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ABSTRACT: ~ 5a: """? 

Hydrogen adsorption on Pta 5Nio5 (110) was investigated by NRA, TPD, ~ddd L10. ., :....." 

measurements. The crystal surface was characterised by LEED and AES. No reconstruction of 

the surface· was observed upon hydrogen exposure and the initial surface composition remains 

unaffected. At low temperatures and for hydrogen pressure higher than 10-5 mbar, the 

saturation coverage was found to be close to one monolayer. Under these conditions, the 
adsorbed hydrogen gives rise to a +600 meV shift in the work function. Up to 0.1 in coverage 

the initial sticking coefficient (So) is 0.1 and the heat of adsorption was found to be 70 kJ/mot 

These results are discussed in relation with the structure and composition of the surface and 

compared to known data for hydrogen adsorption on Nt (110). An interpretation based on the 

existence oftwo different adSorption sites is proposed. 
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1. INTRODUCTION. 


The surface properties of the transition metal alloys have caused an enhanced interest for 

model studies on single crystal alloys. Examples of this are the PtNi (Ill) and (110) single crystal 

surfaces, on which the surface composition [1-11], chemisorption and catalytic properties [11-15] 

have been extensively studied. Whereas the surface of Pto.sNio.s (111) is Pt enriched [1-9], the 

surface of Pto.5Nio.5 (110) is characterised by a strong Ni surface segregation, as shown by 

LEED [10] and AES [11] experiments. Furthermore, there is a variation in the composition of the 

first three atomic layers, with a near-surface interplane relaxation [10]. 

There are differences in the hydrogen adsorption on Pt and Ni single crystals (for a review, 

see e.g. [16]). The largest differences are found on the open (110) faces, the H-heat of adsorption 

is almost 20% larger for the Ni (110) compared to Pt (110). The initial sticking coefficient is 

close to 1 on Ni (110) [18] compared to about 0.5 on Pt (110) [17]. The clean Pt (110) surface is 

(1 x 2) reconstructed and remains so under hydrogen adsorption [17], but Ni (110) reconstructs 

upon hydrogen exposure [19-21]. The hydrogen adsorption on Pto.sNio.s (110) is therefore 

expected to reveal interesting kinetic and thermodynamic properties due to the complex surface 

composition. Our investigations are furthermore motivated by the enhanced catalytic activity of 

this PtNi alloy in the selective hydrogenation of butadiene to butene [11], as one of the key 

parameters is the hydrogen uptake of the surface. 

Various experimental techniques were used in this work: Nuclear Reaction Analysis (NRA), 

Temperature Programmed Desorption (TPD) and work function measurements (Ll<l». The 

surface characterisation was obtained by low energy electron diffraction (LEED) and Auger 

Electron Spectroscopy (AES). The characteristics of hydrogen adsorption on Pto.sNio.5 (I 10) 

obtained in this study are compared to known data for hydrogen adsorption on Ni (110) and 

discussed taking into account the structure and the composition of the surface. 
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2. EXPERI!\'IENTAL. 


Hydrogen coverage measurements by Nuclear Reaction Analysis (NRA) were performed in 

a UHV system connected to a beam line of the 4 MV Van de Graaff accelerator at IPNL [22]. 

The experimental set-up includes sputtering ion gun, electron bombardment heating stage (300­

1500 K), Auger Electron Spectroscopy (AES), quadrupole mass spectrometer, and a combined 

resistive heating and liquid nitrogen cooling stage (115 - 600 K). The coverage measurements 

were performed using the 6.4 MeV resonance of the IH(lSN,a:y)12C nuclear reaction. The beam 

2intensity was typically 60 nA arid the beam size about 1.5 mm . The accuracy of the 

measurements is better than 10%, and the precision which is determined by the number of 

detected y-quanta is generally better than few percents. In the actual experimental conditions, the 

detection limit was 8.0 10 13 H at/cm2. The experimental and calibration procedures are described 

in detail in previous publications [22,23]. Hydrogen concentrations were measured in presence of 

the H2 gas phase. Each measurement requires about one minute of acquisition time. For given 

pressure and temperature conditions, several measurements are performed at different spots on 

the crystal surface. This a~lows to control surface homogeneity, reproducibility and that the 

saturation concentration is already obtained. 

