
JOURNAL OF CATALYSIS 48, 243-24s (1!)7i,I 
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The adsorption of carbon monoxide on evaporated nickel films has been studied by me:t- 

auring the amount of adsorption and thermal desorption, and observing the change in resis- 
tivity of the film. Four different adaorpt,ion states (?I-, y2-, CY-, and p-nt’ates) were found on the 
surface at 77 K. Evidence is presented t,h:tt) the r&ate is a precursor for both (Y- and p-st,:tte 
adsorpt,ion. 

Thaw have been numerous investigations 
of the interaction of CO wit,h Ni surface 
over t,he past, few dccadcs (1). Thcsc 
invc&igations have been made with a 
variety of techniyuw for single-crystalline 
and polycrystalline samples, but the char- 
acterization of the CO-N1 system is not, 

fully understood. For example, Onchi and 
Farnsworth (2) reported t,hrre structurw of 
CO adsorbed on (100) Ni with thrw 
differ& dcsorption t,rmpcxraturcs. 

011 the other hand, Tracy (3) suggested 
a single type of binding for CO adsorbed on 
(100) Ni. While two adsorption states for 
CO on polycrystallinc~ Yi surfaw n-rirc 
reported by Degras (4), Wedler and Papp 
(5) found only a single chcmisorbed st)atc 
on the xi film. Th(w is some uncertaint,y 
in our undwstanding of CO adsorption on 
Ni surfacr. 111 order to obtain further 
information on thr CO-Ni system, t,hn 
interaction of CO \vith nickel surfaces at 
liquid nitrogen tcmpclrature has brtn 
studkd. This paper reports observat,ions of 
adsorption and thermal dcsorption of CO 

on Ni films, as well as thcl changes in 
clcctrical resistance of the film due to CO 
adsorption. The rc>sult,s of t8hcsc cxperimcnt,s 
arc compared with each other, and a mod(4 
for CO adsorptJion is proposed, \vhich QY: 
bclicvc is consistcwt wit#h txist,ing data. 

The c>xpcarimcntal apparatus was cvac- 
uatctd by a Ti gc$t,cr ion pump after pre- 
pumping through metal valves by the usual 
pumping system, consisting of R three&age 
fract,ionating glass oil diffusion pump, oil 
rotary pump and a liquid nitrogrn trap. 
Aftw the t8rcat8nwnt’ of baltc-out, and out- 
gassing of t,hc> c~xpcrimc~nt,al apparatus, 
ultimat(‘ prwsurc of 2 X 1O-1” Torr \vas 
obtaitwd. 

The Ni films \V(W prqawd by the 
drposition of a high-purity Ni \vircx (Mat,c- 
rink Jksrawh Corp. 99.995~~r,) on tho 
insid<> \\-a11 of a sphwical glass ~11 at the 
wall tcmpc~rat~uw of about8 310 B with a 
rate. of 510 A/min. The gcwmet,rical surface 
area of the film-covc‘wd glass wall was 30 
rn?. I+forc t.hct dcpositjion of the xi film 
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TABLE 1 

Diffraction Pattern of Ni Film 

d (.Q 2LT hkl I/I10 I/I,0 (obud) 
(delzr) (published)” 

2.03 44.6 111 1.00 1.00 
3.76 51.9 200 0.50 0.30 
1.25 7ti.6 220 0.32 Not detected 
1.06 03.2 311 0.32 0.30 

a Intensity ratio normalized with the value of (111) plane. 
* Data compiled and published by the Joint Committee on 

Powder Diffraction Standards. 

the dcgassing of the Ni wire was elaborately 
pcrformcd to keep the pressure in the 
cxperimcntal apparatus at least below 
10 X lo-lo Torr during the evaporation, 
because large amounts of gases are usually 
cvolvcd from the Ni wire (6). In our 
cxpcrimcnts maximum possible contamina- 
tion on the surface was estimated to be less 
than 3y0 of the adsorbed amount of CO by 
assuming the sticking coefficient of unity. 
Even if it happens that Ni films arc 
contaminated to a few pcrccnt of monolayer 
with residual gases such as Hz and COZ, 
thcsc gases will be replaced by subsequent 
CO adsorption and cvolvcd into the gas 
phase. The cvolvrd gases arc detected by 
an ionization gauge or an omcgatron mass 
spcctromoter, as shown in our previous 
report (7). The film was annealed at 420 K 
just after the deposition. The thickness of 
the Ni film was of the order of lo2 A. 

