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We analyzed the sorption cycling behavior of LaNi5 and LaNi4.73Sn0.27 alloys in H2 con-

taining 10 and 100 ppm of CO. The effect of temperature was studied for the Sn-containing

alloy. When cycling in the presence of CO, we found the reaction was strongly retarded due

to surface contamination but no loss of capacity was observed when samples were given

enough time for both absorption and desorption. The retardation was stronger at lower

temperatures and higher CO concentration. The results also indicate that a fraction of the

adsorbed CO is released during the desorption process. For the Sn-containing alloy, a

stationary state is met after about 10 cycles, with no further degradation occurring past

this point. The retarding factor at 40 �C and 100 ppm in this condition, with respect to the

kinetics in pure hydrogen, is of about 600.

Copyright ª 2014, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
Introduction

The effect of the impurities potentially present in the

hydrogen stream is one of the key engineering considerations

when designing devices based on hydride forming materials

(HFM). Besides interfering with the general process [1],

contamination of the HFM usually affects the reaction and

could even prevent it from taking place [2]. For this reason,

many applications require the use of high purity hydrogen [3]

or the incorporation of additional purification stages prior to

the final use [4]. One particular case is the application of HFM
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to hydrogen purification processes, where the selective nature

of the reaction is used to separate hydrogen from other gases

or impurities. This kind of process necessarily exposes the

HFM to possible contaminants, thus lending importance to the

understanding on how these contaminants affect the

hydrogen sorption behavior.

Among the commonly found impurities in industrial ap-

plications, carbon monoxide is known to have a particularly

adverse effect on most metallic HFM, including AB5 alloys. CO

molecules interact with the alloys surface, hampering the

subsequent reaction [5,6]. The resulting behavior, often called

surface poisoning, has been described in terms of a sorption
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Fig. 1 e Diagram of the equipment used for cycling

measurements. Vs, Vin, Vout are vessels. vn: Manual

needle valve. v1, v2, v3, v4: Automatized solenoid valves.

Samples are placed inside the reactor. Experiment control,

and pressure/temperature data acquisition are performed

with a PC.
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capacity that exponentially decreases with the number of

absorptionedesorption cycles [2,7]. In the case of LaNi5, this

effect can be reversed by means of a thermal treatment under

dynamical vacuum [8] or by cycling in pure H2 [5,9].

The details of the poisoning process are not fully under-

stood. According to a well established model, during activa-

tion and in the presence of traces of O2, lanthanum oxides are

formed and nickel precipitates into metallic clusters which

configure the active sites for hydrogen dissociation [5]. The

presence of metallic Ni clusters in samples subjected to

several hydriding/dehydriding cycles has been confirmed by

ferromagnetic resonance measurements [10]. The strong ef-

fect of CO could then be explained by its affinity for Ni surfaces

[11] which interferes with the H2 dissociation process. This

mechanism is further supported by FTIRmeasurements of CO

poisoned LaNi5 suggesting that CO molecules adsorb on

metallic Ni [6]. However, AES and XPS analyses show that no

fresh Ni atoms exist on the LaNi5 surface exposed to air or

even low vacuum, as it is densely covered by a layer of oxides

and hydroxides of the constituent elements that the hydrogen

has to diffuse through [12]. Interestingly, for the case of

LaNi5�xSnx, the SnO2 present on the surface of the alloy is

easily reduced by hydrogen [13]. This reduction originates an

oxygen-deficient oxide that could play a catalytic role in

hydrogen dissociation, as suggested by the increased surface

hydrogen reactivity of these alloys in the presence of O2 and

H2O with respect to its clean surface [14]. This behavior is

opposite to that observed for other AB5 alloys [12] and suggests

that LaNi5�xSnx alloys can be particularly interesting for

hydrogen purification purposes.

Considering applications based on the use of HFM, impu-

rities are usually detrimental for the system performance. In

some cases, a possible strategy consists in removing harmful

impurities from the gas stream before it gets in contact with

the material. Such is the case of a hydrogen recovery plant

built in China [15] where NH3 and H2O are separated from the

feed gas before taking contact with the metal hydride beds.

