Journal of Renewable - .
Materials & Tech Science Press

DOI: 10.32604/jrm.2022.023261 @ check for updates

ARTICLE

Study on Hydrogen Storage Properties, Anti-Oxide Ability and Rate Limiting
Step of ZrCr-Based Alloy after Introducing Cobalt as Additive

1,2,3,4,*

Dongfang Huang'“, Peng Lv , Changlin Zhong"?, Xingsheng Zhou'* and Zhichen Liu*

"Jiangxi Key Laboratory for Mass Spectrometry and Instrumentation, East China University of Technology, Nanchang, 330013,
China

*Jiangxi Province Key Laboratory of Polymer Micro/Nano Manufacturing and Devices, East China University of Technology,
Nanchang, 330013, China

*Engineering Research Center of Nuclear Technology Application (East China University of Technology), Ministry of Education,
Nanchang, 330013, China

“School of Innovation and Entrepreneurship Education, East China University of Technology, Nanchang, 330013, China
"Corresponding Author: Peng Lv. Email: lvpeng@ecut.edu.cn
Received: 25 April 2022 Accepted: 27 May 2022

ABSTRACT

In this work, the microstructure, hydrogen storage properties, anti-oxide ability and rate limiting step of Zr(Cr,
—xCoy), (x=0, 0.2, 0.4 and 0.6) alloys have been investigated. After studying the crystal structure, we found that all
alloy samples could show C14-type phase but the alloy sample x = 0 could also show a small amount of Cr phase.
Rietveld fitting showed that lattice parameter and unit cell volume of C14-type phase decreased with increasing x.
After further research, it was clear that the first hydrogen absorption capacity decreased with increasing x. But
introducing more Co content had a positive influence on the effective hydrogen storage capacity and cyclic hydro-
gen absorption and desorption properties of the alloy sample. We also found that adding Co to ZrCr, alloy could
improve its anti-oxide ability. In addition to this, the rate limiting step model was also studied.
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1 Introduction

Hydrogen is considered to be one of the most promising clean energy [1-5]. But in order to successfully
promote the application of hydrogen energy, we should take care of the issue of hydrogen storage [6]. AB,
alloys are considered as excellent hydrogen storage materials for hydrogen storage applications because of
their availability of high interstitial sites in their crystal structure. Among AB, alloys, ZrCr, alloy is viewed
as a decent material for solid state hydrogen storage technology because of its relatively excellent hydrogen
storage capacity. However, this alloy has some drawbacks in its application, such as the difficulty during its
first hydrogenation process (usually also called activation) and the formation of stable hydrides at room
temperature. Thus, one way to apply this alloy in practical applications is to make its first hydrogenation
process possible under mild conditions. The other way is to reduce the stability of its hydrides [7-10].
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In order to further improve the hydrogen storage properties and reduce the stability of hydrides, various
elements including Mn, Fe, Co, Ni, Cu, Si, Ge have been introduced to ZrCr, alloy [8—15]. In the earliest
days, Drasner et al. [16] conducted in-depth research on Zr-Cr system hydrogen storage alloys. They
prepared Zr(Cr;_Cu,), alloys (x=0.1, 0.3 and 0.5) and uncovered that the desorption plateau pressure
increased but the hydrogen capacity decreased with increasing Cu content. Drasner et al. [17] also
synthesized Zr(Cr;_.Niy), alloys (x=0.125, 0.25, 0.375 and 0.5) and revealed that replacing Cr by Ni
could not affect the crystal structure of ZrCr, alloy. Later, Bulyk et al. [14] studied the impact of Ti on
the hydrogen-induced phase-structure transformations in ZrCr, intermetallic compound. They found that
the partial replacement of zirconium by titanium in ZrCr, intermetallic compound resulted in the increase
of its stability in hydrogen. Recently, Bodega et al. [18] synthesized ZrCr, laves phases and investigated
the thermodynamic stability of their hydrides. Ahmad et al. [19] used the in-situ NMR technology to
study the hydrogenation and dehydrogenation of ZrCr, alloy. Erika et al. [10] got ZrCr,_\NiMo, alloys to
systematically investigate its electrochemical and metallurgical characterization. Merlino et al. [9] adopted
the density functional calculations to research the total energy, electronic structure and bond of Zr
(Crg 5Nig 5), intermetallic compound. Ha et al. [20] prepared TiFe—ZrCr, alloy and studied the hydrogen
storage behavior and microstructural feature.

