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Abstract

              Due to the limitations of the J-M-A approach as used by Goudy et.al (1) and developed by Hassen et.al (part I of this research (7)), an analysis of fraction reacted against reduced time has been introduced and the shape of the experimental curves were compared to the theoretically predicted shapes for various rate controlling mechanisms. From this pictorial analysis three steps appear to be dominant in different temperature and pressure ranges; (i) nucleation of α-phase in a β-phase matrix or for absorption the reverse, (ii) bulk growth of α or β-phase which is the β to α phase change on desorption or α to β on absorption, (iii) hydrogen diffusion in the bulk with some hydrogen becoming trapped at less labile sites.

        This approach has given an independent confirmation of the processes involved in hydrogenation of the D88 structure special ceramic materials that has been inferred in several earlier papers (1-6) .
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الخلاصة 
        نتيجة القصور في طريقة   J – H – M   التي استخدمها   Goudy وطورها حسن في الجزء الاول من هذا البحث حيث تم استخدام طريقة تتضمن تقدير الكسر مقابل الزمن المختزل وقد تمت مقارنة المنحنيات التجريبية مع الاشكال المستخدمة نظريا لمختلف ميكانيكيات التحكم بالسرعة وقد اظهرت ثلاث خطوات رئيسية في درجات حرارة وضغوط مختلفة .

Introduction

Interest in hydrogen storage materials has been rising due to the latest development of new hydrogen storage material (HSM). The development of certain type of CNT that are able to store hydrogen with certain capacity has forced old systems to be reviewed with regards to structure and its relation to the kinetic and the thermodynamic stability. The M5X3 systems with the D88-structure phases have shown considerable potential for being able to store hydrogen with a moderate capacity (1 H/fu) with relatively fast kinetic )2-6( .Part I of this research (7) was an attempt to quantify such relatively fast kinetic by using the conventional method of J-M-A equation as used by Goudy (1) . Arrhenius representation of the first and second order equations indicated a significant change in reaction mechanism at 740-745 K.  Activation energies are in the range 84-166 kJ (mol)-1 depending on order and temperature.  The reason of change of mechanism at such temperature was believed to be due to α⇆β phase change as well as the diffusion of hydrogen associated with the sorption process into the strongly bounded sites leading to the reduction in hydrogen capacity and eventually ceasing the whole sorption process that also resulted in the amorphatization of the alloy. 
This research represents part II of our attempt to establish a mechanism for the reaction of the D88-phases with hydrogen using a more sophisticated analysis developed by Song et.al (8) and extended by McColm et.al (9). For purpose of comparison, the same alloy was used for this research as that used in part I, Y5Si2Ge but not Y5Si2GeNx. The limitations of the alloy and equipment were dealt with in the same manner as those in part I and to overcome the heat capacitance problem associated with the powder, an accurately volume measured bead were used taking such volume into account when measuring the hydrogen uptake in exactly the same way as part I.
Song showed that since particles in alloy systems have irregular shapes, a variable size distribution and are porous, it is unreasonable to derive rate equations assuming uniform sizes etc.  Furthermore, hydriding and dehydriding usually involve extremely large volume changes to the solid.  Therefore the approach is to consider relative kinetics over small reacted fraction ranges after theoretically analyzing potential steps in the desorption and absorption process.  The steps to be considered for absorbtion are:-
1. Gas-phase mass flow: this involves mass transport of hydrogen molecules up to
      the surface of the alloy.
2. Adsorption of H2 molecules on the surface of the alloy.
3. Dissociation of H2 molecules to H atoms on the surface.
4. The surface and grain boundary diffusion of the adsorbed H atoms.
5. Diffusion of hydrogen through the growing layer of hydride.
6. Phase transformation from α-solid solution of hydrogen in Y5Si2Ge to β-hydride.
7. Transfer of H atoms from a low energy bond site to a higher energy bond site in the structure.
   Only steps 6 and 7 in this mechanism are specific to the systems studied here and are not covered by the model equations developed by Song.  It should be noted that the last step is non-reversible and would be included to account for the observation of increasing overall hydrogen content and decreasing reversible hydrogen content of the hydride as kinetic experiments proceed.
 In desorption studies the mechanism proceeds from step 6, the phase change that releases the labile hydrogen.  The H atoms then diffuse through a layer of hydride and the mechanism proceeds back to step 1.  Desorption experiments will be particularly sensitive to step 7 as the concentration gradient responsible for diffusion of hydrogen from crystal to surface prior to loss as H2 will be decreased as the experiment proceeds.
Equation (1) is that derived by Song for the process of diffusion of hydrogen through a growing hydride layer, step 5.
R5 = Ф/ t-1/2 


