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Abstract--XPS and XAES studies of air-exposed Mg2Cu and Mg2Ni alloys showed surface decomposition and 
preferential segregation of Mg by the influence of oxygen and moisture. The segregated magnesium is mostly present 
as oxide and hydroxide on the surface. The second metallic component namely Ni or Cu is also present in the oxidized 
state. The passivation of these alloys arises by the oxidation of the transition metal component. We suggest that 
the activation of these alloys involves reduction of the oxidized 3d elements and the formation of metallic clusters. 

1. INTRODUCTION 

The reaction of Mg with H2 is generally extremely slow, 
though reasonable reaction rates have been reported for 
the alloys of Mg with transition metals [I]. It has been 
reported that the fresh surfaces of Mg-based alloys 
undergo decomposition of the surface leading to pro- 
nounced enrichment in surface Mg content which further 
gets oxidized upon exposure to air [2, 3]. In contrast to 
Mg, the alloying elements, namely Ni, Cu and In in 
Mg2Ni, Mg2Cu and Mg-In alloys remain essentially 
metallic even in the air-exposed samples. However, in the 
case of Mg-A1 alloys, both Mg and A1 are oxidized at 
the surface [3]. It has also been suggested that the 
segregation of Mg prevents the formation of complete 
oxide or hydroxide layers of Ni or Cu, thereby facilitat- 
ing the dissociative adsorption of molecular H2 at the 
metallic Ni or Cu precipitates and/or at the metallic 
Mg2Ni or Mg2Cu subsurfaces [2]. 

If the above generalization can be made for the 
Mg-based alloy systems, then the so-called activation 
process is not necessary for the Hz absorption. On the 
contrary, published results on MgzNi, MgzCu and other 
Mg-based alloy systems involve a routine activation 
process prior to the formation of the hydride [4-12]. 
Besides, the surface segregation of the components in 
binary alloy systems is well established in literature 
[13,14]. The segregated metal is prone to aerial 
oxidation which hinders the interaction of the surface 
with H2 [15-17]. Hence, the alloys have to be activated. 

On the basis of the above arguments, it may be 
probable that such intrinsic properties are also operating 
in Mg-based alloy systems which could reasonably 
explain the need for the regular activation process. The 
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present work was therefore undertaken to investigate the 
surface decomposition and the formation of various 
oxides on the Mg alloys and to understand the 
mechanism of activation and deactivation of these alloys 
by means of XPS (X-ray Photoelectron Spectroscopy) 
and XAES (X-ray induced Auger Electron Spec- 
troscopy) techniques. 

2. EXPERIMENTAL 

Commercial samples of Mg2Cu and Mg2Ni ingots 
[17a] were used for the XPS and XAES measurements. 
The experimental techniques and the procedures 
employed in the present study are detailed elsewhere 
[17a, b]. XP spectra were recorded for the core levels of 
Mg(2p), Mg(2s), Ni(2p), Cu(2p), O(ls)  and C(ls).  In 
addition XAES measurements were carried out for 
Ni(LMM) and Cu(LMM) transitions. Since XAES 
shows considerable change in shape and shift in the 
binding energies (BE) in the spectrum upon oxide forma- 
tion, it can be used to characterize the oxide in some 
cases, to complement XPS. For example, Cu20 and Cu 
metal can be distinguished only from the Cu(LMM) 
Auger line while Cu(2p) core levels in XPS show no such 
shift [18, 19]. The surfaces were cleaned by Ar + bom- 
bardment, with a filament current of 100/aA cm -2 at the 
sample. After each sputtering the spectra were recorded. 

3. RESULTS AND DISCUSSION 
3.1. Studies on Mg2Cu 

Figure 1 shows the Mg(2p) and Mg(2s) spectra tbr the 
air exposed Mg2Cu sample as inserted (at zero sputter 
time) and after different sputtering periods. The experi- 
mental results indicate that Mg loses its metallic state 
(completely oxidized). However, Cu present on the 
surface/subsurface is mostly oxidized (Fig. 2). These 
results are not in complete agreement with those of von 
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Table 7. Energy types and loads in the process and installed equipment 
costs updated to 1987% 

Energy load cost 
Equipment Energy type (MJ h-‘) ($1987) 

Concentrator Thermal 
Receiver Thermal 
Steam generator Thermal 
Steam superheater Thermal 
Reactor Thermal 
Quencher Thermal 
Condenser 1 Thermal 
Condenser 2 Thermal 
Separator Thermal 
Compressor 1 Mechanical 
Compressor 2 Mechanical 
Compressor 3 Mechanical 
Pump 1 Mechanical 
Pump 2 Mechanical 
Pump 3 Mechanical 
Condenser 1 fan Mechanical 
Turbine Mechanical 
Electrolyser Electrical 
Total (Thermolvsis + electrolvsis) 

2124.00 31,490 
1816.02 358 
984.60 446 
394.30 1527 
439.00 2188 
695.11 350 

(999.40) 14,300 
(566.71) 9291 

9.24 11,300 
6.64 14;500 
6.44 14,500 
0.33 311 
8.15 x lO-4 1178 
6.40 x lo-’ 1280 
3.80 710 
4.41 889 

(94.99) 6540 
12.95 3392 

114,550 

Values in parentheses indicate energy yield from equipment, 

processes is calculated using the methodology and the 
computer code mentioned previously. The capital charge 
rate and the concentrator costs are taken as variable. 
The results are presented in Fig. 8 for both processes. 