In previous studies, we found that adding or replacing Co was an important way to enhance the hydrogen
storage properties of alloys [21-25]. At early stages, Hirosawa et al. [26] prepared Zr(Cr;_,Co,), alloys to
investigate the influence of adding Co on the magnetic properties. Soubeyroux et al. [27] also prepared Zr
(Cri—xM,)>» (M = Mn, Fe, Co, Ni, Cu) alloy to investigate the binding energies and electronic structure
with different M. However, they did not deeply study the change in the hydrogen storage properties of
ZrCr, hydrogen storage alloys after Co replaced Cr. In addition, we also found that ZrCr, hydrogen
storage alloys handled by element substitution still required prior heat treatment and hydrogen exposure
before it could absorb and desorb the hydrogen normally. For the above reasons, we believed that it was
important to investigate the influence of introducing Co on the microstructure, hydrogen storage
properties, anti-oxide ability and rate limiting step of ZrCr, alloy.

2 Experimental Section

Zhongnuo Advanced Material (Beijing) Technology Co., Ltd. (China) provided the metal raw materials
including Zr element (99.5%), Cr element (99.9%) and Co element (99.9%). The Zr(Cr;_Coy), (x=0, 0.2,
0.4 and 0.6) alloy samples were prepared by using arc melting equipment (SP-MSM20-7, Shenyang Kejing
Co., Ltd., China) under argon atmosphere. Before the arc melting, raw metal materials were mixed at the
proper ratio. In the process of arc melting, in order to obtain the alloy sample with uniform composition,
we used the method of turning the alloy sample several times. The schematic diagram of the preparation
process of Zr(Cr;_,Coy), (x=0, 0.2, 0.4 and 0.6) alloy samples is shown in Fig. 1.

We used a Bruker D8 Advance X-ray diffractometer (XRD) to characterize the crystal structure of the
alloy samples. In order to obtain the lattice parameters of different phases, we introduced the Rietveld
refinement method (Maud software) to analyze the XRD pattern [28]. In order to obtain the phase
distribution and elemental distribution of the alloy samples, we measured the alloy samples using a
Hitachi SU8010 Field Emission Scanning Electron Microscope (SEM). In order to obtain the hydrogen
absorption and desorption properties of the alloy samples, we used a self-made Sieverts type hydrogen
storage test device. The alloy samples needed to be evacuated in the sample holder at room temperature
for 0.5 h before the hydrogen absorption test.
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Figure 1: Schematic diagram of the preparation process of Zr(Cr;—Coy), (x=0, 0.2, 0.4 and 0.6) alloy
samples

3 Results and Discussion

3.1 Morphology

The backscattered electron micrograph of Zr(Cr;_,Co,), (x=0, 0.2, 0.4 and 0.6) alloy samples was
shown in Fig. 2a. It was clear from Fig. 2a that except for the alloy sample x =0 exhibiting a two-phase
structure, all other alloy samples had only one phase. Similarly, Kanazawa et al. [29] also found that the
microstructure of Zr-Cr alloys had two-phase or one-phase morphology structure. In order to further
determine the element distribution in these alloy samples with only one phase, the element distribution
map of the alloy samples x=0.2, 0.4 and 0.6 were shown in Figs. 2b—2d. We could clearly see that all
elements including Zr, Cr and Co were evenly distributed in all corners of the alloy samples.

3.2 XRD Pattern

Fig. 3 shows the crystal structure of all alloy samples. It could be clearly seen that all alloy samples
displayed C14-type main phase (P63/mmc (194)) and the alloy sample x =0 also showed a small amount
of Cr phase. For the alloy with/without introducing Co, the position of the C14-type peak was shifted
slightly. This conclusion was also completely consistent with the results of the previous backscattered
electron micrograph in Fig. 2a. This result proved that the alloy sample x=0 had a two-phase structure
including C14-type main phase and Cr minor phase again [30—32].