The crystallographical structure of the 
film was measured by X-ray powder 
diffraction, using another Ni film prepared 
in the same way. The observed diffraction 
pattern using Cu-K radiation was COII- 

sistcnt with a polycrystallinc cubic struc- 
turc and a lattice parameter of 2.03 A. 
The results arc summariecd in Table 1 with 
other published data. It was further 
confirmed that the film surface is micro- 
scopically smooth from the observations by 
means of a scanning clcctron microscope. 

Adsorption of CO on Ni film at liquid 
nitrogen t,cmpcrature was pcrformcd by 
two diffcrcnt procedures; in the first process 
(a) tho adsorption was pcrformcd in succcs- 

sion just after thcb saturat,ion of tho adsorp- 
tion at room t’cmp(raturc, and in the second 
process (b) CO was adsorbed on the 
surface kept at liquid nitrogen tcmpcraturc 
throughout the process. The adsorbed 
amount of CO (Q) was measured by means 
of the Knudsen capillary technique (8). 
The amount was calculated by using the 
equation, 

where c is the conductance of the capillary 
(50 cm3/sec), P, is the pressure in the 
measuring ccl1 and PI is the pressure of gas 
introducing system. In our experiments, Pz 
was varied in the course of adsorption with 
keeping PI constant during the measure- 
ment, both of which were measured by each 
ionization gauge. 

After the completion of CO adsorption at 
liquid nitrogen temperature, CO in the 
gas phase was pumped out and then the 
dcsorption spectra wcrc mcasurcd. For the 
dcsorption measurcmcnt, the ccl1 was 
allowed to warm up spontaneously to room 
tcmpcrature. Above room temperature, 
the cell was hcatcd by a kind of own, 

Time (min 1 

Fro. 1. Variation of pressure in the gas adsorption 
cell (Pz) at room temperature and liquid nitrogen 
temperature as a function of time with constant 
pressure of the gas introducing system (PI). Process 
(a) ; (- - -) process (b) ; (. . e) surface coverage vs 
time for process (b). 
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which was ma& to fit the measuring cd1 
and give the cell a homogeneous heating. 

Resultant dcsorption spectra WI’C ob- 

t,ained by measuring the change of prcssurc 
as a function of t,imo by t,he ionization 
gaugr. The variation of t8hc film tcmpcra- 
t,uro \vas mcasurc>d by a C:hrolncl-Alumc.1 
t,hcrmocouplc sc&d in the inside ~\-a11 of 
the glass cc11 and was approximately limnr 
jvith the tin-n1 (typical hrating rate, 1.5 
K/SW). After t,hc mcasurtmcnt of ono 
d(sorption spectrum the ~11 was cxchangcd 
\vit,h a IKW mc, and mxt mtasuremcntj 
At11 diffcrcnt amounts of adsorbed CO 
\vas pc.rformrd on a freshly prcparcd film. 
Th(h coniposition in the gas phase ww 
monitored by the omcgatron throughout 
thr oxpcrimc~nts. 

In addition t,o the abovcb m(>asuremcnts, 
the: change of the ol(>ctrical rc&tancct of t.he 
film due to the CO adsorption leas nnIasurcd 
by a Whcatst80nc bridgct. T\\-o Pt foil 
clcct,rodcs lvcrc sc~akd at, the opposit,c 
position in t,hc inside iv-all of the glass ~11. 

Blank cxpcrimcnts w(rc also pcrformchd 
t’o mc’asurc tho magnitude of CO adsorption 
on t,hr glass ccl1 without Ni film. The 
amount8 of CO adsorbed on the glass ccl1 
\vas 2.4 X 10” molcculcs/cm~. The peaks 
of CO dcsorpt,ion from t,hc glass surface 
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Fm. 2. Desorption spectra for saturated coverage 
of CO on Ni film at liquid nitrogeI1 temperature for 

two adsorption processes. (--) Process (a) ; 
(- - -) process (h). The ~1 peak of (- - -) overlaps 
with that of (--). (X) Ion currents of CO+; (0) 
those of Ht+, and ( l ) those-of CO,+. 
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FIG. 3. Deaorption spectra for CO 011 Ni surface 

as a parameter of the coverage in process (b). The 

zero levels of the curves are shiftred to prevent 
overlap. 