The same approach was implemented in a hydrogen purifi-

cation system recently developed in Japan [16], in which CO

impurities are eliminated upstream by an adsorption bed and

then the hydrogen is separated from the other gases using

HFM.

A different approach consists in performing various sur-

face treatments on the HFM in order to improve their toler-

ance towards different impurities. Reported treatments

include sol-gel encapsulating [17], ceramic encapsulating [18],

Pd treatments [19e21], fluorination treatments [22e24] and

hybrid variations [25,26]. This latter approach was used in a

recently developed hydrogen separation prototype [27] where

the feed gas contained up to 100 ppm of CO along with other

less harmful impurities. In that case, the surface modification

was carried out through fluorination followed by aminosilane

functionalization and electroless deposition of Pd. All of these

methods, to different degrees, increase the cost of the

resulting alloy and compromise some hydrogen capacity in

exchange for improved contamination resistance.

Finally, for specific target applications, the HFM could be

used without additional treatments even in the presence of

contaminating gases [28,29]. In such cases, it is necessary to

determine how the reaction behavior would be affected by the
contaminants in order to determine whether the overall per-

formance is acceptable. Moreover, the HFM must be carefully

studied underworking conditions to adjust design parameters

to the modified reaction behavior.

We are currently considering the use of LaNi5�xSnx alloys

for the implementation of ametal hydride based low-pressure

hydrogen separation device. In previous works we character-

ized the thermodynamics [30], hydrogen absorption kinetics

[31] and pressure cycling stability [32] of such system for

0 � x � 0.5. In one of the target applications the feed gas

contains small amounts of CO (5e10 ppm). This concentration

may be increased during the process due to the operation

principle of the purification device. For this reason, it is

necessary to characterize the effect of CO impurities on both

the reaction rate and the hydrogen storage capacity of these

materials under cyclic conditions.

One possible approach to this kind of study has been pre-

sented by Schweppe et al. [33]. These authors studied the ef-

fect of CO on the absorption kinetics of LaNi5 by precovering

the samples with known amounts of CO and other contami-

nants. After this precovering treatment, kinetic measure-

ments were performed using pure hydrogen. This approach

allows quantifying detrimental effects of the hydrogen sorp-

tion kinetics under constant surface coverage conditions.

However, this situation is different to that found under

working conditions, where the contaminant gets in contact

with the sample surface together with the hydrogen gas. In

real life conditions, CO coverage will change as cycling pro-

ceeds, affecting hydrogen sorption kinetics. For this reason,

we prefer to approach this study by cycling initially clean

samples using different gas mixtures. We analyze the cycling

behavior of LaNi5 and LaNi4.73Sn0.27 alloys in the presence of

10 and 100 ppm of CO at 40 �C. For the Sn-containing alloy the

cycling is repeated at 90 �C.
Experimental details

Samples were prepared in buttons of about 10 g each by arc-

melting pure La (99.9%), Ni (99.95%) and Sn (99%). The but-

tons were then encapsulated in quartz under Ar atmosphere
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and heat treated at 1223 K for 48 h. The resulting alloys were

confirmed to be single-phase by X-ray diffraction, presenting a

P6/mmm symmetry. Chemical analysis was performed on

samples of each button by means of atomic absorption spec-

trophotometry to confirm the composition values. For details

on the sample preparation procedure and the resulting char-

acteristics of the alloys, see Ref. [30].