In order to accurately obtain the lattice parameters of the alloy samples, we processed the XRD data in
Fig. 3 using the Rietveld refinement method. The relevant results were shown in Fig. 4. Black points are
experimental data and red lines are computed results. From Fig. 4, we could find that red lines fit the
black points very well (Sig<4 and R,,,<4), which proved the results of crystal structure again. Table 1
presents the calculated lattice parameters for all alloy samples from Fig. 4. It was very clear that the
lattice parameters of the C14-type phase reduced with rising Co content. This conclusion agreed with the
values previously published for Zr-Cr alloys [26]. The observed minor contraction of the unit cell volume
of the Cl4-type phase may be due to the presence of a small amount of Co in solid solution. As we
know, the atoms of Zr, Cr and Co are 1.60 (A), 1.27 (A) and 1.26 (A). When Co was added to ZrCr,
alloy, the atom Co may replace the atoms Zr and Cr. But the atom size of Co was less than the atom size
of Zr and Cr. This was why there was a minor contraction of the C14 unit cell.
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Figure 2: (a) Backscattered electron micrograph of Zr(Cr;_,Co,), (x=0, 0.2, 0.4 and 0.6) alloys. (b)
Element map of the alloy sample x =0.2. (¢) Element map of the alloy sample x=0.4. (d) Element map
of the alloy sample x =0.6

3.3 First Hydrogenation Properties

Fig. 5 presents the first hydrogenation curves of all alloy samples at room temperature and under 3 MPa
hydrogen pressure. We directly carried out the first hydrogen absorption process under mild experimental
conditions. Table 2 shows the conditions needed before the first hydrogenation of different Zr-Cr alloys
in previous studies [8,10,14,16—19,26,30,32—34]. The high temperature (573~850 K) and prior hydrogen
exposure (~3 MPa) were needed to activate the Zr-Cr alloys in most previous studies. This was very
different from our work. Compared with previous studies, we had to point out that we did not have a
traditional activation process for our hydrogen absorption and desorption experiments. In our
experiments, we first evacuated the alloy samples for 0.5 h. Then, we allowed the alloy samples to absorb
hydrogen directly without any heat treatment or hydrogen exposure.
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Figure 3: XRD of Zr(Cr;_,Coy), (x=0, 0.2, 0.4 and 0.6) alloys
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Figure 4: Refinement analysis for XRD of Zr(Cr;_,Co,), (x=0, 0.2, 0.4 and 0.6) alloys

From Fig. 5 it was very clear that pure ZrCr, alloy could not absorb any hydrogen during the first
hydrogenation process. However, the alloy samples x=0.2 and 0.4 could absorb the hydrogen and
showed very short incubation time (< 5 s). The alloy sample x =0.6 showed a relatively long incubation
time (< 50s). Among these three alloy samples, the alloy sample x=0.2 had the highest hydrogen
storage capacity (around 2 wt.%). This value of hydrogen storage capacity was higher than some different
hydrogen storage alloy systems reported in previous studies (TiFe-based alloys [35-38], ZrCo-based
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alloys [21,39] and LaNis-based alloys [40—42]). Further study, it was clear from Fig. 5 that the maximum
hydrogen storage capacity was decreasing with rising Co. The reduction of maximum hydrogen storage
capacity was a consequence of the decrease in the size of the interstitial sites [13,16,17]. In fact, we
observed the minor contraction of the unit cell volume of the Cl4-type phase after introducing a small
amount of Co in Table 1, which may lead to the decrease of the interstitial sites. For example, Jacob et al.
[34] also found that partial substitution of V, Cr or Mn by Fe or Co decreased the maximum hydrogen
storage capacity of ZrCr, alloy. These above results show that the microstructure of composite critically
affected the first hydrogenation properties.