The Temperature Programmed Desorption (TPD), work function changes (~cD) and Low 

Energy Electron Diffraction (LEED) measurements were performed in a separate experimental 

set-up, which has been previously described [24]. Work function changes (Ll<1» were measured 

according to . the diode method, using the LEED gun as an electron source. In the TPD 

experiments, the crystal was resistively heated. The heating rate was approximately 10 K/s. The 

temperature was measured with a thermocouple, directly spot welded to the crystal edge. As CO 

is the main source of spurious adsorption on the surface, masses 2 and 28 were simultaneously 

recorded in order to verify the absence of a signifIcant CO contamination of the surface. We have 

also checked that no H20 desorption occured at mass 18. 

The procedures for the preparation of the (I 10) oriented PtO.5Nio.5 single crystal are found· in 

ref [10,11]. The same crystal was used in all the experiments. The final cleaning process 
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consisted of several cycles of Ar+ ion sputtering, thennal treatment under low oxygen pressure to 

remove carbon (typically 2 x 10-8 mbar of 02 for 2 minutes at 1000 K) and high temperature 

annealing (> 11 00 K). The surface cleanliness was monitored by AES in all perfonned 

experiments. The pressure values indicated in the text and in the figures are corrected for the H2 

sensitivity factor of the gauge and ofthe mass spectrometer. 

3. RESULTS. 

3.1. Surface characterisation 

The high temperature annealing of the Pto.sNio.s (110) crystal in UHV leads to a stable 

surface composition [11]. The segregation profile has been determined previously by Gauthier et 

al [10] using the same sample and their results are summarised in Table 1. The first atomic plane 

consists exclusively of Ni atoms, and the second atomic plane is dominated by Pt (95±4 at. %). 

We found that the Pto.sNio.s (110) crystal gave rise to a (IxI) LEED pattern, as expected for a 

non-reconstructed fcc (110) surface, and no change in the (Ixl) pattern was observed upon 

hydrogen exposure. The stability of the surface composition was investigated by an Auger line 

shape analysis in the range 60-65 eV, as described in ref. [11]. No change in the line shape was 

observed upon hydrogen exposure. Furthennore, the TPD spectra remained the same for several 

adsorption-desorption cycles in the temperature range 120 - 400 K and the hydrogen coverage 

measured by NRA for given temperature and pressure was the same when the crystal was cooled 

under the H2 pressure or cooled in UHV before hydrogen exposure. These observations are 

conclusive evidences for the stability of the Pto.5Nio.5 (110) surface upon hydrogen exposure. 

This conclusion is in line ·with the absence of H-induced segregation in PtNi alloys reported from 

ISS experiments [25]. 

3.2. Coverage measurements (NRA). 

In figure 1, a selecti<?n of isobars is presented. As seen in the figure there are two different 

domains in temperature. Above 175 K a linear decrease of the coverage with temperature is 
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observed. Belo\v 175 K the coverage changes more slowly with temperature and even remains 

constant tbr the 10-7, 10-4 and 5 104 isobars. The maximum coverage close to one monolayer 

(IML = 1.01 10 15 atlcm2) was obtained for low temperature adsorption under H2 pressure higher 

than 10-5 mbar. It corresponds to a saturation level of the hydrogen concentration at 9.2 (± 1.0) 

IOl~ at/cm2 for T S; 175 K. 

In figure 2, a representative selection of the measured isotherms is presented. Each 

isotherm results from measurements performed when increasing the pressure in the 1 0-8-1 O-~ 

mbar range. Indeed the lower the temperature, the slower the hydrogen desorption. Below rbom 

temperature the desorption rate is so iow that coverage changes could not be measured in a 

reasonable time when the H2 pressure was decreased. The data obtained at given temperature and 

pressure were comparable, within the error bar of the measurements, to the values measured 

when decreasing the temperature at a given H2 pressure. The 115 K isotherm reveals two distinct 

features. first of all a saturation in the coverage at pressure above 10-5 mbar and secondly a non­

linear dependence in 10g(P) for lower pressure. The coverage at the lowest pressure (2 10-8 mbar) 

is 2.2 10l~ at/cm2. At higher temperature, the coverage is close to linear in 10g(P) below the 

saturation region which is obtained at higher pressure for increasing temperature between 115 

and 250 K. At 300 K, no saturation is observed in the coverage, with hydrogen pressure up to 

6 1O-~ mbar. At 250 and 300 K and for a pressure lower than 10-7 mbar, the hydrogen 

concentration measurements did not exceed the experimental background indicating that the 

coverage \vas below the detection limit of the NRA technique, i.e. about 0.1 ML. 