\v(rc observed in t,hc: tcmpcraturc region of 
70-100 K, and, to a lesser oxtent,, at t,hc 
rclgion of over 500 K. The CO dcsorption 
at 70-100 K leas cstimatc~d to contribute 
at most 4c30 of the dcsorbcd amount from 
the> Ni film surfaccl in the corresponding 
tcnipcrat,ure rc>gion. 

RESULTS ANl) DISCUSSION 

Thc~ adsorption curves of CO arc shown 
in Pig. 1. The solid curve corresponds 
to process (a) and the broken curve to 
process (1,). In process (a) the adsorbed 
amount of CO at the saturation at room 
tcmpcraturc is 1.1 X lOI5 ~nolcculcs/c~n~ 
and the adsorbed amount at liquid nitrogen 
tcmpcraturc after presat,urat,ion at room 
tcmpcbraturc is 1.2 X lOI molccules/c~n~ ; 
the total amount of adsorbttd CO (Qa) is 
2.:3 X lOI5 molcculos/cm2. On t,hc other 
hand the total amount of adsorbed CO in 
process (1,) (Qt is X.0 X lOI5 molecules/cm2 
and exceeds QL by 0.7 X lOI molecules/cm2. 

Tho dcsorpt,ion spectra are sholvn in 
Fig. 2. The solid curv(I is obtsinc>d from 
process (a) and th(b broken curve is obtained 
from procc~ (b). Ion current of CC>+ 
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FIG. 4. Change of electrical resistance of Ni film 
due to CO adsorption for the two adsorption 
processes. (-) Process (a) ; (- - -) process (b). 
R. is the initial electrical resistance of Ni film and 
AR is the increase of the film resistance from the 
one. (-) Does not refer to the coverage (0) 
abscissa. 

(A///e = 28) was traced during the course of 
t,hc thermal dcsorption with a fixed res- 
onance frequency of the omegatron, to 
assure that the reading by ionization gauge 
corresponded to that of CO pressure. The 
ion currents of CO+, Hz+, and COz+ are 
also shown in Fig. 2. 

Both desorption spectra in Fig. 2 show 
four maximum dcsorption rates. The tcm- 
peratures of the maximum dcsorption 
rates are 80, 130, 350, and 750-770 K, 
respcctivcly. In this report the four states 
are designated as yl, yz, CY, and P in the 
order of the tempcraturc increase. It is 
shown in Fig. 2 that the increase of the 
adsorbed amount in process (b) results in 
the increase of the population in the yz-, 
a-, and ,&st,ates. In process (a), the ad- 
sorbed amount at liquid nitrogen tempcra- 
turc cxcccds t,hat of the presaturation at 
room temperature by 0.1 X 1015 molecules/ 
cm2. On the other hand, the total dcsorbed 
amount of the yl- and y&ates is appar- 
cntly less than the sum of the desorbed 
amount of the (Y- and p-states. This fact 
suggests that there remain vacant sites for 
the LY- and B-state adsorption in spite of the 
apparent saturation at room temperature. 

I)cwrption spwtra \vit,h a paramctcr of 
thch covcragc (f9) of CO are shown in Fig. 3 
for procws (I,). The fractional coverage is 
normalized with the maximum adsorbed 
amount at liquid nitrogen tcmpcraturc. 
Thcsc mcasurcmcnts wcrc successfully pos- 
sible in the prcscnt cxpcrimcnts, shcc the 
clean, large and roproduciblc surface has 
been prcparcd. Figure 3 clearly manifests 
how the four states are formed with the 
coverage. Most of the ,&stat,c! CO are 
occupied until 0 = 0.4. It is rrmarkablo 
that CO in t’ho y&ate is detected at a small 
covcrago (0 = O.&L), where the a-state CO 
is not, dctoctcd. Howevw, most of the 
yg-state CO seems to br formed at the final 
stage of the adsorption (0.7 < 6’ < 0.9). 
The a-state CO is principally obscrvcd at 
the middle stage of the adsorption (0.4 
< e < 0.7). 