Table 1: The lattice parameter (in A) of different phases of Zr(Cr; Coy), (x=0, 0.2, 0.4 and 0.6) alloy samples
as determined by Rietveld analysis. The number in parenthesis is the error on the last significant digit

Phase Parameter 0 0.2 0.4 0.6
Cl4-type a 5.102(6) 5.054(3) 4.976(9) 4.972(6)
c 8.297(6) 8.296(3) 8.152(4) 8.139(7)
Cr a 2.877(7) / / /
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Figure 5: First hydrogenation properties of Zr(Cr;_,Coy), (x=0, 0.2, 0.4 and 0.6) alloys at room
temperature and under 3 MPa hydrogen pressure

Table 2: The conditions needed before the first hydrogenation of different Zr-Cr alloys in previous studies

Composition Prior hydrogen Prior heat treatment Heat Reference
exposure (MPa) temperature (K) treatment

ZrCr, / 623 Yes [18]

Z1(Cr;—xNiy)» 3 750~850 Yes [17]

Z1(Cr_4Cux), 3 750~850 Yes [16]

Zr(Al B ), / 573~673 Yes [34]

Z1(Cri—Coy)» / 298 No This work
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The discrepancy between hydrogen absorption rate and hydrogen absorption capacity of alloy samples in
different time periods had important research significance. For this reason, we calculated the hydrogen
absorption rate and hydrogen absorption capacity from 0 to 50/100 s of different alloy samples. The relevant
data was summarized in Table 3. First, we found that the alloy sample x =0 did not absorb any hydrogen,
so its values were zero in Table 3. Second, for the remaining alloy samples, V=50, HC,=50, V=100
and HC,;= 100 showed a decrease from x=0.2 to 0.6. This meant that the alloy sample x =0.2 displayed the
fast hydrogen absorption rate and highest hydrogen absorption capacity in the same time frame. These
results demonstrated that the addition of Co allowed the pure ZrCr, alloy to absorb the hydrogen without
other treatment. But increasing more Co had a negative impact on the hydrogen absorption capacity.

Table 3: The hydrogen absorption rate (V,=50 and V= 100) and hydrogen absorption capacity (HC,= 50 and
HC,=100) from 0 to 50/100 s of all alloy samples (x =0, 0.2, 0.4 and 0.6). The units of reaction rate are wt.% s '

Sample x=0 x=0.2 x=0.4 x=0.6
Vieso (Wt% s ") 0 0.04032 0.03724 0.00664
V=100 (Wt.% s 1) 0 0.02017 0.01871 0.01514
HC;— 50 (Wt.%) 0 2.016 1.862 0.322
HC; _ 100 (Wt.%) 0 2.017 1.871 1.514

3.4 Anti-Oxide Ability

The anti-oxide ability of hydrogen storage alloys is very important, because we cannot guarantee that all
operations are under an inert gas atmosphere. Therefore, we believe that the anti-oxide ability of Zr(Cr,
—xCoy), (x=0, 0.2, 0.4 and 0.6) alloys has important research significance. In order to fully oxidize the
alloy sample, we first pulverized the alloy sample into powder, and then put it into a small plastic bottle
without cap for 24 h. After that, we took out the alloy sample exposed to air for 24 h and investigated the
effect of air exposure for 24 h on the first hydrogenation properties of all alloy samples. Likewise, we
also allowed the alloy sample could absorb the hydrogen directly before the first hydrogenation process
without other treatment. Fig. 6 presents the first hydrogenation curves of all alloy samples after air
exposure for 24 h at room temperature and under 3 MPa hydrogen pressure. It can be seen that the alloy
sample x =0 still did not absorb any hydrogen. The alloy samples x=0.2, 0.4 and 0.6 could absorb the
hydrogen in less than 25 s. They could absorb 90% of hydrogen in around 25 s (x=0.2), 50 s (x=0.4)
and 100 s (x=0.6). Besides, we also could see clearly that the maximum hydrogen storage capacity
diminished with expanding x from 0.2 to 0.6.

