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The extent of CO adsorption has been measured at 295 K and the thermal desorption of CO 
has been followed on Ni and Ni-Cu films prepared in an ultrahigh vacuum apparatus. The total 
extent of adsorption revealed a different behavior than the extent of hydrogen adsorption 
studied previously; an explanation involving gas-induced surface enrichment of alloys is sug- 
gested. An irreversible gas-induced enrichment has also been observed upon repeated runs of 
the thermal desorption of CO. The thermal desorption reveals the existence of two weakly bound 
states y1 and ye and two more strongly bound states LYI and 012 on Ni and Ni alloys. Cu reveals 
only the weakly bound states yl and 7~. The population of various states varies with the Cu 
content as well as the chemisorption bond strength of the Lurspecies. Suggestions are made 
on the adsorption modes of CO. 

INTRODUCTION 

The formation of Ni-Cu alloys is endo- 
thermic; therefore, below a certain critical 
temperature (T,,), coexistence of two phases 
in equilibrium must be expected. In the 
literature (1, 2) several phase diagrams 
were suggested with T,, varying from 320 
to about 800°C. However, recently Franken 
(4) from our laboratory has established that 
the critical temperature is actually much 
lower. The critical tcmperat’ure is found 
to be very near to the value predicted by 
Meijering (S), around 170°C. Because of 
this correction in T,, the form of the phase 
diagram and the composition of the two 
phases in equilibrium at T < T,, became 
uncertain. However, it seems t,o be a safe 
estimate that the composition of the Ni- 
rich (Y phase is several percentages lower 
than 98y0 Ni and the composition of the 
Cu-rich p phase is 20-2Sy0 Ki, at t’cm- 
prratures of lOO-150°C. 

1 To whom correspondence should be directed. 

There is already substantial information 
available on t.he surface composition of 
Ni-Cu alloys. According to work function 
measurements (4) the surface composition 
of Ni-Cu alloys is almost constant in a 
broad range of concentrations (about 90- 
20% Ni) and it is very important to note 
that it is the same for alloys annealed at 
T > T,, as well as at 1’ < T,, ; t,he same 
surface composition was found at tcmpcra- 
tures from 165 to 400°C. The work function 
measurements thus fully confirm the con- 
clusions made earlier on the grounds of 
hydrogen adsorption (5-8). It is an intcr- 
csting point that hydrogen adsorption 
measurements (5-8) led to the same results 
for films annealed at 2OO”C? and for powders 
prepared and equilibrated at 4TiO”C. 

Auger spectromctry has also been applied 
to this system. The materials investigated 
were either polycrystalline powders or 

2 When these films were found to be composed of 
two phases (I), it was because the time of annealing 
was insufficient for full equilibration. 
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monocrystaIs. Earlier l~apcrs (9, 10) on 
this subject used for analysis the high 
energy peaks (0.7-0.9 keV) and the authors 
concluded that the composition of alloy 
surfaces was the same as that of their bulk. 
Howver, more recent papers (If, 12) 
which used t,hc low energy peaks (-0.1 
keV) for analysis found that t’he surface 
was strongly enriched in Cu. 

These papors (21, 1%‘) thus confirmed the 
results obtained by hydrogen adsorption 
and work function measurements. The dif- 
fcrcncc in results obtained from high and 
low cnorgy peaks shows, morcovcr, that 
the surface Cu-enrichment is limited and 
there is more Ni in the subsurface layer 
so that the clcctrons of 0.7-0.9 keV which 
bring information on the avcragc composi- 
tion of a thicker layer than the clwtrons 
with about 0.1 kcV cncrgy do not indicate 
any rnrichmcnt in Cu. 