(1)
where R5 is the rate of step 5 and Ф/ is:
Ф/ = 1/2Ф[DH(C1-C2)]1/2
(2)
Where Ф is a constant related to the geometry of the particle etc, dH is  the diffusivity of hydrogen in the hydride, C1 and C2 the concentration of hydrogen at the hydrogen-hydride interface and at the hydride α-solid solution interface.
Equations (1) and (2) show the rate as dependent upon (C1 – C2)1/2 t1/2      and is the first time in the overall analysis where the rate has a time dependency, and so as time increases, C2, would decrease as H moves to non-labile sites, leading to a decrease in rate.  The way that temperature changes will affect rate R5, in eqn (1), depends on the diffusivity and concentration terms.   Because DH = Do exp(-E/RT) a plot of InR5 v 1/T should be linear but the DH1/2 term in eqn (1) would produce a line of slope.
The removal of H from labile sites to the strongly bound sites, step 7, is a diffusion or at least a "hopping" process, and will be determined by the enthalpy difference between sites and their distance apart.  It is a diffusivity term and will have the usual temperature dependence as given in the above paragraph.  This implies that an increased temperature will have an effect on the concentration term in eqn (1) which will decrease the rate of desorption and increase the rate of absorption at temperatures above a critical one determined by the difference in enthalpies of the sites.  A plot of in R7 vs 1/T would be either curved, two lines, or beyond some temperature indicate a negative activation energy(7) .
The analysis given so far can be added to that in Song's original paper and the schematic changes in rate as a function of reduced time summarized in Fig.1.  The
shape of the plots in this figure have been used here to probe the rate controlling steps at different stages of the hydrogen sorption process.

Experimental Details


The detailed experimental procedure for alloy preparations, characterizations and hydrogenations/dehydrogenation are given in part I paper of this research(7).
Results


Detailed analysis of the process was possible using the methods developed by Song et al (8) and McColm et al (9) . This approach enables experimental curves to be compared to the predictions shown in Fig.1.  Plots of fraction reacted, F, against time were made within small fraction reacted ranges at different constant temperatures. These curves were used to obtain dF/dt values at reduced time, t/t0.5, and some of these are shown in Fig.2 for absorption and Fig.3 for the desorption into the hydrides Y5Si2GeHx.  A summary of the changing shape of these plots with comments based on the comparison with theoretical possibilities is given in Table 1 for the absorption and in Table 2 for the desorption.
          The results in the Tables suggest that for absorption the process is mainly controlled by H diffusion through either the grain boundaries or through the growing layer of hydride and by the nucleation and growth of α to β hydride or vice versa.  Sometimes the graphs show an overlap between the H diffusion and the nucleation and growth mechanisms which suggests that the two processes are competing to control the reaction.  At higher temperatures and pressures after all the fast hydrogen, y in M5X3Hx+y, has been recovered the absorption starts to be controlled by the H "hopping" into the more strongly bound sites and conversion to the β-phase via the solid solution.
  For desorption the results show that the reverse sequence happened i.e. nucleation of α in β, conversion of β to α, combined with or followed by hydrogen diffusion.  In the absorption process for Y5Si2Ge at the highest temperatures and pressures, results indicate that there all more important factors controlling the process  for processes other than diffusion and nucleation and growth.  This could be solely the trapping of hydrogen in the non-labile sites.
Discussion