Fig. 7 presents the first hydrogenation curves of alloy samples before (black) and after (red) exposure to
air for 24 h. It could be found that air exposure for 24 h marginally affected the hydrogen absorption rate and
the maximum hydrogen storage capacity of the alloy sample x=0.2. For the alloy sample x=0.4, air
exposure for 24 h only reduced the hydrogen absorption rate. For the alloy sample x = 0.6, air exposure
for 24 h not only reduced the hydrogen absorption rate but also lowered the maximum hydrogen storage
capacity. This showed that introducing a certain amount of Co had obvious effect on the anti-oxide
ability of ZrCr, alloy. Table 4 shows the detailed data about hydrogen absorption capacity and loss of
capacity getting from Fig. 7. It was very clear that the increase in the amount of Co resulted in an
increase in the loss of capacity. This result revealed that long-term air exposure had a great influence on
the hydrogen storage properties of the alloy samples.
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Figure 6: First hydrogenation properties of Zr(Cr;—Coy), (x =0, 0.2, 0.4 and 0.6) alloys after air exposure
for 24 h at room temperature and under 3 MPa hydrogen pressure
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Figure 7: First hydrogenation properties of Zr(Cr;—,Coy), (x=0.2, 0.4 and 0.6) alloys before and after air
exposure for 24 h at room temperature and under 3 MPa hydrogen pressure
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Table 4: Detailed data about hydrogen absorption capacity and loss of capacity of all alloy samples getting

from Fig. 7

Sample Parameters Crushed in air for a short time Air exposure for 24 h
x=0 Hydrogen absorption capacity (wt.%) / /

Loss of capacity (wt.%) /
x=0.2 Hydrogen absorption capacity (wt.%) 2.016 1.972

Loss of capacity (wt.%) 0.044
x=0.4 Hydrogen absorption capacity (wt.%) 1.941 1.870

Loss of capacity (wt.%) 0.071
x=0.6 Hydrogen absorption capacity (wt.%) 1.752 1.618

Loss of capacity (wt.%) 0.134

Fig. 8 presents the capacity retention rate for the alloy samples x = 0.2, 0.4 and 0.6 after air exposure for
24 h. The capacity retention rate of Zr(Cr;_,Co,), (x =0.2, 0.4 and 0.6) alloys were about 97.82% (x =0.2),
96.34% (x=0.4), 92.35% (x=0.6), respectively. It was clear that prolonged air exposure resulted in a
decrease in the maximum hydrogen storage capacity. But this effect was within our acceptable range due
to a more than 90% capacity retention rate after adding Co. In particular, it should be pointed out that the
anti-oxide ability of the alloy sample x =0.2 was particularly outstanding, which presented up to 97.82%

capacity retention rate.
T
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Figure 8: The capacity retention rate for the alloy samples x=0.2, 0.4 and 0.6 after air exposure for 24 h

For actual needs in industrial production, we believe that it was very important to study the mechanism
of the anti-oxide ability of hydrogen storage alloys. Fig. 9 presents the microscopic schematic diagram of Zr
(Cr1—xCoy), (x=0.2, 0.4 and 0.6) alloy samples after oxidation in air. First, it was clear that the higher the Co
content, the lower the maximum hydrogen storage capacity of the alloy sample. We think that the
introduction of Co caused the reduction of C14 unit cell volume. This shrinking C14 unit cell
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accommodated fewer hydrogen atoms and decreased the maximum hydrogen storage capacity. In previous
studies, Chen et al. [43] found that the unit cell had an important impact on the hydrogen storage capacity.
Second, when Co was exposed to air for a long time, oxides of Co were shaped on the outermost layer of the
alloy sample. The higher the Co content, the larger the area of the oxides of Co shaped on the outermost layer
of the alloy sample. And the oxides of Co could effectively hinder the diffusion of hydrogen atoms into the
alloy. This resulted in a slower rate of hydrogen absorption. In addition, the higher oxides of Co content
prompted a critical loss of the hydrogen-absorbing C14-type phase, which additionally decreased the
hydrogen storage capacity.