The isosteric heat of adsorption has been determined from the hydrogen isobars, 

considering only the domain where the coverage varies with the temperature (T > 175 K) and 

where the coverage exceeds 0.2 ML (P > 10-7 mbar). At low temperature and pressure, the 

adsorption may not be reversible and therefore the Clausius-Clapeyron equation would not be 

valid. As reported above, it is difficult to test the thermodynamic reversibility of the measured 

coverages at low temperature for practical reasons. This behaviour must be considered in 

connection with the kinetic and thermodynamic informations obtained in these low temperature 

and pressure ranges from the TPD experiments which are presented and discussed in the 
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following paragraphs. The various (P,T) values for a given coverage have been obtained by an 

interpolation procedure between the experimental data points. The values of the isosteric heat of 

adsorption obtained from the variation of In(P) versus Iff at constant coverage, are presented in 

figure 3. For coverage exceeding approximately 0.5 l\1L, the isosteric heat of adsorption 

decreases from 66 ± 5 kJ/mol to 38 ± 5 kJ/mol at @H = 0.8 l\1L. This can be attributed to H-H 

repulsive interaction at coverage exceeding 0.5l\1L. 

Besides the hydrogen coverage, additional information can be obtained from the full width 

at half maximum (FWlTh1) of the experimental resonance curve of the IH(ISN,a:y)12C nuclear 

reaction. The total width measured for hydrogen on the Pto.sNio.s (110) surface was 10.8 ± 0.3 

keV. This is much larger than the intrinsic resonance width of the nuclear reaction, which is 1.8 

ke V (Lorentzian shape), and than the width of the initial energy distribution of the beam, which is 

3 keY (Gaussian shape). The observed broadening is governed by the vibrational motion of the 

hydrogen atoms on the surface (i. e. the Doppler effect) [26,27]. ~he experimental resonance 

curve is the convolution of the nuclear cross section with the Gaussian distributions of the initial 

energy distribution and of the Doppler broadening. A Doppler broadening of 9.1 ke V has been 

determined by numerically convoluting the three components of the total width. For a one­

dimensionnal harmonic oscillator with zero-point energy EH, the Doppler width L\E is 

L\E =(161n2 EH EN MN I MH)1I2 ,where EN is the lSN ion energy of6.385 MeV and MN and 

MH are the masses of the lSN ion and ofthe H atom, respectively. The so determined value ofEH 

is 78 meV. If the broadening would originate from a single vibrational mode perpendicular to the 

surface plane, it would correspond to an energy transition of 156 me V between the ground state 

and the ·first excited state. However, more than one vibrational mode out of the surface plane can 

have a component in the direction of the surface normal and therefore contribute to the observed 

broadening of the resonance curve. This situation is highly probable for H atoms adsorbed on a 

(110) surface as evidenced for H adsorption on Ni (110) in HREELS experiments [20,32]. The 

FWlTh1 of the resonance that we measured on Ni (110) {(2xI)-H phase} was 11.0 ± 0.3 keY, 

nearly the same as obtained for the Pto.sNio.s (110) alloy surface. This suggests that hydrogen 

adsorbs at similar sites on the (110) surface ofPtO.5Nio.5 and Ni. 
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3.3. TPD measurements. 