Difficulties in determining the reaction order and consequent reaction path from the simple approach, as demonstrated in part I of this research (7) , led to an analysis using the modified Song model (8,9) . In order to compare the results for these alloys with the theoretical curves, plots of fraction reacted versus time were drawn for many reaction composition ranges at constant temperatures for each of these temperatures. Typical plots have been shown for absorption, Fig 2, and desorption, Fig3.  When used to obtain the df/dt against t/t0.5 they can be used to compare to the Song predicted shapes.  Much experimental data have been condensed into Table 1 for the absorption and Table 2 for the desorption.  
·           The visual appearance of the fraction reacted against reduced time plots for both absorption and desorption are a convenient and convincing way of evaluating competing rate control process that overlap as composition and physical conditions change in these complex systems.  From this pictorial analysis, three steps appear to be dominant of different temperatures and pressure ranges:-
· nucleation of α-phase in a β-phase matrix or for absorption the reverse;
· bulk growth of α or β-phase.   This is the β to α phase change on desorption or α to β on absorption;
•
hydrogen diffusion in the bulk with some hydrogen becoming trapped at less labile sites.
             Considering the mechanisms outlined in the introduction, this type of   behavior conforms a process that is dominated by step 5, diffusion, but because of step 7, where H is "trapped", will give rise to a curved plot as the trapping process becomes the rate controlling step in the overall mechanism.  A schematic diagram of the competing processes is given as Fig 4 and in this figure route 1 is the fast reaction involving about 1 H (fu)-1, route 2 is the mechanism where the overall hydride composition increases with time.   At temperatures above 745 K the data show that Rate 2 > Rate 1, hence the decrease in the desorption rate as a function of temperature (as mentioned in        part I(7)) because the concentration of hydrogen in the active sites is now decreasing with temperature.  This mechanism depends on the existence of two significantly different sites for hydrogen occupation with the more strongly bonded site being filled via the lower bond strength site.  This model is supported by the neutron spectroscopy results published sometime ago (5).  The mechanism suggested is probably the reason for the unfavorably high activation energy value in the range 150 kJ mol-1 (7) which compares unfavorably to 38 kJ mol"  for LaNi5 reacting at room temperature.  
       This approach has given an independent confirmation of the processes involved in hydrogenation of the D88 structure special ceramic materials that has been inferred in several earlier papers.
Table 1: Comparison of observed rates of reaction as a function of reduced time with the theoretical predictions in Figs 1  for hydrogen absorption by Y5Si2Ge at a range of temperatures and pressures

	Temperature K
	Pressure

atm
	Reaction range H (fu)-1
	Notes on plots relative to Figs 1an 2

	72 8
	2.35
	1.19-1.32 
	Two parabolic curves. A in Fig 1. Changing at a reduced time of 0.65 and rate 0.35 H (fu)-1 s-1. Diffusion controlled process of hydrogen through (-phase. 

	
	2.79 
	1.32-1.42 
	Parabolic curve. Diffusion control through (-phase. 

	
	3.12 
	1.42-1.89 
	The right half of a bell-shaped curve. NG in Pig 1. indicating change in control to nucleation and growth 

	750 
	2.57 
	1.30-1.36 
	Simple parabola. Hydrogen diffusion through (-phase control. 

	
	3.00
	1.36-150
	Two parabolic curves. A in Fig 1. Changing at a reduced time of 0.55 and rate 0.5 H (fu)-1 s-1.   Diffusion controlled process dominating. 

	
	3.55 
	1.50-1.74 
	Bell-shaped curve developing on the parabolic curve at reduced time of 0.3 and rate 0.32 H (fu)-1 s-1.  Indicates that controlling process changes in the composition range as (-phase is nucleated. 

	
	4.06 
	1.74-2.01
	Simple parabolic diffusion curve as hydrogen passes through the growing (-phase layer. 

	770 
	3.56
	1.51-1.55 
	Much of the plot is like B in fig 1 

	
	4.18
	1.55-1.60 
	Plot changing to a shallow parabola as diffusion through (-phase begins to dominate. 

	
	4.74
	160-1.82 
	Almost smooth parabola with evidence of plateau at reduced time 0.38 and rate 0.25 H (fu)-1 s-1 as diffusion through (-phase dominates. 