For the base case (53.45$ mm2 concentrator), the total 
module cost at start-up is $84,211 for the thermolysis 
only case and $114,550 for the hybrid case. The value 
becomes $75,136 and $100,760 for 30$ me2; $71,266 and 
$94,860 for 20% m -2 concentrator cost. The effect of this 

Table 8. Exergy losses in hybrid process of Fig. 7 (b) 

Exergy loss 
Subprocess module [kJ (mole Hz)-‘] 

Reflector 529.00 
Receiver 1004.50 
Steam generator 
Steam superheater 
Reactor 
Quencher 
Condenser 1 
Separator 
Compressor 1 
Compressor 2 
Pump 1 
Pump 2 
Pump 3 
Turbine 
Condenser 2 
Electrolvser 

1072.83 
1356.70 
1889.07 
2011.79 
969.20 

70.99 
13.25 
20.17 

2.4E-3 
1.2E-2 

30.40 
123.02 
66.93 

132.20 
Compressor 3 (Electrolyser) 0.59 
Reiects Gases 288.00 

Air 83.38 
Water 23.96 

Irreversibilities in equipment 418.00 
Total exergy loss 10,103.99 

improvement on the hydrogen cost is negligible as can 
be seen in Fig. 8. The other big cost items such as Pd 
membrane, condensers and compressor do not lend for 
further improvements in cost, however they constitute 
study areas for alternative solutions. For example, Pd 
membrane can be replaced by cheaper but less efficient 
materials such as vycor glass and polymers. The eco- 
nomical calculations are carried out for 1987 constant 
dollar. The results in Fig. 8 indicate that for a typical 
capital charge rate of lo%, the solar hydrogen cost is 
about 65$ GJJ’ by thermolysis and 46$ GJJ’ by hybrid 
process. This can be compared to the solar hydrogen 
costs obtained by other systems: P.V.-electrolytic hydro- 
gen of 60-l lS$ GJJ’ [ 191, hybrid thermochemical solar 
hydrogen of 1570$ GJ-’ [20]. It can be seen that the 
solar hydrogen from the hybrid thermolysis-electrolysis 
system is quite economical and competitive with other 
solar schemes. 

4.3. Experimental study 

The temperature in the reactor wall was maintained at 
2500 K at lo5 Pa pressure. Low pressure steam was used 
to quench the product gases and after condensation of 
steam the resulting mixture was analysed by gas chro- 
matography to determine the hydrogen molar percent- 
age. Gas conversion was in good agreement with 
theoretical predictions, and 90% hydrogen recovery was 
possible owing to successful quenching. Typical results 
were as follows: for 700 W m-2 direct normal irradiance, 
the product gas rate was 0.3 cm3 SC’ with 3.21 x 
lo-’ mol H2 h-i production rate; the decomposed molar 
fraction was 2.9%; the overall thermal efficiency was 
1.1%. 
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the identification of Cu20 by XPS is difficult because of 
the lack of any significant shifts of the 2p-core levels of 
Cu. Moreover, the chemical state of  Cu20 cannot be de- 
rived from the satellite structure accompanying the 2p3/z- 
main peak as in CuO, since these shake-up structures are 
generally interpreted as being due to monopole charge 
transfer excitations from the ligand to the metal d- 
orbitals [30] which are not possible in the case of Cu20 
owing to its closed shell configuration (3dJ°). 

Therefore, another line arising out of XAES transition 
(Cu(LMM)) was monitored. Fig. 3 demonstrates that on 
the air exposed sample, small amounts of Cu are in 
metallic state. However, the change in shape and shift 
towards higher BE of the Cu(LMM) Auger peak clearly 
confirms the formation of Cu20. The peak is shifted by 
2.1-2.5eV with reference to the clean Cu. The broad 
peak observed in the air exposed sample may be due to 
the presence of both CuO and Cu(OH)2 which show 
Auger transitions at 2.1 and 2.5eV respectively away 
from the main peak [21]. Hence, a diffuse peak is seen. 
Upon sputtering, the concentration of Cu: O increases as 
can be seen from the figure. Hence, it can be concluded 
that substantial amounts of CuzO are present mostly in 
the subsurface region, i.e. a shift towards higher Be 
(2.1 eV) in the Cu(LMM) Auger peak is a clear 
indication of the CuzO formation on the alloy surface. 
In addition, the O(ls) peak is seen at 530.1 eV upon 
sputtering which is characteristic of the existence of 
Cu20 [18, 19]. 

