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ARTICLE INFO ABSTRACT

Keywords: Hydrogen storage alloys are expected to be catalyst materials for the hydrogenation of hydrocarbons and carbon
Hydrogen storage alloy catalyst dioxide. The role of hydrogen absorbed in the hydrogen storage alloy catalysts has been investigated from the
Zr,Nizo

perspectives of the hydrogen supplying itself as a reactive species and changing the chemical state of the alloy
catalysts. However, few studies have considered the catalysts’ hydrogen storage properties under the reaction
fields. To investigate the relationship between the hydrogen storage properties and the catalytic properties, we
focus on ZryNijg alloy, which exhibits a unique phase-transition process involving two hydride phases (p phase
and y phase) and a broad solid-solution region of the hydrogen solid-solution phase (a phase). The catalytic
properties of Zr;Nijg were examined for the hydrogenation of acetylene under conditions where the phase
transitions occurred and the hydrogen content of the o phase varied. The results showed that the o phase
exhibited higher rates of acetylene conversion than the degassed alloy. Below 230 °C, where the phase transitions
occurred, ZryNijp showed higher catalytic activity with increasing temperature but the difference among the
phases could not be observed. However, above 230 °C, where the hydrogen content of the o phase decreased with
increasing temperature, the catalytic activity also decreased. During the subsequent cooling process, where the
hydrogen content of the o phase increased, the catalytic activity recovered. Considering a board solid-solution
region of the « phase, we concluded that the variation in hydrogen content of the a phase induced the revers-
ible catalytic activity behavior.

Hydrogenation of acetylene
Hydrogen content
Absorbed hydrogen

1. Introduction

Hydrogen storage alloys, which store hydrogen in a metal lattice by
forming the hydride phase, are expected to be catalyst materials for the
hydrogenation of hydrocarbons and carbon dioxide [1-10]. In partic-
ular, they have been attracting attention as catalysts for hydrogenation,
in which hydrogen atoms are added to unsaturated carbon—carbon and
carbon-oxygen bonds. The effect of absorbed hydrogen on the hydro-
genation reactions has been discussed from two main perspectives. The
first perspective involves the supply of atomic hydrogen with high
reactivity. When absorbed hydrogen is desorbed into the gas phase, it
can be considered to be in the atomic state on the alloy surface, thus,
absorbed hydrogen may be a reactive species in the hydrogenation re-
actions. Soga et al. have reported this possibility for LaNis as a catalyst in
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the hydrogenation of ethylene [11]. They revealed that 90 % of the
hydrogen that reacted with ethylene came from absorbed hydrogen.
This result indicates that absorbed hydrogen is more reactive than
hydrogen adsorbed from the gas phase onto the alloy surface. Kato et al.
have reported the same possibility for ZrCo as a methanation catalyst
[12]. These previous studies have demonstrated that hydrogen storage
alloys can provide a novel transport pathway for hydrogen, delivering it
from the bulk interior to the reactants on the alloy surface.

The second perspective from which hydrogen storage alloys are
promising as catalyst materials is that absorbed hydrogen can alter the
electronic state of the alloys, consequently affecting the reactivity of
reactants on the alloy surface [13]. Tsukuda et al. have reported this
effect for ErNis 75Al; 25 and MgoNi in the hydrogenation of ethylene
[14]. They found that the hydride phase of ErNis ;5Al; o5 exhibited a
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lower adsorption capacity and higher catalytic activity than the alloy
phase. By contrast, MgsNi showed the inverse trend, where the hydride
phase exhibited a higher adsorption capacity and lower catalytic activity
than the alloy phase. These results for ErNiz 75Al; 25 and MgsNi sug-
gested that absorbed hydrogen does not always enhance the catalytic
activity. The ability of absorbed hydrogen to change the adsorption
capacity and, consequently, the catalytic activity is an active discussion
topic in terms of electronic state. Tsukuda et al. mentioned that absorbed
hydrogen supplies an electron to a Ni-d antibonding orbital in
ErNij 75Al; o5 and decreases the adsorption capacity of the reactant, and
it is also noted that Pd shows a similar trend [15]. Recently, this
mechanism was applied to improve the selectivity in hydrogenation of
acetylene by providing a favor environment for the adsorption of acet-
ylene and the desorption of ethylene [16,17]. Thus, the effects of
absorbed hydrogen on the electronic structure and catalytic properties
have attracted considerable attention.