Ho\vcvcr, thcrc wcrc also some results 
in the literature which did not fit the pic- 
t’urc as obtained from hydrogen adsorption, 
Auger spcctromctry and work function 
measurements. Two groups of authors (13, 
14) found that the rxtcnt of CO adsorption 
varied linearly \\-ith thr Si bulk content 
in an apparent) contradiction to thr hydro- 
gon adsorpt*ion. Also, the sclcctivity in 
hcxane reforming reactions (whcrc -C- 
atoms participate as in the CO adsorption) 
showcd variations with the Ni conccntra- 
tion in the region of concentrations whcrc 
according to the hydrogen adsorption the 
number of Ni atoms in the surface should 
have rcmaincd constant (25). These open 
questions and the fact that nothing \vas 
known on the influence of alloying on the 
distribution of adsorption sitrs according 
to their cncrgy were the reasons \vhy this 
research was st)artcd. 

EXPERIMENTAL METHODS 

Apparatus, Materials, Procedure 

The ultrahigh vacuum apparatus used 
and the experimental proccdurc were the 

s:tnic as in our wrliw papers (26, IT). 
As in our previous work, various programs 
were used and are summarized in Table 1. 
The second column in t,his Tablr indicates 
the mode of adsorption which preceded 
drsorption, cithcr adsorption entirely at 
7S I< or prcadsorption at 295 I<, follow-cd 
by cooling thr film to 78 I< in the prcsencc 
of CO. The time for which CO was in 
contact \vith t)ha film at the st’andard prcs- 
sure (10 X lop3 Torr at 295 I< and about 
2 X 10e3 Torr at 7S I<) is indicated by 
t,L ; t, stands for the time period of pumping. 

Thermal drsorption was followed upon 
pumping by a Vnc-ion pump. The trm- 
pcraturc was raised from 7S to 473 I< at a 
rate of about 0.67 Ii,‘src. For othrr 
details, set Rcfs. (Iti, 17). 

The phase and chemical composition was 
chrcked by X-ray diffraction. In spite of 
t,he same procedure being used in all cases 
(annealing at 200°C for 20 hr), scvcral 
films showed the prcscnce of two scparat’c 
phasrs. According to the existing cxpcri- 
cncc, the surface of thcsn films should be 
formed mainly by the phase wit’h the highrr 
Cu content. In Fig. 1 (WC below) the Si 
concentrations indicated arc those cor- 
responding with the position of t)hc dif- 
fraction maxima observed with the given 
sample. Full point’s arc for films with two 
phases, they arc plotted at t)hc concrntra- 
tion corresponding to the phnsc with the 
higher Cu content.. 

HESIJLTS 

Adsorption Heasuremc~rfs 

Adsorpt’ion of CO is fast both at 295 and 
78 I<. The extent [,I (295 I<)] of CO ad- 
sorption at 295 I< on a virgin film, at the 
prcssurc of 2 X 1O-3 Torr has been dctcr- 
mined as a function of alloy composition. 
The results arc collcctcd in Fig. 1. The Si 
concentrations indicntcd are those cor- 
responding with the X-ray diffraction 
maxima. The roughness factor of the films 
determined by Xc adsorption at 7s I< 
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Fro. 1. Amount of carbon monoxide adsorbed per 
cm2 of geometric surface area a.9 a function of film 
composition. In this figure, the film composition is 
taken as corresponding with the X-ray diffraction 
maximum. (0) One phase films; (0) two-phase 
detected, a point is plotted at the composition of the 
Cu-rich phase; (1) linear function found by Engels 
el al. (14); (2) linear function found by Lyubarskii 
w. 

varied in the range 1.4-1.7 for Ni and all 
alloy films, and for Cu film it was 2.1. 
There was no significant trend in f as a 
function of film composition. 

When the film is cooled from 295 to 78 
K an additional amount of CO is adsorbed. 
At 78 K a considerable part of the amount 
[nb (78 K) or n, (78 K); according to the 
respective programs] totally adsorbed is 
adsorbed on Cu. For a given film, n, 

(78 K) is about 65-80~0 of nb (78 1~). 
Evidently, a part of CO can be adsorbed 
by an activated process as found earlier 
with films sintered at lower temperatures 
(18). 