Adsorption studies were performed with a sample temperature of 120 K under low 

hydrogen pressure (1.2 10.8 mbar). The TPD curves were recorded after a short pumping time 

(about 30 s), and the pressure was typically in the 10-10 mbar range. In figure 4-A, a series of 

TPD curves is displayed. There is a shift in temperature of the maximum of the desorption rate 

with increasing hydrogen coverage, which is characteristic of a second order (molecular) 

desorption. A high temperature shoulder is observed at all coverages and also a low temperature 

shoulder, which becomes more apparent with increasing coverage. The curves were decomposed 

into three individual peaks, assuming second-order peak shapes. The decomposition of the TPD 

spectrum (f) obtained for an exposure of3.7 10-7 mbar.s is shown in fig. 4-B as an example. The 

temperature corresponding to the maximum of the desorption rate, T M, decreases with hydrogen 

coverage from -- 400 to 380 K for the high temperature (a3) peak, from - 350 to :3 20 K for the 

main, medium temperature (a1) peak, and from -- 300 to 280 K for the low temperature (at> 

peak. The hydrogen coverage corresponding to the total area under the TDS spectrum at 

saturation (for large exposures) has been assumed to be equal to the equilibrium concentration of 

2.2 101-' at./cm2 measured by NRA for adsorption at the same temperature and pressure. An 

estimation of the coverage from the integration of the desorption spectrum measured at saturation 

leads to a value of 1.9 101-' at.lcm2 using the measured apparent crystal area (0.95 cm2) and the 

measured pumping speed (130 lis). This value is, in good agreement with the concentration 

measured by NRA. The evolution of the hydrogen coverage as a function of exposure is 

presented in figure 5 for the three peaks (al, a2 and a3 ) as well as the evolution of the total 

coverage. The area under the <l3 peak is small and saturates at an exposure of less than 0.5 10-6 

mbar s. The al peak develops with some delay, but contributes then to approximately 30% of the 

total desorption. 

The initial sticking coefficient (So), obtained from the TPD measurements, is determined to 

be 0.1. As shown in figure 6, the sticking coefficient remains constant up to a coverage of 0.1 ML 

and thereafter it decreases sharply. 
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The activation energy of desorption (ED) was determined for the a2 peak from the TPD 

results. The peak width analysis developed by Falconer and Schwarz [28] gives ED = 70 :f: 7 

kJ/mol. Other methods gave values which fall within this range; The method described by 

Redhead [29], plotting In (nT
2M> versus T-1, gives ED = 73 kJ/mol. The method of King [30] 

(construction of a family of cUlVes n = f(t) from the original TPD traces) gives for the lowest 

coverages ED = 65 kJ/mol. The fit with computed desorption traces, as described by Lord and 

Kittelberger [31], yields ED in the range 77 to 63 kJ/mol depending on the preexponential factor. 

An estimation of the desorption energy for the a3 and the a 1 peak was performed using the 

differences in the temperature of the "maximum rate of desorption compared to the a2 peak. The 

resulting energies are 80 kl/mol for the a3 peak and 60 kl/mol for the a 1 peak. 

3.4. A<I> measurements 

The adsorption of H2 (1.2 10-8 mbar) on Pto.5Nio.5 (110) at 120 K, i.e.' in the same 

conditions as the desorption measurements, gives rise to approximately + 300 meV increase in 

the work function. The changes of tl<l> with exposure are similar to the adsorption kinetics of 

hydrogen measured by TPD. As shown in Fig. 5, the total hydrogen coverage increases linearly 

with exposure up to about 0 H = 0.15 :ML. tl<l> scales therefore linearly with the coverage, up to 

approximately 0.15 :ML in coverage. The steady state tl~ values were measured for H2 pressures 

up to 7 10-5 mbar, i.e. full coverage. The results are presented in figure 7, all exposures were 

performed on an initially annealed surface. tltl> values are shown as a function of the hydrogen 

coverage, using the results from the NRA measurements. Two distinct domains are obselVed: a 

rapid ACI> increase up to + 300 meV for 0H lower than about 0.15 :ML, followed by a slower 

increase from + 300 to + 600 meV. 