To investigate the effect of absorbed hydrogen on the catalytic
properties of alloys, previous related studies have compared the cata-
lytic properties of hydrogen-absorbed and hydrogen-desorbed catalysts.
By contrast, few studies have investigated the effect of the variation of
the hydrogen content on the catalytic properties. To address this
knowledge gap, we here investigate the catalytic properties of Zr;Nijo
alloy, whose hydrogen storage properties differ from those of general
alloys from two perspectives. The first perspective is the difference in the
phase-transition processes between hydrogenation and dehydrogena-
tion for the ZryNijo—Hj system. In the hydrogenation process, Zr;Nijg
transforms from the hydrogen solid-solution phase (a phase) to the full
hydride phase (y phase), whereas, in the dehydrogenation process, it
undergoes two phase transitions via the intermediate hydride phase (f
phase) [18-24]. This difference in phase transitions between hydroge-
nation and dehydrogenation might affect the catalytic properties. The
second perspective is the fluctuating hydrogen content of the o phase
[21]. This property is evident from the difference in the hydrogen
content when the o phase appears during the hydrogenation and
dehydrogenation. Additionally, Zr;Nijo has a broad solid-solution re-
gion up to approximately 0.5H/M, indicating a continuous variation in
the hydrogen content. Therefore, examining the catalytic properties of
the o phase allows for a clear comparison under various hydrogen
contents within the same phase. If absorbed hydrogen is involved in
catalytic processes, the phase transitions and the variation in the
hydrogen content of the Zr;Nijo alloy should also be reflected in its
catalytic properties. In the present study, Zr;Ni;o hydrogen storage alloy
is used as a catalyst for the hydrogenation of acetylene and the rela-
tionship between its hydrogen storage properties and catalytic proper-
ties is investigated.

2. Experimental
2.1. Material preparation

Zr;Niyo was synthesized by arc melting. The raw materials were Zr
(99.6 %) and Ni (99 +%). A Ti getter was melted in advance to purify the
Ar atmosphere in the arc melting furnace. Arc melting was conducted
five times, and the ingot was turned over after each process. To improve
the homogeneity of the alloy, it was annealed for 48 h at 1173 K under
Ar and cooled in a furnace. The obtained alloy sample was pulverized
and sieved to achieve a particle size distribution between 25 and 63 um.
The crystal structure of the sample was determined by powder X-ray
diffraction (XRD; Rigaku Ultima IV) using Cu-Ka radiation. The crystal
structure was analyzed by the Rietveld method using the EXPO2014
software [25]; space group Cmce was used for the crystal symmetry
(notably, the space group was previously described as Cmca, but Cmce
and Cmca are crystallographically equivalent) [26-30].
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2.2. Hydrogen storage properties

The hydrogenation and dehydrogenation properties for the
Zr7Nijp-Hy system were investigated by pressure-composition-
isotherms (PCIs) acquired using the Sieverts method. Approximately
2 g of the powder sample was transferred to a stainless-steel reactor.
After several cycles of hydrogen gas being introduced into and then
evacuated from the reactor at room temperature, hydrogen gas was
introduced into the reactor to 3 MPa and the sample was then heated to
150 °C. The hydrogen gas in the reactor was subsequently evacuated,
and the sample was additionally heated at 300 °C for 1 h under vacuum.
After these pretreatments, the PCIs were measured at 150, 200, and 300
°C.