	
	5.23
	1.82-2.08 
	Bell-shaped curve developing on the parabolic curve at reduced lime of 0.5 and rate 0.25 H (fu)-1 s-1. Indicates that controlling process changes in the composition range as (-phase is nucleated. 

	
	602 
	2.08-2.26 
	Simple parabolic diffusion curve as hydrogen passes through the growing (-phase layer. 

	783
	2.73 
	2.04l-2.18 
	Much of the plot is like B in Fig 1. 

	
	3.38 
	2.18-2.37 
	Simple parabola. Hydrogen diffusion through (-phase control. 

	
	4.03
	2.37-2.64 
	As Fig. 6 (b) shows mechanism control is a classic other steps case as in Fig 1(B). 

	
	4.66
	2.64-2.90 
	A shallow curve as diffusion mechanism starts to assume importance. 

	
	533 
	2.90-3.06 
	The original fraction reacted v time curve showed a break in behavior at F = 0.4.   Separate analyses on the two parts show classic diffusion control up to F = 0.4 and a bell-shaped nucleation and growth curve between 0.4 and 0.9. 

	
	7.75 
	3.06-4.5
	Simple parabolic diffusion curve as hydrogen passes through the growing (-phase layer. 


Table 2: Comparison of observed rates of reaction as a function of reduced time with the theoretical predictions in Figs 1 for hydrogen desorption by Y5Si2GeHx at a range of temperatures and pressures
	Temperature K
	Pressure

atm
	Reaction range H (fu)-1
	Notes on plots relative to Figs 1an 2

	72 8
	1.00
	1.82-1.64 
	Starts as nucleation and growth curve (α-hydride in β-hydride). Then diffusion of H through growing layer of α. (Absorption showed early part of H-diffusion). 

	
	0.84
	1.64-1.48 
	Most satisfactory approach is to have one parabola which represent H diffusion as the control process. However, as the H diffuses out a lower limit of H concentration in β is reached and it has to change to α. Then nucleation and growth becomes important. This can be drawn on this curve. 

	
	0.69
	1.48-1.30 
	Parabolic i.e. H diffusion through α. The process at this temperature is like a reverse picture overall of the 728 K absorption only faster. 

	750 
	3.75
	2.04-1.78 
	Right hand part of the nucleation and growth curve. Then nucleation of ( in β. 

	
	2.09
	1.78-158
	Parabolic, diffusion of H through α.

	
	1.43
	1.58-1.42
	Parabolic, diffusion of H through α.

	770 
	2.58

	2.12-1.98 

	The first few percent of reaction look like H-diffusion curve; this is probably β loosing H down to the critical composition for β and reaction controlled by H diffusion through β. Later part of the curve is nucleation and growth shape as β→α is controlling.

	
	1.70

	1.98-1.62 

	Diffusion control begins again at the end of the nucleation and growth curve (some overlap) H diffusion through α.

	
	1.15
	162-1.47 
	H diffusion 

	783
	4.05

	2.30-2.12 

	Early diffusion as β loose H which diffuses through β. Then critical β composition reached and nucleation and growth curve shows control by β→α. Afterward H diffusion through α.

	
	3.13 

	2.12-1.85 

	Mainly H diffusion.

	
	4.03

	2.37-2.64 

	Clear H diffusion.


c
[image: image2.png]



B
              df/dt
[image: image3.jpg].....





[image: image4.jpg]



Fig.1    Schematic curves of hydrogen sorption rate as a function of reduced time when the rate controlling step is: A, diffusion of H atoms through a changing layer of hydride.  B, all other steps except heat transfer.  C, nucleation and growth.

Fig.2
Variation of absorption rate df/dt as a function of reduced time t/t0.5 at (A) 728K, (B) 770K and (C) 783K at different reaction ranges.


Fig. 3
Variation of desorption rate df/dt as a function of reduced time t/t0.5 at (A) 728K, (B) 770K and (C) 783K at different reaction ranges.
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Fig. 4
Possible routes for hydrogen diffusion
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