4. DISCUSSION 

As already stated, the top-most layer of the Pto.5Nio.5 (110) surface exhibits almost solely 

nickel atoms (see Table I), Nevertheless, the present work shows that there are significant 
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differences in the hydrogen adsorption on the alloy compared to Ni (110). The maXImum 

hydrogen coverage is 0.92 ML compared to 1.5 ML for Ni (110) [19,21]. We do not observe any 

adsorbate induced surface reconstruction, as found for the Ni (110) surface at hydrogen 

coverages above 1 ML. Furthermore, it is important to note that the maximum coverage of the 

alloy is only obtained at teniperature below 175 K and pressure exceeding 10-5 mbar. Conversely 

on Ni (110) the saturation coverage is obtained at T ~ 200 K. for low pressure exposures [19 ­

21]. The heat of adsorption on the alloy is found to be 70 kllmol compared to 90 kllmol on 

Ni (110) [16]. The initial sticking coefficient on the alloy is 0.1 compared to 1 on Ni (110) 

[18].Moreover the sticking coefficient decreases rapidly for 0 H > 0.1 ML on the alloy, and is 

close to 0.01 for 0H - 0.2 ML, whereas the sticking coefficient on Ni (110) is constant up to 

0H -- 0.4 ML. The low hydrogen binding energy and the low sticking coefficient can explain that 

the hydrogen coverage is reduced on the alloy and that the saturation limit is obtained at higher 

pressure~ compared to the Ni (110) surface. 

On an open (110) surface, both the first and the second atomic layers are involved in the 

hydrogen adsorption. Hydrogen preferentially resides in highly coordinated sites [16]. On the 

unreconstructed Ni (110) face, on-top sites are not populated [20,21], and the adsorbed atoms 

occupy inclined quasi threefold sites [32, 33, 34]. Assuming that hydrogen is adsorbed at the 

same type of sites on the alloy surface, one expects that the Pt enrichment of the second layer will 

affect the binding energy of hydrogen. ·A schematic description of the alloy surface is shown in 

figure 8, indicating possible H adsorption sites.· Taking into account the composition of the 

second atomic layer with about 95 at. % Pt~ the most numerous quasi three-fold sites are sites of 

type I which consist of two Ni atoms in the first layer and one Pt atom in the second layer. The 

sites of type II are formed by three Ni atoms as on Ni( 11 0), their number should be less than 10% 

of the quasi three-fold surface sites. Sites of type III are less numerous and can be neglected in 

the discussion. The structural defects related to vacancies (sites of type IV) contribute to about 

3% of the sites (see table 1). 

The experimental results can be understood in terms of two different adsorption sites for 

hydrogen on the surface. By using the mean tield approach, adsorption in sites of type I 
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(2 Ni + 1 Pt atoms) is expected to be less energetically favourable than in sites of type IT 

(3 Ni atoms). This as hydrogen is more strongly adsorbed on Ni than on Pt [16]. Consequently, it.-........•.-- .. 


may be proposed that the dissociative adsorption of hydrogen requires some activation energy 
-~~. . 
only on sites of type I. The existence of such an activation energy could be an explanation for the..-". 

rapid decrease of the sticking coefficient above 0.1 ML. Initially the dissociative adsorption of 
--'" . .J 

hydrogen will then occur preferentially on sites oftype II. Nevertheless, if one assumes a random------ ...,.. ... 

<!istribution of sites II on the surface, the dissociative adsorption of H2 on sites II results in, 

~ultaneous filling of sites I. At low temperature and pressure, the direct adsorption on sites of 

f:F.e I would be very limited as suggested by the very low coverage (0.22 ML). The increase of 

the coverage beyond 0.22 ML for higher pressure, as observed in the NRA and L1<l> experiments, 
~ 

would result from the direct adsorption on sites of type I. This allows to propose the following_.. ,,,. 

~~planation of the TPD spectra., The 0.2 peak could be attributed to the recombination of 

hydrogen atoms from sites I and IT. Following this assumption, the relative area of the 0.2 peak 

(- 70 % of the total area) can be used to estimate the number of sites II. The maximum coverage 

measured in the TPD experiments was approximately 0.2 ML, and therefore the number of sites 

II should be 7% of the total number of sites. This is in agreement with the previously measured 

surface composition. The 0.1 peak, which develops with some delay compared to the 0.2 peak, 

could be attributed to the recombination of hydrogen atoms coming from the same kind of sites, 

sites of type I. Note that the high temperature 0.3 peak, which must correspond to the strongest 

surface sites, may be related to recombination of H atoms from sites of type II or from structural 

defects. The experimental uncertainties prevent any conclusive discussion as the coverage relative 

to the 0.3 peak is quite small « 0.02 ML). 