The phase transition process for the Zr;Ni;o-Hy system was investi-
gated by differential scanning calorimetry (DSC) under a H, atmosphere
using a differential scanning calorimeter (Rigaku DSC8230HP). The H,
pressure was set to 0.1 MPa to match the catalytic test conditions
described later. To obtain the full hydride phase of the y phase,
approximately 10 mg of the sample was heated to 350 °C at a heating
rate of 5 °C/min under 0.1 MPa-Hj and then cooled to room temperature
at a cooling rate of 5 °C/min. After this pretreatment, DSC curves were
obtained at heating and cooling rate of 2, 5 and 10 °C/min. The phase-
transition temperatures were determined from the exothermic and
endothermic peaks in the DSC curve.

To investigate the changes in the crystal structure and the hydrogen
content, in situ XRD measurements were conducted under a Hy atmo-
sphere in the temperature range from room temperature to 300 °C under
0.1 MPa-H; using a multipurpose X-ray diffractometer (PANalytical,
Empyrean). To obtain the fully hydride phase of the y phase, the sample
was heated to 300 °C under 0.1 MPa-H, and then cooled to room tem-
perature. After this pretreatment, XRD patterns were acquired at tem-
peratures ranging from the phase-transition temperatures determined
from the DSC curve.

The hydrogen desorption properties were evaluated by H,
temperature-programmed desorption (Ho-TPD). To obtain the fully hy-
dride phase of the y phase, the powder sample was heated at 300 °C for
1 h under a Hj flow at 0.1 MPa and 30 mL/min. The sample was then
cooled to room temperature under the same flow. The gas flow was
switched from Hj to Ar at room temperature, and the change of the
crystal structure was determined by powder XRD measurement.
Following this measurement, the sample was heated at 5°C/min under
an Ar flow at 0.1 MPa and 30 mL/min. The hydrogen desorbed from a
metal lattice was monitored by in-line gas chromatography (Shimadzu
GC-8A, thermal conductivity detector, Shincarbon-ST column, Ar carrier
gas). The hydrogen content of the sample at each temperature was
calculated from the TPD spectrum as a function of temperature by
°C

Intensity(T)dT
°C

420 °C
/ / Intensity(T)dT)
25 °C

where Hy is the initial hydrogen content at 25 °C under an Ar flow.

T
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@

2.3. Catalytic properties

The catalytic properties of Zr;Nij( in the hydrogenation of acetylene
were evaluated using a fixed-bed flow reactor. Pulsed gas tests were
conducted to investigate the effect of absorbed hydrogen on the catalytic
properties. As pretreatment, 0.25 g of the sample was heated at 300 °C
for 1 h under a H; flow at 0.1 MPa and 30 mL/min. The degassed alloy
phase, which desorbs hydrogen from the bulk, was prepared by the
following method: The H; flow was switched to an Ar flow at 300 °C, and
the sample was heated for an additional 1 h to release absorbed
hydrogen completely (confirmed by XRD measurements). The sample
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was then cooled in the furnace to room temperature. The a phase was
prepared by cooling under the H; flow and then switching the Hj to Ar at
room temperature (details are explained in Fig. 5). To compare the
catalytic activities of the degassed alloy phase and the a phase, they
were heated under an Ar flow and 1.34 mL quantities of the pulsed re-
action gas (2.0 % CaHs / 80 % Hj / 18 % Ar) were introduced into the Ar
flow at temperatures up to 300 °C. The catalytic properties of the
degassed alloy phase at each temperature were evaluated after the
sample was heated to 300 °C to desorb hydrogen, whereas those of the «
phase were evaluated during the heating and cooling process. The
products were analyzed by in-line gas chromatography. The conversion
of CoH; and the selectivity of CoHs and CoHg were defined as

CoHy Conversion [%] = ([CoHa (feed)Imol — [CoHolmol)/[C2Ho (feed)]-
mol X 100 2

CoHy Selectivity [%] = [CoHalmol/([C2H4lmol + [C2Helmol) x 100  (3)
C2Hj Selectivity [%] = [CoHglmol/([CoH4lmol + [C2Helmol) X 100 (4)
The carbon loss Cjoss was estimated by