It is known from the literature (19-21) 
that CO disproportionates on Ni at tem- 
peratures above 100°C. By disproportiona- 
tion CO2 is being released and carbon de- 
posited on the surface. Therefore, when 
the adsorption/desorption cycle was re- 
peated with the same film in the repeated 

runs, dcsorpt,ion of CO2 was obscrvcd. CO2 
is desorbed in two peaks, one at 200-250 
K and another around 470 K. During the 
runs repeated with the same film, about 
60 (Ni)-70 (alloys)~O of the nb (295 K) 
value for the virgin film could be read- 
sorbed. About 2% of the CO adsorbed 
appeared in the following desorption run 
as C02. 

Thermal Desorption 

The desorption profile is different for the 
different programs (see Table 1, for pro- 
grams). Figure 2 (upper part) shows de- 
sorption spectra for pure Ni, programs 
(b) and (e). We can distinguish a variety 
of states according to the position of peak 
maxima and/or shoulders, y1 at 120 =t 30 
K , yz 170 f 30 K, (Y~ at 315 f 20 K and (~2 
at about 455 K. We denote the part of CO 
which did not desorb at 475 K as a p state. 
Figure 2 (lower part) shows desorption 
spectra for pure Cu. Note the marked dif- 
ference between the behavior of pure Ni 
and pure Cu films. 

Figure 3 shows the desorption profiles 
for a film with about 8% Cu. The decrease 
of the LY~ and cy2 peaks compared with pure 
Ni can already be clearly seen. (Note: 
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FIQ. 2. Desorption profile of CO for various 
programs (see Table 1). Total amounts desorbed 
indicated. Upper part: pure Ni film; lower part: 
pure Cu film. 
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FIG. 3. Desorption profile of CO, alloy film of 92% 
Ni for various programs (see Table 1). Total 
amounts desorbed indicated. 

the units of the coordinates in Figs. 2 and 
3 are directly comparable.) 

The particular profile shown in Fig. 4 is 
for 305!& Ki alloy but it’ is representative 
for the desorption from alloys in a wide 
composition range around this value. It 
can be seen that the (Y~ peak increases 
slightly with increasing adsorption t’imc f, 
[programs (a) and (b)]. 

The desorption profile changes in a 
characteristic mnnncr when the adsorption/ 
dcsorption cycle is repcatcd sweral times 
with the same film. This can be seen from 
Fig. 5; with increasing number of runs, 
the (Y~ peak decrcases (absolutely) but 
simultaneously the y2 peak peak decreases. 
This reflects irrcvcrsible changes in the 

TABLE 1 

Adsorption Programs for Monolayer Coverage 

Type Temp range f, f, 
adsorption (K) (min) (min) 

295-7s 30 10 
295-78 10 10 
295-78 2 10 
298-7s 10 2 

78 - 10 

surface composition, namely, when com- 
paring desorption profiles from alloys with 
varying composition we saw that with 
increasing Cu content the relative height 
of peak yz increases while that of (Ye 
decrcasrs. Thercforc, a most straight- 
forward explanat’ion of the results presented 
in Fig. 5 is that with repeated runs the I% 
content in the surface increases and that 
of Cu dccreasw, irreversibly under the 
given conditions. 

The position of the three maxima, yl, 
y2, and a1 does not show any systematic 
variation with alloy composit’ion. Only the 
positions of the a2 peak and of the CO2 
desorption (Figures 6 and 7) seem to bc 
systematically shifted by alloying. 
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FIG. 4. Desorption profile of CO, alloy film, 3070 Ni, various programs (see Table 1). Total 
amounts desorbed indicated. 
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IG. 5. Desorption profile of CO, alloy film, 30yc Ni, b-type adsorption repeated with t,he same 
film. Run mm%ers indicat,ed. 

DISCUSSION 

Surfuce (Tompositio?l of Alloys 

Let us first summarize the facts most 
relevant for the discussion. 

1. Three independent methods, viz, work 
function measurements (4), hydrogen ad- 
sorption (5, 6) and low energy Auger 
spectrometry (II, 12) led to the same 
conclusions with respect to the alloy sur- 
faces: the composition varies only mar- 
ginally in a rather broad composition range 
and the surface of alloys is enriched in Cu. 
Slow-ion-back-scattering confirms this pic- 
turc (29). Thcrc arc good reasons to believe 

that all these methods rcflcct the charactcr- 
istie fcatuws of alloy surfaces i7z vncuo 
correctly. 