0, 0,

Zr-Cr

based alloy Oxides of cobalt

Figure 9: Microscopic schematic diagram of Zr(Cr;_,Coy), (x=0.2, 0.4 and 0.6) alloy samples after
oxidation in air

3.5 Cycle Properties

Fig. 10 presents the first and third hydrogen absorption curves for the alloy samples x=0.2, 0.4 and
0.6 at room temperature and under 3 MPa hydrogen pressure. Fig. 11 shows the capacity of first and third
hydrogenation and loss of capacity for the alloy samples x=0.2, 0.4 and 0.6 during the first and third
hydrogenation cycles. During the hydrogen absorption and desorption cycle test, we always pumped the
entire system for 0.5 h before we started a new hydrogen absorption process in order to ensure that the
alloy samples could release the hydrogen to the maximum extent. First, we can clearly observe that all
alloy samples exhibited a fast hydrogen absorption rate and lowered maximum hydrogen storage capacity
during the third hydrogen absorption process. However, it was very clear that increasing Co content
resulted in the increase of effective hydrogen absorption capacity from x=0.2 to 0.6 in Fig. 11. To start
with, it was notable that the reduction of effective hydrogen absorption capacity during the first and third
cycles was probably because of the development of Cr irreversible hydride phase that caught a portion of
hydrogen. In addition, the Cr irreversible hydride phase formed was stable at room temperature [44].
Second, this may be because the higher the Co content, the higher the content of a certain Co-containing
hydride that was reversible at room temperature. Therefore, the alloy sample x =0.6 exhibited the highest
effective hydrogen absorption capacity during hydrogen absorption and desorption cycles at room
temperature.

Fig. 12 presents the capacity retention of all alloy samples after the third hydrogen absorption. We could
see that the capacity retention rate after the third hydrogen absorption rose with x from 0.2 to 0.6, suggesting
that introducing more Co content had a favorable influence on the effective hydrogen storage capacity and
cycle properties of the alloy sample.
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Figure 10: First and third hydrogen absorption curves for the alloy samples x=0.2, 0.4 and 0.6 at room
temperature and under 3 MPa hydrogen pressure
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Figure 11: Capacity of first and third hydrogenation and loss of capacity for the alloy samples x=0.2,
0.4 and 0.6 during the first and third hydrogenation cycles

In order to further verify the good cycle properties of the alloy sample x = 0.6, the alloy sample x=0.6
had been cycled for 7 times with desorption at room temperature under vacuum in Fig. 13. We could clearly
see that the first and seventh cycles showed very similar kinetics and maximum hydrogen desorption capacity
(~1.13 wt.%). In addition, the value of the maximum hydrogen desorption capacity also agreed with the
effective hydrogen storage capacity in Fig. 11. This suggested a good cycling stability of the alloy sample
x=0.6 again. But if we compared the details of the two desorption cycles, it was clear from the first to
seventh cycle, the initial kinetic rose with growing cycles but the maximum hydrogen desorption capacity
decreased a little. The loss of capacity between the first and seventh absorption was very small, which
may be explained by the nature of the apparatus during the measurement process [45]. More cycles for
the alloy sample x = 0.6 need to be measured in the future.
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Figure 13: Hydrogen desorption cycles of 1°* and 7" for Zr(Cr; ,Coy), (x=0.6) alloy

3.6 Effect of 24 h of Air Exposure on Rate Limiting Step
We adopted the rate limiting step model to analyze the mechanism of the first hydrogen absorption

before and after air exposure. Table 5 shows different rate limiting step models from our previous paper
including Nucleation-growth-impingement model (JMA) [46,47], Contracting volume model (CV)
[48,49] and Ginstling-Brounshtein model (GB) [50]. For all model equations, the left hand of the
equation is a function of the reaction completion ratio o(t) (a0 = %H,,s/%Hmax), t is the reaction time, and

k is the kinetic rate constant [51].



JRM, 2023, vol.11, no.3 1395

Table 5: Seven kinds of rate limiting step model equations [51,52]