Cioss [%] = ([CoHy (feed)Imol — [CoH4lmol — [C2Heglmon)/[CoH2 (feed)]-
mol X 100 (5)

The constant flow test was performed to examine the catalytic
properties under the conditions where the hydrogen content varied. The
fully hydride phase of the y phase was prepared by heating the sample to
300 °C at 0.1 MPa-H; for 1 h and then cooling it to room temperature.
The reaction gas (2.0 % CyH; / 80 % Hy / 18 % Ar) was introduced at a
total pressure of 0.1 MPa and a total flow rate of 30 mL/min. The
products were analyzed in the temperature range from room tempera-
ture to 300 °C during two cycles of the heating and cooling process. The
surface morphological characterization of the ZryNijo alloy under
different states was carried out using scanning electron microscopy (SU-
6600, Hitachi). The change in surface area was investigated by the
Brunauer-Emmett-Teller method (BET method; BELSORP-max).

3. Results and discussion
3.1. Hydrogen storage properties

Fig. 1(a) shows XRD patterns for Zr;Ni; ¢ after annealing and after the
pretreatment for preparing the y phase. The XRD pattern after annealing
is consistent with the pattern reported previously, and no impurity peaks
are observed, indicating a single phase of ZryNiyo [21]. The lattice pa-
rameters for the obtained sample were calculated to be a = 12.37 A, b
=9.176 A, ¢ = 9.204 A, and V = 1044.4 A® (R, = 2.652), which are

Pretreatment
3
8 -
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Iz 5 8 .
S g Annealing
c < &
- & = S
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©
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Fig. 1. XRD patterns for Zr;Nijo before and after the pretreatment for pre-
paring the y phase. These measurements for both samples were conducted at
room temperature under 0.1 MPa-H,.
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similar to the parameters reported in a previous study [21]. The XRD
pattern after pretreatment differed substantially from the pattern for the
sample after annealing. This different pattern originates from the y
phase, as revealed in subsequent experiments (Fig. 3 and Fig. 4). Thus, at
the beginning of each test, after the pretreatment was applied, the
samples were expected to be the y phase.

Fig. 2 presents the results of the PCI measurements for the
Zr7Niyo—Hy system at 150, 200, and 300 °C. The PCI at 150 °C during the
absorption process showed a plateau from the o phase to the y phase,
whereas the PCI during the desorption process showed two plateaus
associated with the § phase in 0.6-0.7H/M. In addition, the solid-
solution region in the absorption process was broad, ranging to
0.56H/M at 0.8 MPa-Hy; the corresponding region in the desorption
process was from 0.4H/M at 0.04 MPa-H,. These features are consistent
with the PCIs in previous reports [20]. The PCIs acquired at 200 °C and
300 °C showed the solid-solution region in the measurement pressure
range and showed no hysteresis between the absorption and desorption
processes. Compared with the PCIs at the same hydrogen pressure used
in the constant flow test (approximately 0.1 MPa-Hj), the hydrogen
content changed depending on temperature. At 150 °C, in particular, the
hydrogen content differed substantially: 0.42H/M in the absorption
process by the a phase and 0.63H/M in the desorption process by the
phase. Therefore, under the condition of the constant flow test, the
hydrogen content of Zr;Nij( varies with the phase transitions associated
with the p phase and the broad solid-solution region of the o phase.

Fig. 3 shows the DSC curve under 0.1 MPa-H,. Positive peaks
represent exothermic reactions, which correspond to phase transitions
with hydrogen absorption, and negative peaks represent endothermic
reactions, which correspond to phase transitions with hydrogen
desorption. In the heating process, peaks corresponding to phase tran-
sitions with hydrogen desorption from the y phase to the p phase and
that from the p phase to the a phase were observed at approximately 129
°C and 184 °C, respectively. By contrast, in the cooling process, a peak
corresponding to a phase transition with hydrogen absorption from the o
phase to the y phase was observed at approximately 74 °C. This phase-
transition process is consistent with the PCI acquired at 150 °C
(Fig. 2). In addition, each phase-transition temperature for the sample
during the catalytic reaction (described later in Fig. 9) was identified,
along with the corresponding changes in hydrogen content across these
temperatures.