The device used for hydrogen absorption measurements is

an open-ended cycling equipment developed at our labora-

tory, schematically shown in Fig. 1. The gas mixture (H2 þ CO)

is contained in a 3800 cm3 reservoir Vs connected to a cali-

brated absorption volume Vin of about 80 cm3 through a

needle valve vn in series with a solenoid valve v1. The starting

pressure for each absorption is preset at 1000 kPa. This con-

dition is achieved by opening v1 and letting the pressure inVin

to rise in a controlled way. Typically, the preset value is

reached within a margin of error of 4 kPa. Samples of about

1 g, previously activated in pure hydrogen and fully desorbed,

were placed in a 304 L steel reactor. The calibrated reactor

volume is around 10 cm3. Temperature effects are accounted

for during data processing. Each absorption begins when the

reactor is put in contactwithVin by opening the solenoid valve

v2. Hydrogen absorption is calculated from the pressure drop

in the system according to Sieverts method. The absorption

stage proceeds until a preset time is reached. For the desorp-

tion stage, v2 is closed and solenoid valve v3 is opened. As the

material desorbs hydrogen, the pressure in volume Vout in-

creases. During the desorption stage, this pressure is kept

below 2 kPa by evacuating through solenoid valve v4 in a

controlled manner when necessary. In each case the absorp-

tion and desorption times were set at the same value. The

process is repeated to cycle the sample. As the gas in Vin is not

evacuated after each absorption, an increase in the CO con-

centration is expected during cycling. A simulation of the

process has shown that themaximum concentration increase

for 30 cycles in the conditions used would be of about 5%.

Throughout the text, when CO compositions are stated they

correspond to the initial value, i.e. the composition of the gas

contained in Vs.

The gases used were grade 4.5 purity H2 and H2 containing

either (101 � 3) ppm or (10 � 1) ppm of CO. The system pres-

sure was measured using calibrated Baumer E914 transducers

with a pressure range of 0e1600 kPa. The reactor temperature

was regulated by means of a PID system with a 0.1 �C step
Fig. 2 e Cycling absorption kinetics of LaNi4.73Sn0.27 at 40 �C und

numbers are indicated for selected curves.
connected to a 200 W Watlow furnace. The sample tempera-

ture was measured by means of a Pt-100 sensor placed in

contact to the outer wall of the reactor. Differences between

the reactor inner and outer temperatures were corrected by

applying an experimentally determined calibration curve.

Each cycling measurement was started at least 20 min after

the reactor temperature stabilized. Experiment control and

data acquisition were performed using a dedicated PC and a

computer program developed in MS Visual Basic.
Results and discussion

Main results

Cycling hydrogen absorption results for LaNi4.73Sn0.27 at 40 �C
are shown inFig. 2.At100ppmCO(Fig. 2a) thefirst curve initially

presents fast absorption kinetics up to about 0.7 wt.% (marked

by an arrow in Fig. 2a), where the rate changes and the reaction

transitions to a slower pace. Subsequent curves show a similar

behavior, changing to a slower rate at progressively smaller

reacted fractions. After about 10 cycles, a stationary state is

reachedwhere thecompleteabsorption reaction takesplaceata

slow rate. No significant changes in the reaction kinetics are

observed in further cycles. The observed outcome is that the

absorption kinetics is about 600 times slower than that

measured for the same alloy with pure H2 under similar condi-

tions [30,31]. The large experimental dispersion obtained in

these curves could be related to the long time needed for

measuring each one, of about 10 h. Even considering that

ambient temperature was continually monitored and accoun-

ted for in calculations, its variations along themeasuring period

introduce a source of error in the experiments.

Notably, after 30 cycles the alloy hydrogen absorption ca-

pacity remains almost unchanged. No significant decrease in

final hydrogen content is detected, in contrast to what is re-

ported in the literature [2,7,22,34,35]. This difference could be

related to the time allowed for the sample to absorb, as it will

be discussed later on.

When cycling with H2 containing 10 ppm CO (Fig. 2b), the

shape of the curves is different but a stationary state is also

met after 10 cycles. In this case, all the curves present a fast

initial stage. When the stationary state is reached, the change

in slope is found at a hydrogen content of about 0.8 wt.%.
er (a): H2 with 100 ppm CO and (b) H2 with 10 ppm CO. Cycle
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Fig. 3 e Cycling absorption kinetics of LaNi5 at 40 �C under (a): H2 with 100 ppm CO and (b) H2 with 10 ppm CO. Cycle

numbers are indicated for selected curves.
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Again, cycling does not affect the alloy reversible capacity. To

the best of our knowledge, this type of behavior has not been

reported before.