2. Hydrogen adsorption of films (5, 6) 
and on powders (7, 8) has the same charac- 
ter. Figure 5 summarizes the data schc- 
matically. According to point (1) this is 
more or less the curve of surface vs bulk 
composition. However, CO adsorption on 
t’he Ni-Cu syst’em deviates from a picture 
like that in Fig. S quite substantially (see 
Fig. 1). First, the reproducibility of the 
result~s (scattering of points) is worse than 
with hydrogen on Xi-Cu (5, 6) or CO 
adsorption with other systems [Pd-Ag 

CU 
100 300 LOO T ,  IKI 

FIG. 6. Temperature of (shoulders) desorption profile maxima T, for various adsorption states 
(yl, TV, (Ye, az) as a function of the total amount adsorbed n (295 K). 
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(2.9), 1X-h (23)]. Second, the cxtcnt of 
CO adsorption does not vary in par&cl 
v&h the Ni surface concentration. The 
CO adsorption extent decreases with t’he 
Si bulk concentration more or less linearly 
in contrast to the behavior of hydrogen on 
the same series of Ni-Cu alloys (compare 
Figs. 1 and 8). However, such a discre- 
pancy is not observed with, for example, the 
related R-Au system (23). With this 
system both Hz and CO adsorptions led to 
identical conclusions, giving an overall 
picture like that in Fig. S. Therefore, the 
t\vo point.s ment.ioned above should be 
related to the specific behavior of the Si 
and CO system. 

Which features distinguish t’he Xi/Cu- 
CO system from other similar ones? For 
cxamplc, the corrosive character of CO 
adsorption even at wry low prcssurcls is a 
known fact (24) for a long time. Morcovcr, 
with Ki the formation of Ni carbonyls is 
possible at, room temprateurc and prrssurrs 
as low as scvcral Torr (24, 25). Therclforc, 
it can be rcnsonably expected that undrr 
the conditions applied when measuring the 
data for Fig. 1, serious changes in the 
surface structure of Ni-Cu alloys may 
occur due to the adsorption process itwlf. 
WC know (XC above) that the uppormost 
Iayw of Xi-Cu alloys in uacuo is cnrichrd 
in Cu but the Xi concentration is incwased 
to its bulk level in the subsurface layer(s), 

Cu2b0 m 

FIG. 7. Temperature of desorption profile maxima 
for CO1 desorption as a function of the total amount 
adsorbed n (29.5 K). 
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FIG. 8. Total amount of hydrogen adsorbed at 
295 K as a function of film or powder. Composition: 
(1) Ref. (7); (2) Ref. (5); (3) Ref. (8). 

the average over several layers being 
almost equal to the bulk composition. We 
brlievc that due to the corrosive charactcxr 
of CO adsorption, Ni atoms of the sub- 
surface layer become also accessible to CO 
molecules so that the total cxtcnt of CO 
adsorption varic>s more or less linearly 
with the bulk and not with the surface 
concentration of Xi. In fact, the gas- 
induced segregation of Ki to t,he surface 
cancels the Cu-enrichmc~nt of the surface 
in UUCUO. h part of the Ni atoms attracted 
to the surface stags t.hrrc irreversibly after 
CO dtsorption, as can be seen in Fig. 5. 

liclying on this explanation, wc can 
drrivc won more detailed conclusions by 
comparing the data in Fig. 1 on the one 
hand and t,hc data of infrared (db’), cata- 
lytic (15) and work function (4, IO, 2?‘) 
measurements, on the other. 