Fig. 4 shows the results of in situ XRD measurements under 0.1 MPa-
Hy during the heating process and the cooling process after the pre-
treatment. The XRD pattern obtained at 25 °C differed substantially from
that for the alloy phase (Fig. 1). The XRD pattern acquired at 150 °C
during the heating process changed from that obtained at 25 °C and
differed from that for the alloy phase. Thus, on the basis of the phase-
transition process for the Zr;Nijg-Hs system and the phase-transition
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Fig. 2. PCI data for the Zr;Ni;o—H, system at 150 °C, 200 °C, and 300 °C. The
open circles indicate the measurement points during the absorption process,
and the filled circles indicate those during the desorption process.
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Fig. 3. DSC curves for the Zr;Ni;o-H, system under 0.1 MPa-H,. The positive
peaks correspond to the phase transition with absorption of hydrogen, and the
negative peaks correspond to the phase transition with desorption of hydrogen.

temperature obtained from the DSC curve (Fig. 3) during the dehydro-
genation process, the XRD patterns acquired at 25 °C and 150 °C orig-
inated from the y phase and the B phase, respectively. (Although the
crystal structures of both phases are still unclear and structural analysis
is essential for a comprehensive understanding of this alloy, it is beyond
the scope of the present study.) The XRD patterns acquired at temper-
atures higher than 200 °C during the heating process changed again, and
these peaks were basically indexed to the o phase. In addition, peak
shifts to higher angles were observed as the temperature was increased,
indicating a contraction of the lattice volume for the a phase. This

275°C

250°C

225°C

Intensity (a.u.)

150°C

M

35 40 45
26 [CuKa]

(a) Heating process.
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behavior is consistent with the PCIs corresponding to 200 °C and 300 °C
(Fig. 2), which show that the hydrogen content decreased from 0.27H/M
to 0.18H/M. However, a detailed examination of the XRD patterns for
the alloy phase (Fig. 1) reveals that the (114) peak was not observed in
the pattern acquired at temperatures higher than 200 °C (Fig. 4(a)),
suggesting that the change in the crystal structure of the o phase
occurred during phase transitions. The crystal structure of the a phase
after phase transitions to the hydride phases has been reported to be
tetragonal, derived from a half-cell of the alloy phase’s orthorhombic
structure [21]. During the cooling process, the o phase existed from 300
°C to 150 °C and the peaks shifted to lower angles with decreasing
temperature. This behavior indicates that the hydrogen content of the a
phase increased. The p phase was not observed at any temperature
during the cooling process. On the basis of the phase-transition behavior
observed in the DSC curve (Fig. 3), the o phase is considered to have
directly transformed to the y phase during the cooling to 25 °C. This
phase-transition behavior of the Zr;Ni;o-H; system observed in the XRD
measurements is also consistent with that observed in the PCIs (Fig. 2).

Fig. 5 shows the variation in the lattice parameters and unit cell
volume of the a phase with different hydrogen contents. (The lattice
parameters of the p and y phases are not shown because their crystal
structures have not yet been determined.) The lattice parameters and
unit cell volume of the o phase exhibit a linear relationship with
hydrogen content. The lattice parameters increase by approximately
0.05 A per 0.1H/M along each axis, indicating that hydrogen absorption
leads to an isotropic expansion of the a phase. The volume expansion of
the unit cell per 0.1H/M is per hydrogen atom is approximately 2.4 A3,
which is a reasonable value for the volumetric expansion caused by
hydrogen absorption in metals [31,32].

The PCIs and the in situ XRD results reveal that the Zr;yNijo—Hs
system exhibits the unique feature of a continuously fluctuating
hydrogen content. We therefore examined the hydrogen release per-
formance for the ZryNi;o—H; system. Fig. 5 shows the change in the XRD
pattern for the sample after the hydrogenation and exposure to Ar at

300°C

250°C

Intensity (a.u.)
N
N
a
E

35 40 45
20 [CuKa]
(b) Cooling process.