A similar behavior is observed for LaNi5, as shown in Fig. 3.

In this case the reaction is faster than for the Sn-containing

alloy although we note that for cycling under 100 ppm CO

(Fig. 3a) a stationary state has not been established after 30

cycles and further degradation is likely to occur. For the

measurements with 10 ppm CO a stationary state is observed

after a few cycles. In this condition, kinetics presents a rather

fast stage up to about 1.2 wt.% followed by a final slower rate

of absorption up to the alloy complete capacity.

Fig. 4 summarizes the results found for total absorption

capacity in terms of the number of cycles performed. Results

obtained by cycling under pure H2 are shown for comparison

purposes [32]. In the case of LaNi4.73Sn0.27, the average final

absorption capacity decreases with the increment of CO

concentration. For each CO concentration, despite the rather

large data dispersion, the total capacity does not show a

decreasing tendency as cycling proceeds. In the case of LaNi5,

the absorption capacity remains essentially unchanged with

CO concentration and during cycling. This result implies that,

for applications where small amounts of CO are present, the

alloys might be used with no further modification if slower

reaction kinetics were acceptable and if this effect is taken

into account in the design process.
Fig. 4 e Final hydrogen content versus cycle number at 40 �C for

are indicated.
The discussed behavior was observed after setting both

absorption and desorption times long enough for the reaction

to reach equilibrium. If the first condition is not met, then the

final hydrogen content observed cannot be taken as ameasure

of the alloy capacity. It rather is a kinetic parameter indicating

the reacted fraction at a given time. If the second condition is

notmet, then the alloy will not have been fully desorbed at the

beginning of the next absorption stage. Although the reaction

may reach equilibrium, the measured amount of hydrogen

absorbed will be lower than the alloy capacity. This could be

the case of the results presented in Refs. [2,7], which report a

nearly exponential decrease in the capacity of the alloys with

the cycle number, in Refs. [22,34], which report a strong

decrease in capacity with no specific dependence, and in

Ref. [35], which presents a poisoning model that yields a

nearly linear dependence in capacity versus cycle. In the case

of Ref. [34], the authors acknowledge that for one of the alloys

the desorption reaction was not complete. Nevertheless, they

interpreted cycling results in terms of a gradual decrease in

the alloy hydrogen absorption capacity. Considering the

experimental details of the mentioned references, the reason

for the discrepancy between previous and current results

could be due to an incomplete reaction in the former either in

the absorption or the desorption stages. In order to clarify this

point, measurements were performed for LaNi4.73Sn0.27 under

H2 containing 100 ppmCO at different temperatures and using
: (a) LaNi4.73Sn0.27 and (b) LaNi5. Different gas compositions
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fixed absorption and desorption times of 20 min Fig. 5 shows

the H content recorded after 5 min for each case. In all cases,

the initial trend is not far from a decreasing exponential

dependence, in particular at lower temperatures. For higher

temperatures, this tendency changes after only a few cycles. A

similar behavior can be found in Ref. [5] for a Fe0.85Mn0.15Ti

alloy cycled at 25 �C under H2 containing 300 ppm CO.
Temperature effect

Experiments were performed at 90 �C in order to examine the

effect of temperature on the hydrogen absorption kinetics of

LaNi4.73Sn0.27. The results for H2 containing 100 and 10 ppmCO

are presented in Fig. 6a and b, respectively. In the case of the

gas containing a higher concentration of CO, the general

behavior is similar to that discussed in previous paragraphs

for ambient temperature experiments where a stationary

state is reached after about 10 cycles. The main difference is

that the kinetics observed at 90 �C is much faster than that

obtained at lower temperatures for the same material.