3.2. Studies on Mg2Ni 

Figures 4 and 5 show the typical XPS spectra obtained 
for the air-exposed Mg~Ni sample. The segregated Mg 
is oxidized, thus, exhibiting a similar behaviour to that 
of Mg2Cu as discussed in the previous section, i.e. the 
formation of MgO and Mg(OH)2 is noticed. However, it 
can be seen from Figs 1 and 4 that a considerable 
thickness of MgO layer is observed in the case of Mg2Cu 
compared with Mg2Ni. This may due to the brittle 
nature of the Mg2Cu because of which it is easily de- 
composed and hence facilitates the formation of the 
oxides. 

In contrast to the results of Schlapbach et al. [2, 31], 
the surface contains mostly oxidized Ni as can be seen 
from Fig. 5. The two clear peaks separated from the 
metal core level by 1.7 and 3.7 eV indicate the presence 
of NiO and Ni(OH)z [21, 32, 33] respectively. The forma- 
tion of NiO can be definitely derived from the measured 
energies in the Ni(2p) spectrum and from the character- 
istic shake-up features, separated by 7.0 eV for the main 
peak. The resulting 2p-peak from the oxidized surface is 
quite identical with the spectrum of bulk NiO [28], 
identifying the surface reaction product. However, the 
concentration of this is relatively small compared to the 
MgO present on the surface. It is to be noted that Ni203 
also has a Ni 2p3/2-band at 855.8 eV [32, 33], the presence 
of which could not be identified in this study because of 
the diffuse nature of the peaks obtained. In addition, 
NiO also exhibits a band at 856.8 eV which further 
complicates the identity of the species [32]. Moreover, 
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Fig. 4. XP spectra (Mg-2P,-29; see also Fig. 1) of air-exposed 
and sputtered Mg2Ni. 

the BE of NizO 3 and Ni(OH)2 are quite close together 
(about 0.8 eV) and extreme care must be used to distin- 
guish two forms on the basis of XPS alone [32, 33]. 

The XAES Ni(LMM) transition for the air exposed 
sample shows a broad spectrum [34] due to the contam- 
ination of the surface by NiO and Ni(OH)2. Ion bom- 
bardment results in a gradual decrease in the oxide 
contamination layers and results in sharpening of the 
peak characteristic of metallic Ni. The presence of oxides 
and hydroxides of Ni and Mg and the additional 
carbonate species on the surface contribute to the 
broadening of the O(ls) peak. The appearance of a peak 
at 530.0eV upon sputtering indicates the presence of 
NiO in the subsurface regions. It is known that surface 
oxides and adsorbed gases inhibit the hydriding of Mg 
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Fig. 5. XP spectra of air-exposed and sputtered Mg~Ni. The 
arrows indicate satellite peaks. 
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and most other metals as well [15-17]. Accordingly, 
oxidized surfaces of Mg2Cu and Mg2Ni inhibit  the H2 
absorption, since the alloys are passivated. Therefore, 
they have to be activated. 

4. C O N C L U S I O N  

The following data have been deduced from the 
present study. 

• The surface of air exposed Mg 2 Cu and Mg 2 Ni alloys 
are largely enriched in Mg which gets oxidized, 
mostly to MgO and to a lesser extent Mg(OH)2, in 
addit ion small amounts  of carbonate species are seen 
[351. 

• In the case of  Mg2Cu, the passivated surface is 
composed of MgO, Mg(OH)2, Cu20,  CuO and 
Cu(OH)2 species and evidence has been shown for 
the larger concentrations of MgO and Cu20.  

• Similarly, Mg2Ni also is decomposed on the surface 
to form Mg(OH)2, Ni(OH)2 and larger amounts  of 
MgO and NiO as observed in Mg2Cu. 

• The alloy surfaces contain enhanced Mg concentra- 
tion as compared to Cu or Ni. However, upon 
sputtering distinct concentrations of metallic Cu or 
Ni is noticed. 

• The oxide layers are of considerable thickness on the 
surface of Mg2Cu compared to MgENi. 

• F rom earlier described activation procedure [15, 17] 
and from these experimental facts we conclude that 
the completely oxidized surface consisting of easily 
reducible oxides like Cu2 O, CuO and NiO hinder the 
H2 dissociation process. We suggest that upon acti- 
vation, the reduction of the oxides leads to the for- 
mat ion of  active Cu or Ni clusters, a supported 
metal type [36], which in turn enhances the H 2 sor- 
ption behaviour in MgeCu or MgENi respectively. 
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