleavage or acid etched
	Hot alkaline bath or electrochemical cycling



	Main safety concern
	Hydrogen gas safety; powder after PCT measurement can be highly pyrophoric
	Cycled electrode after drying can be pyrophoric



	Temperature range
	−20 °C to 200 °C
	−40 °C to 50 °C



	Equivalent pressure range
	0.0001 MPa to 10 MPa
	Wider than 1 Pa to 1000 MPa



	Synergetic effects in multiphase alloy
	Determined mainly by the difference in metal-hydrogen bond strength
	Determined by the difference in work function



	Properties obtained
	Storage capacity, metal-hydrogen bond strength, thermodynamic, hydride/dehydride hysteresis, and interaction among phases
	Storage capacity up to 1 atm, contribution from the activated surface



	Not suitable for
	Alloys with very high or very low plateau pressure, alloys with poor surface catalytic abilities, alloys in the fine particle form
	Alloys with low corrosion resistance in alkaline solution, alloys with high plateau pressure (>1 atm), alloys with very large hardness or ductility











4. Conclusions


Electrochemical PCT isotherms were obtained for several MH alloys. The results after self-discharge calibration show differences between gaseous phase PCT and EPCT. EPCT isotherm measurements of the AB2 and AB5 MH alloys prove that the PCT curves are much flatter than the curves for EPCT. PCT also has a smaller hysteresis and higher capacity. Moreover, when the hydrogen storage content is small, the PCT isotherm is closer to the EPCT charge curve. However, as the hydrogen storage content increases, the PCT isotherm then moves to the center between the EPCT charge and discharge curves and finally flattens out. In addition, previous and current studies on the multiphase Zr-Ni-V MH alloy (YC#1) demonstrate that the plateau pressure reduction in the electrochemical environment due to synergetic effects is the main cause of the increase in electrochemical discharge capacity compared to the gaseous phase measurements. Furthermore, it was found that the inflection points in the EPCT isotherm of a physical mixture of more than one alloy can be used to find a preset calibration point for measurement of SOC.
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