The L1<l> changes with coverage are in agreement with the presence of two different 

adsorption sites on the surface. At low coverage, the hydrogen induced changes in the work 

function are dominated by adsorption at sites of type II. The sites of type I are simultaneously 

populated, but the work function changes associated with population of sites of type II are much 

larger. Above 0.15 ML in coverage, the changes in the work function are solely due to adsorption 

at sites of type I. The L1~ changes on the alloy are positive, as reported for H on Ni (110), 
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which indicates a net charge transfer from the metal to the hydrogen adat·om. Conversely, 

L\<I> = - 500 meV on Pt (110) at hydrogen saturationJl7]. For a given coverage, the change in the 

work function is larger on the alloy than on Ni (110) where Ll<l> = + 245 meV for 0 H = 1 ML and 

d<I> = + 500 meV for 0 H = 1.5 :Ml.. [19]. This observation indicates enhanced charge transfer on 

the alloy compared to the Ni surface. 

5. SUl\ll\1ARY 

Even though the outermost atomic layer consists nearly solely of Ni, the hydrogen 

adsorption on the PtO.5Nio.5 (110) surface turns out to be significantly different from hydrogen 

adsorption on Ni( 110). The heat of adsorption of hydrogen on the alloy surface is lower and the 

sticking coefficient is strongly reduced. The saturation coverage, which is only obtained at 

relatively high pressure, is close to I ML and hydrogen adsorption does not induce a surface 

reconstruction. As on Ni( II 0), the positive \vork function changes indicate a net charge transfer 

to\vards the hydrogen atom. The hydrogen induced work function changes are larger on the alloy. 

As the surface composition is known, the experimental results can be understood in terms of two 

different H adsorption sites respectively formed by J Ni atoms or by 2 Ni + 1 Pt atoms as nearest 

neighbours. The most numerous sites (2 Ni + 1 Pt) are less energetically favoured and dissociation 

at these sites probably involves an activation barrier. The catalytic properties of the alloy surface 

in hydrogenation reactions could be related to the lower binding energy of the H atoms favouring 

their surface mobility and also to the enhanced negative polarisation of the H atoms. 
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FIGU~::C'-\PTIONS. 

1) A selection of isobars. The lines are guidance to the eye. The error bar in the figure 

refers to the accuracy of the determination. The precision is few percent of the 

measured value. One monolayer corresponds to t. 0] 10 15 atoms··cm:! 

2) A selection of isotherms. The lines are guidance to the eye: The error in the 

determination is treated in figure text 1. 

3) Isosteric heat of adsorption for.hydrogen on the Pt\"i ( ] 10) surtJCC as a tunction of the 

coverage.· 

4) (A) Series ofTPD spectra for different hydrogen exposures. at hydrogen pressure of 1.2 

10-8 mbar. The temperature of the sample during adsorption was 1:;0 K. and the 

heating rate was approximately 10 Kls. The exposures are given in the tigure. 

(B) Decomposition of the TPD spectrum (f) into (hree peaks ai' a,! and (13' 

5) Variation of the total hydrogen coverage (i\1L) and 1.)( the partial ~o\'erages relative to 

the (1b (12 and (13 TPD peaks (see Fig. 4-B) as a tunction of the exposure. 

6) Variation of the relative sticking coefficient SIS" on Pt\!i (110) at 1:0 K with coverage. 

The line is a guidance to the eye. 

7) \Vork function changes as a function of hydrogen ~o\·crage. The -.:o\'crage is obtained 

by using the NRA results for scaling from pressure to CO\'eragc The hatched area is 

deduced from the low pressure \vork function ·mcasurements. 

8) Schematic description of the alloy surface (folJo\\'ing table I) showing possible 

adsorption sites as discussed in the text. 

I: Ni-Ni-Pt , II: Ni-Ni-Ni , III: ~i-Pt-Pt, IV: vacancies. 
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Table caption. 

c~ and c~. are the platinum and the vacanGY concentration of the ith atomic layer, the surface 

layer is denoted by 1. Data are from reference [10]. 

Table 1. 

. 
C1 0+5 0/ d C1 3+7 0/Pt = -0 at. /'0 , an v = -3 at. /'0 

C~ =95 ± 4 at.% 

C~ =17 ± 7 at.% 

C~ =48 ± 13 at.% 
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