Fig. 4. XRD patterns for Zr;Ni;o under 0.1 MPa-H, during (a) the heating process and (b) the cooling process. The red, green, and blue lines correspond to the XRD

patterns for the o phase, the p phase, and the y phase, respectively.
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Fig. 5. Variation in lattice parameters and unit cell volume of the a phase: (c) a-axis, (d) b-axis and c-axis, (e) unit cell volume. Lattice parameters are determined by
Rietveld analysis, and the hydrogen content was determined by the PCIs shown in Fig. 2.

room temperature. A comparison of these results with the Hy-XRD re-
sults in Fig. 4 indicates that both the p phase and the y phase disappeared
and that the a phase appeared. These results suggest that two hydride
phases are not stable under an Ar atmosphere and require H; in the gas
phase, even at room temperature. However, the peak positions are
located at lower angles compared with those in the XRD pattern for the
alloy phase (Fig. 1), indicating that hydrogen remained in the lattice and
that the patterns originated from the a phase. The lattice parameters of
the a phase after exposure to Ar at room temperature were a = 12.64 10\,
b =9.481 4, ¢ =9.509 A, and V =1139.6 A Based on the lattice
expansion of approximately 2.4 A3 per a hydrogen atom (Fig. 5), the
hydrogen content in the o phase was estimated to be approximately
0.5H/M, which is nearly identical to the solubility limit of hydrogen in
the a phase. We subsequently investigated the hydrogen desorption
behavior of the o phase under an Ar atmosphere.

Fig. 6 shows the results of Hp-TPD experiments for the o phase. The
peaks indicate the temperatures at which hydrogen in the lattice is
released into the gas phase, and the peak intensity corresponds to the
amount of released hydrogen. The a phase started to release hydrogen at
approximately 50 °C and continued until the temperature reached

a phase
3
S
P
‘»
S Alloy phase
S
30 35 40 45 50

20 [CuKa]

Fig. 6. Change in the XRD pattern for ZryNi;( after hydrogenation and expo-
sure to Ar at room temperature, indicating dehydrogenation to the o phase.
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approximately 350 °C. Given that the TPD spectrum was smooth, the
release of absorbed hydrogen occurred continuously. The hydrogen
content was estimated on the basis of the integrated area of the TPD
spectrum. The initial hydrogen content (Hp) was assumed to be 0.5H/M,
as determined by the XRD pattern (Fig. 6). Fig. 7 shows that the
hydrogen content decreased to approximately 0.2H/M at 200 °C (the
pulsed gas test condition described in Fig. 8), and most of the hydrogen
was desorbed by approximately 350 °C.

3.2. Catalytic properties

The DSC (Fig. 3) and in situ XRD (Fig. 4) experiments showed that
Zr7Nijo undergoes complex phase transitions among three phases (i.e.,
a, B, and y phase) and the hydrogen content of the o phase widely
fluctuates depending on temperature. We subsequently investigated the
effect of these properties on the catalytic behavior of the Zr;Ni; ¢ alloy by
using it as a catalyst in the hydrogenation of acetylene.