For measurements with lower CO content a retard-

recovery behavior is observed (Fig. 6b) [2]. This behavior is

characterized by an initial kinetics degradation during the first

5 cycles, followed by an increment of the absorption rate at

subsequent cycles. After about 20 cycles, a new stationary

state is reached with a small loss of storage capacity. The

retardation-recovery could be related with CH4 formation that

has been reported to take place on the surface of AB5 alloys at

temperatures over 100 �C [2,7]. The formation of CH4 would

help removing CO from the material surface [2,5,7,9]. If this

were the case, CH4 formation would also play a role in the

higher concentration reactions shown in Fig. 6a, but it would

be difficult to separate this role from the mentioned temper-

ature effect on CO coverage. A proper explanation of this ef-

fect requires further research. It should bementioned that, for

hydrogen purification applications, higher temperatures lead

to faster reaction kinetics although the possible CO desorption
Fig. 5 e Hydrogen content at 5 min versus cycle number for

LaNi4.73Sn0.27 for non-complete sorption cycles with H2 and

100 ppm CO at different temperatures. Evolution at the

early stages looks nearly exponential if the reaction is not

given sufficient time to finish.
and CH4 formation would be detrimental for the final product

purity.

Microscopic interpretation

A common feature found in all measurements was an initial

stagewhere the absorption rate is relatively fast, followed by a

stage of lower kinetics. The change between these stages is

somehow well defined and seen as a soft kink in the reaction

curves (see for example the onemarked by an arrow in Fig. 2a).

Another common feature is that this kink occurs at lower

reacted fractions as cycling proceeds until a stationary state is

reached. A possible rationalization of this behavior is as fol-

lows. Under clean H2 cycling conditions, the reaction kinetics

for these materials are limited by bulk reactions [19,31,36,37].

Surface processes, in particular H2 dissociation and chemi-

sorption, occur at a faster rate at near equilibrium conditions.

These surface processes take place at dissociation active sites,

probably those were Ni atoms are present [6,11]. Experimental

evidence shows that CO has a strong affinity for these sites

too, and thus interferes with the hydrogen dissociation pro-

cess [5,9]. Under the current experimental conditions, H2 and

CO molecules arrive at an initially clean surface and compete

for the active sites. H2 will dissociate and penetrate through

the surface, while CO molecules will remain adsorbed onto

the active sites. The surface will progressively become

covered by CO molecules until there is a critical fraction of

surface coverage where H2 dissociation becomes the limiting

step of the reaction kinetics. This change in the limiting

mechanism could be the origin of the mentioned kink in the

absorption curves. As reported by Schweppe et al. [38], a

transition regime is expected between the bulk- and surface-

limited stages. For this reason, the initial absorption rate is

slower than for the case of pure H2 and the transition point is

not well defined, appearing as a soft kink in the curve. Upon

completion of the absorption stage, active sites will be occu-

pied by CO. If this coverage remained unchanged, one would

expect a slow kinetics on the following absorption and further

cycles. However, the fact that on the following cycle the initial

rate is fast again indicates that at least part of the CO mole-

cules are desorbed during the dehydriding process. This effect

has already been described as surface recovery after poisoning

of AB5 alloys in the literature [5,8,9]. Those cases where the

kink appears at progressively lower reacted fraction indicate

that the surface recovery is not complete, and some CO re-

mains adsorbed. As cycling proceeds, a dynamic equilibrium

condition is met where the amount of CO adsorbed during H2

absorption is similar to that desorbed during the H2 desorp-

tion stage. This situation explains the final stationary state

reached after some cycles. If at the stationary state the CO

coverage after desorption is below the critical value, the faster

initial stage will be observed during absorption, as it is the

case of samples cycled with 10 ppm CO (Figs. 2b and 3b). On

the other hand, if the steady-state coverage after desorption

exceeds the critical value, the complete absorption reaction

occurs at a slower rate, as shown in Fig. 2a (LaNi4.73Sn0.27,

100 ppm CO). In the case of LaNi5 cycled with 100 ppm CO

(Fig. 3a), the stationary state has not been reached after 30

cycles. A feature that could explain the different behavior

between thismaterial and the Sn containing alloy is the larger

http://dx.doi.org/10.1016/j.ijhydene.2014.05.004
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Fig. 6 e Absorption kinetics of LaNi4.73Sn0.27 for each cycle at 90 �C under (a): 100 ppm CO and (b) 10 ppm CO. Cycle number is