Model name Model equation o (%H 3p¢/%H max)
Chemisorption o = kt

IMA2D [—In(1 — o))"/ = ket

IMA3D [—In(1 —«)]"? =kt

CV2D 1—(1—a)? =k

CV3D 1—(1—o)"® =kt

GB2D (1 —o)In(l — o) + o0 = kt

GB3D 1-(20/3) - (1-0) =kt

Fig. 14 presents the rate limiting step curves calculated from of first hydrogenation curves of
Z1(Cr;—Coy), (x=0.2, 0.4 and 0.6) alloys before and after air exposure for 24 h. Linear regressions were
performed on each model. According to the results of previous literature, the regressions should be made
in the range from 0.1 to 0.9 of the reaction completion [51,52]. In order to choose the rate limiting step
model that showed the best fit, we calculated the Adjust R? values from Fig. 14. The Adjust R? values
for all alloy samples are show in Table 6. It was very clear that air exposure for 24 h had no effect on
rate limiting step of the alloy sample x =0.2, which still showed GB3D model. This suggested that the
rate limiting step of the alloy sample x =0.2 was three-dimensional growth and the diffusion of hydrogen
showed reduced interface velocity. For the alloy sample x =0.4, air exposure for 24 h had an obvious
effect on rate limiting step. The rate limiting step model changed from GB3D to JMA3D. This suggested
that the rate limiting step of the alloy sample x =0.4 was three-dimensional growth of existing nuclei and
the interface velocity was stable. For the alloy sample x=0.6, it was clear that the rate limiting step
model was still JIMA3D even though it was exposed to air for 24 h. The above results demonstrated that
the distinction of first hydrogenation curves before and after air exposure for 24 h was because of the
adjustment of the rate limiting step.

Table 6: Adjust R* values for the alloy samples x =0.2, 0.4 and 0.6 before and after air exposure for 24 h.
Bold numbers indicate the Adjust R* value nearest to 1

Chemisorption IMA2D JMA3D CV2D CV3D GB2D GB3D

x=0.2 0.81513 0.91508 0.89042 0.90314 0.92796 0.94388 0.96138
x=0.2 0.7872 0.89853 0.87179 0.8846 0.91242 0.93106 0.95156
in air

x=04 0.7741 0.88163 0.84043 0.88224 0.91327 0.94571 0.96525
x=04 0.91193 0.92447 0.92801 0.91263 0.90873 0.87377 0.86383
in air

x=0.6 0.84112 0.83748 0.86033 0.80853 0.79409 0.72367 0.70691
x=0.6 0.85108 0.82957 0.85593 0.80597 0.78648 0.71246 0.69002

In air
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Figure 14: Rate limiting step curves calculated from of first hydrogenation curves of Zr(Cr;_,Coy), (x=0.2,
0.4 and 0.6) alloys before and after air exposure for 24 h
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4 Conclusion

We mainly studied the morphology, hydrogen storage properties, anti-oxide ability and rate limiting step

of Zr(Cr;_,Coy), (x=0, 0.2, 0.4 and 0.6) alloys in this work. The conclusions are made as follows:

(1) All alloy samples showed the C14-type phase, but the alloy sample x =0 also showed a small
amount of Cr phase. The introducing Co resulted in the minor contraction of the unit cell volume
of the Cl4-type phase. This meant that there was a decrease in the size of the interstitial sites,
which held fewer hydrogen atoms.

(2) Introducing Co to ZrCr, alloy could obviously lower its first hydrogenation condition without prior
heat treatment and hydrogen exposure. The alloy could absorb the hydrogen directly after
introducing Co. But the first hydrogen storage capacity of ZrCr;, alloy was reduced with Co content.

(3) Introducing more Co content to ZrCr, alloy could enhance its effective hydrogen storage capacity
and cycle stability. This meant that increasing Co content could effectively decrease the stability
of Zr(Cr;_,Coy), (x=0, 0.2, 0.4 and 0.6) alloys-H, system.

(4) Introducing Co to ZrCr, alloy could improve its anti-oxide ability. All alloy samples could still
absorb the hydrogen in less than 25 s with a slower hydrogen absorption rate and lower
hydrogen storage capacity. This may be because introducing Co could result in the formation of
the oxides of Co on the alloy surface. These oxides reduced the diffusion rate of hydrogen atoms
and lowered the maximum first hydrogen storage capacity of the alloy.

(5) Air exposure for 24 h had no effect on rate limiting step of the alloy samples x =0.2 and 0.6, which
still showed GB3D and JMA3D model. But for the alloy sample x =0.4, air exposure for 24 h
resulted in the change of the rate limiting step from GB3D to JMA3D model.
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