Work function changes A@ caused by CO 
adsorption (4, L?‘) follow a curve as a 
function of Si bulk concentration like that 
in Fig. S. The same holds for the catalytic 
act,ivity in those reactions where enscmblcs 
of scvcral Ki atoms are rcquircd for the 
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reaction to occur [such reactions are, e.g., 
methanation of CO (21), disproportiona- 
tion of CO (21) or hydrogenolysis of hydro- 
carbons (6, 15, 28)]. The difference be- 
tween the behavior of A@CO (4, 27) and 
nco (295 K) (IS, 14, this paper) as func- 
tions of the Ni content can be understood 
if the Ni atoms “attracted” (more pre- 
cisely, “made accessible”) to the surface 
were predominantly isolated atoms. On 
isolated atoms the back-donation is lower 
and only one form of the states detectable 
by infrared is possible (26). Also the A@ 
by CO is lower on sites with less back- 
donation. Therefore, the total ext’ent of 
CO adsorption n (295 Ii) follows a different 
curve than the A@ effect or the activity in 
reactions requiring large ensembles. 

Adsorption/Desorption States of CO 

Let us now turn our attention to the 
dcsorption of CO and the identification of 
various states detected by temperature 
programmed dcsorption. There can prob- 
ably be lit’tle doubt about the molecular 
character of the CC adsorption in y1 and 
y2 states. These states are observable on 
iSi as well as on Cu and the heat of ad- 
sorption is 10 f 2 kcal/mole at most. 

The a1 state is absent on Cu and it is 
typical for Ni. Its population on alloys 
varies with t,he Ni content in alloys (com- 
pare Figs. 3 and 4). The position of the 
maximum of the crl desorption peak dots 
not vary systematically with the composi- 
tion of alloys. This reminds one of the in- 
frared data: the population of various 
states detected by infrared varies strongly 
with alloying but t’he position of the in- 
frared absorption maxima varies only 
marginally (26). Therefore, we ascribe the 
(Ye state to the adsorption of CO on Ni 
atoms with little or no int,erference of the 
Cu environment. 

The situation is different with the (~2 
state and CO2 desorption. In contrast to 
the CY~ stat.e, a systematic difference be- 
tween Ni and alloys can bc observed. The 

cy2 state dcsorbs at tcmpcraturcs whcrc 
CO dissociation is already possible (19-21) 
and we observe that alloying makes the 
desorption easier. Because a similar shift 
of comparable importance is absent in the 
infrared spectra (26), the CY~ state cannot 
directly be identified bvith one of the states 
detected by infrared. We are inclined to 
ascribe the CQ peak to the desorption which 
either follows a recombination of “C” 
and “0” particles (20) or an adsorption of 
CO horizontal on the surface. In both cases 
the effect of alloying can be easily under- 
stood if some of the “0” particles or the 
“0” end of the CO molecules were bound 
on alloys to Cu instead of t’o Ni atoms. 
In a similar way, desorption of CO2 
should be preceded by desorption or cvcn 
recombination of “CO” and “0,” both 
attached to different components of the 
alloys. 

In conclusion the following can be addod. 
We saw that CO adsorption can supply 
useful information on the surfaces of Xi-Cu 
alloys but it is evidently less suitable for 
surface titration of Ni atoms than, e.g., 
hydrogen. The difference in the results of 
“titration” of Ni by H2 and CO cannot be 
explained by the difference in ratio (HZ/ 
CO) of the amounts adsorbed on the same 
surface aretl of pure Ni and NiiCu alloys, 
because with the I’t-Au (a system very 
similar to the IV-Cu system )(17, 22) the 
ratio of both adsorptions (Hz/CO) was 
constant. for I’t and all alloys. However, 
as has been shown, they can be explained 
by the corrosive action of CO adsorption. 

Furthermore by considering all avail- 
able data a consistent picture of the Ni-Cu 
surfaces can be suggested which, however, 
requires a certain modification of some 
models (27) used earlier to explain data 
on Ni-Cu alloys. 

Note added in proof. At the time this paper WM 

being printed, a paper by K. Y. Yu, D. T. Ling, and 
W. E. Spicer, J. Catal. 44, 378 (1976) appeared. 
The reader should notice the difference in the experi- 
mental procedure in that paper and in ours. Yu el cd. 
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worked with the same exposure with all alloys and 
let CO adsorb at 173 K; this led to coverages lower 
than at saturation and probably varying with surface 
composition. CO molecules then reach their equilib- 
rium positions only upon heating (compare the re- 
sults of this paper for programs b and e), which 
process intervenes with desorption. 
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