indicated for selected curves.
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lattice parameters of LaNi5�xSnx alloys. According to S. Han

et al. [9], CO is adsorbed either at Ni-on-top or NieNi-bridge

sites with similar bonding energies. Increasing the lattice

parameter could lead to a stronger bond between the CO

molecule and theNieNi-bridge site. This remains true for both

LaNi5 surface and metallic Ni clusters, which would contain

some Sn in solid solution. Thus, more CO molecules will

remain on the surface after desorption for the Sn-containing

material in comparison to LaNi5. The effect is reflected in

the faster kinetics degradation and approach to the steady-

state observed for the sample containing Sn (Figs. 2a and

3a). The kinetics model proposed by J.I. Han and J.Y. Lee [35]

for H2eCO gas has some features in common with the pre-

sent interpretation of results. These authors proposed two

possible models for the surface coverage: one where particles

become completely inactive upon being contaminated by CO

and another where each particle surface is partially affected

by the presence of the contaminant. Present results resemble

the simulations obtained with the second model [35], which

lends support for the proposed explanation. However, Han

and Lee considered surface reactions as the governing

mechanisms for the sorption kinetics and thus, the model

does not account for transitions in the absorption rate. In

addition, as it was discussed in Main Results Section, sup-

porting experiments were not performed until the completion

of the absorption stage, which results in a seemingly pro-

gressive loss of capacity [35].

Reaction kinetics obtained at 90 �C are distinctly faster

than those obtained at 40 �C. This is to be expected according

to the previous interpretation, as CO desorption will be

favored and therefore the stationary state at 90 �C is estab-

lished at a lower CO coverage level than at 40 �C. Summari-

zing, the stationary CO coverage level decreases with

temperature and increases with CO partial pressure.
Conclusions

We have studied the hydrogen absorption kinetics of LaNi5 and

LaNi4.73Sn0.27 alloys subjected to 30 hydrogen absorp-

tionedesorption cycles in the presence of different concentra-

tionsof carbonmonoxide (100ppmand10ppm)andat different
temperatures (40 �C and 90 �C). The results obtained consis-

tently show a strong retardation effect, with no significant ca-

pacity loss if samples are allowed enough time to complete the

reaction. This observation differs from those of other authors,

which indicate a poisoning behavior for this system with a fast

loss of capacity. This discrepancy was discussed in terms of

experimental conditions and kinetic observations.

For the Sn-containing alloys, a stationary state is met after

about 10 cycles, with no further degradation occurring past

this point. The retarding factor at 40 �C and 100 ppm in this

condition, with respect to the kinetics in pure hydrogen, is of

about 600. The kinetics observed at 90 �C during this station-

ary state is about 10 times faster than that obtained at 40 �C.
The kinetics observed at 40 �C in the presence of a CO con-

centration of 10 ppm is about 100 times faster than that

observed under 100 ppm of CO. For LaNi5 the stationary con-

dition is not met after 30 cycles, and the absorption curves

resemble those obtained for LaNi4.73Sn0.27 during the early,

non-stationary stages of the cycling process.

The results suggest that a fraction of the adsorbed CO is

released during the desorption process. This effect is stronger

at high temperature and could explain most of the different

observed kinetic behaviors. The exception is a retardation-

recovery effect observed for LaNi4.73Sn0.27 cycled at 90 �C and

10 ppm COwhich cannot be explained by this effect alone and

could be related to the formation of CH4 on the samples’

surface.

The final capacity and kinetic behavior of these materials

reach a steady-state after some cycles, allowing them to be

considered for possible applications. Material selection and

process design should be performed taking into account the

different sorption behavior under working conditions. Higher

temperatures lead to faster reaction kinetics. The release of

traces of adsorbed contaminants (CO, CH4) should also be

considered.
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