To examine the effect of the presence of absorbed hydrogen on the
catalytic activity of Zr;Ni;o, we conducted pulsed gas tests. Fig. 8 shows
the results of pulsed gas tests for the degassed alloy phase and the a
phase, which were prepared by controlling the atmosphere (refer to
Section 2.3). As shown in Fig. 8(a), the a phase demonstrated approxi-
mately fivefold higher acetylene conversion than the degassed alloy
phase at 200 °C. Although the hydrogen content of the o phase was
difficult to determine exactly, the TPD spectrum indicated that the «
phase retained hydrogen corresponding to approximately 0.2H/M at
200 °C (Fig. 7). The results of the pulsed gas tests suggest that absorbed
hydrogen significantly enhances the catalytic activity of ZryNi;o. How-
ever, with increasing temperature from 200 °C, the conversion
decreased and it was lower during the cooling process than during the
heating process. On the basis of the comparison of the catalytic activity
between the degassed alloy phase and the o phase, the decrease in the
catalytic activity of the a phase is speculatively attributed to the
decrease in its hydrogen content. The Ho-TPD spectrum (Fig. 7) indicates
that the a phase continues to desorb hydrogen up to approximately
350 °C. Thus, the pulsed gas tests suggest that the hydrogen content may
play an important role in the catalytic properties. However, as shown in
Fig. 8(b), the selectivity of ethylene and ethane did not differ between
the degassed alloy phase and the o phase. Although the temperature
dependence of the selectivity could not be evaluated because the limited
amounts of products precluded an accurate analysis using the pulsed
gas, the results suggest that absorbed hydrogen does not affect selec-
tivity in the hydrogenation of acetylene.

The results of the pulsed gas tests (Fig. 8) indicate that absorbed
hydrogen in Zr;Nijo enhanced the reactivity of acetylene. We subse-
quently conducted a constant flow test to examine the effect of the

1 0.5
loa =
=y ] z
3 ] €
39 103 &
2 5
= 1 o

&= =
5 02 &
c (o))
— (o]
S
Jo1 8
] T

. . - . . - 10.0
0 50 100 150 200 250 300 350 400 450

Temperature / °C

Fig. 7. H,-TPD spectrum and change in hydrogen content of the o phase under
an Ar flow. To estimate the change in hydrogen content, the initial hydrogen
content (Hp) was assumed to be 0.5H/M from the the linear relationship be-
tween the hydrogen content and unit cell volume (Fig. 5).
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unique hydrogen storage properties of the Zr;Ni;( alloy on its catalytic
properties. Fig. 9 shows the results of a constant flow test for the sample
after the pretreatment. The conversion of acetylene (Fig. 9(a)) increased
with increasing temperature and reached 93 % at 230 °C. However, at
temperatures greater than 230 °C, the conversion of acetylene
decreased. Interestingly, the conversion of acetylene during the cooling
process was nearly identical to that during the heating process. The same
feature appeared in the second cycle, indicating the catalytic activity
behavior is reversible. Fig. 9(b) shows the selectivity in this reaction.
Although the selectivity of ethylene was slightly improved at higher
temperatures, no substantial difference was observed in factors such as
the conversion of acetylene. The selectivity in the second cycle was
nearly identical to that observed in the first cycle. As also indicated by
the pulsed gas tests (Fig. 8), absorbed hydrogen in this alloy is consid-
ered not to affect the selectivity in the hydrogenation of acetylene.

On the basis of the hydrogen storage properties and catalytic prop-
erties of ZryNij(, the change in catalytic activity at temperatures higher
than 230 °C is attributed to the change in the hydrogen content of the o
phase. In general, such a decrease in catalytic activity is due to catalyst
deactivation (e.g., carbon deposition or the production of green oil) [35,
36]. However, as shown in Fig. 9(a), the conversion of acetylene
recovered during the cooling process. Thus, the increase in catalytic
activity during the cooling process shown in Fig. 9(a) cannot be
described by simple catalyst deactivation. Such behavior has already
been reported and was concluded to be caused by the temperature
dependence of the average surface coverage of reactive species [37,38].
With increasing temperature, the average surface coverage (defined as
the product of the incident flux and the residence time) decreased,
resulting in a lower reaction rate. However, on the basis of the pulsed gas
tests (Fig. 7), compared with the average surface coverage, the variation
in the hydrogen content of Zr;Niy( is considered to more strongly in-
fluence the catalytic activity in this temperature range. As shown in
Fig. 8(a), the catalytic activity of the degassed alloy phase is approxi-
mately the same during the heating process from 200 °C to 300 °C,
indicating that the average surface coverage of acetylene does not
change in this hydrogenation reaction. Instead, as revealed in the pulsed
gas test for the o phase, the small amount of absorbed hydrogen en-
hances the catalytic activity and the hydrogen content plays a more
dominant role. This trend is considered to be the same as that observed
in the constant flow test (Fig. 9). In the temperature range above 230 °C,
Zr;Nijo existed as the a phase responsible for the peaks in the DSC
profile (Fig. 3).In addition, the hydrogen content of the o phase
decreased with increasing temperature and vice versa, as revealed by in
situ XRD measurements (Fig. 4). Given these results, the variation of the
hydrogen content of the a phase was responsible for the reversible cat-
alytic activity behavior shown in Fig. 9. However, at temperatures below
230 °C, the phase transition between the f§ phase and the y phase did not
affect the catalytic activity because insufficient thermal energy was
available to overcome the activation energy. Although this study could
not equivalently examine the effect of the hydrogen content over the
entire range including the «, B, and y phases, the variation in the
hydrogen content of the o phase is considered to induce the reversible
catalytic activity behavior.

4. Conclusion

This study focused on the Zr;Ni;( alloy, which undergoes unique
phase-transition processes among the o, f, and y phases and a broad
solid-solution region, to investigate the effect of the variation in the
hydrogen content on the alloy’s catalytic performance. The absorbed
hydrogen in ZryNi;( increased the conversion of acetylene, whereas the
desorption of hydrogen decreased the conversion, indicating that the
hydrogen content is a dominant factor affecting the catalytic activity in
the hydrogenation of acetylene. Under a constant flow of reaction gas
containing hydrogen, Zr;Nij, showed a reversible catalytic activity
behavior depending on temperature. Above 230 °C, where Zr;Nijg



S. Mizutome et al.

100
| Hydrogen solid-solution phase
® heating

80~ O cooling
¥ | Degassed alloy phase
C
9O 60+
& )
o |
>
a
O 40+ [ ]
N
=
|
O o

20+ o

I e ©® o o
0 . ¥
150 200 250 300

Temperature / °C

(a) Conversion of C2Hz pulsed gas

Next Materials 9 (2025) 101313

100

80

D
o

Selectivity (%)
s

20

Degassed alloy phase

Hydrogen solid-solution phase

(b) Selectivity of C2Ha and C2He at 200 °C

Fig. 8. Catalytic properties of the degassed alloy phase and the « phase in the hydrogenation of C,H; pulsed gas: (a) conversion of CaH, pulsed gas and (b) selectivity
of C;H,4 and CoHg at 200 °C for the degassed alloy phase and the o phase during the heating process. Cjoss was 20-30 %, which was caused by oil production [33,34].

100
- 1st cycle
-e- heating
80 .
— -e- cooling
X L
g 2nd cycle
O ol - heating
- e "
5 i cooling
>
3
O 40+
N
T
Sk
O
20+
00 50 100 150 200 250 300 350

Temperature / °C

(a) C2H; conversion.

100 :
W\‘,
o—
80
9
< 60l
2 -e- C,H, heating
= ;
~8- -~ C,H, cooling
< 40F -e C,Hg heating
n -~ C4Hg cooling
20+
0 =g
0 50 100 150 200 250 300 350

Temperature / °C

(b) Selectivity in the first cycle.

Fig. 9. Catalytic properties of Zr,Ni;o. The mass and surface area of the sample were 0.25 g and 2.0 x 102 m?, respectively. The composition of the reaction gas was
2.0 % CoHs / 80 % Hy / 18 % Ar at 30 mL/min and 0.1 MPa. Cjoss was 15-30 %, which was caused by oil production [33,34]. The selectivity in the second cycle was

nearly identical to that observed in the first cycle.

existed as the a phase, the conversion of acetylene decreased with
increasing temperature. During the cooling process, the conversion of
acetylene recovered and was almost identical to that observed during
the heating process. Given that the hydrogen content of the o phase
substantially fluctuates with temperature and that a small amount of
absorbed hydrogen enhances the catalytic activity, the variation in the
hydrogen content of the a phase above 230 °C is considered to induce
the reversible catalytic activity behavior.
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