The relative change of the film rcsistancc 
due to CO adsorption was obscrvcd in 
Fig. 4 which is plotted against the adsorp- 
t,ion time. The coverage normalized with 
the maximum amount of CO adsorbed in 
process (b) is also given in the abscissa 
of Fig. 4. The solid curw shows the rwults 
for process (a) and the broken one for 
process (b). The result in Fig. 4 is consistent 
with the results in Figs. 1, 2, and 3. First, 
the rapid incrcasc of the electrical rcsistancc 
in process (b), compared to that in process 
(a), corresponds to the fact of Qb > Qa and 
indicates t,hat the s&es of a- and P-st,atos 
are efficiently occupkd in t,hn case of 
process (b). 

Second, the change of t,hc film rcsistanco 

is reasonably intcrprctc‘d with the results 
shown in Fig. 3. In the rcbgion of 0 < 0.4, 

the electrical rcsistancc shows a drastic 
change wihh CO adsorption. This change is 
due t,o the adsorption of CO in the &stat,c. 

The ,&state CO with highest dcsorption 
temperature is expected to be most tightly 

bound. The resistance change in the range 
from e = 0.4 to 0.7 seems to occur by the 
adsorption of CO in the a-state. There is a 



slight change of the resistance at the final 
stage of CO adsorption whore the rn-st,atc 
is formed. The adsorbed CO in the yl-st,ate 
in the range of 0 > O.S. does not cause the 
rcsistancc change as shown in Fig. 4, 

TrZBLE 2 

Kinetic Dnt.s Obt:tiued from Desorption Spech 

Some kinetic dat,a of CO adsorbed on t,hc 
Ni surface arc: summarized in Tsblc %. 
The activation cnorgy for dcsorption, E, 
was calculated by assuming the first-order 
rate equation for t,hc CO dcsorption and 
using the analysis by Redhead (9). The 
pre-c~xponential factor in the rate equation 
is assumed to bc lo-l3 SW-~. The obtained 
values of E and the variaGon of E \vith t#he 
cowragc arch in agrctmcnt with t,hc results 
from the calorimcfric mcasurc~mwts of CO 
ndsoqAon (10, 11). When the pwssurc in 
t,hc measuring ccl1 at the adsorpt,ion stage 
incrcawd above 1 X 1O-5 Torr, the peak 
of the yl-state imwawd nhilc othw states 
\vcr(t not affcctc>d. Thw-efow, the yl-state 
cm bc identified as a physically ndsorbcd 
state. The ya-state wcms to be a chcm- 
isorbc~d state held weakly on t,hc surfaw, 
considttring the obscrvcd change of the 
rwistanw and the magnitude of E. The 
a- and @-stat,rs may b(k int8wprctcld as lincw 
and bridgcxd bond(\d CO ; thcl tn-o typ(1.s of 
binding stntc haw bwn propowd hy many 
authors and contirmcd by that rwcnt 
mrasurcmcnts of infrnwd qwctra and 
saturation magrwtization (12). Confirmn- 
tivo information may bc clxpwtcd from the 
mc>asurctmcnts of adsorbate binding cnergics 
by the t~cchnique such as UltmVicJlPt photo- 
c~mission sp&roscopy (13). 

st:ttc I~esorptiou 
pe:bk temp 

W) 

E Adsorbed 
(kd/ ,zInouIlt 

mole) (molecules/cm2) 

Yl SO 4 0.7 x 10’” 
YZ 130 !I 4 x 10’4 

; 
3.50 27 6 x 10’4 

750-770 50 1s x 10’4 

precursor state which a&s as a fecdcr for 
the more strongly bound adsorpGon state 
has been suggested by many authors (4,14). 
Dcgras (4) adopt’cd t’hc model in the. 
analysis of t,hc results obt,aincd from his 
study of CO adsorbed on Ni surface. 
Howcwr, the expcrimont,al evidnncc show- 
ing the cxistcncc of such a precursor state 
has not been rcportcd. 

The number of t’he chcmisorbcd states 
obscrwd by our mcasurcmcnts is diffcrcnt 
from Wcdlcr and Papp’s results (5). The 
discrepancy may be att,ributcd t(J the 
diffcrclncc of the> conditions of the film 

deposition and t,hc c#rct of residual gasc’s 
on thcb film. Tho c:xistc>nw of thrw stat,w on 
th(t single-cryst,allino Xi surface covcwd 
nit,h CO brlo\v room tcwpcraturcl has bwn 
rclportcld in \\orks using thcwnal dnsorpt8ion 
method (15). 

CONCLIJSION 

The prcwnce of the yl-stat,c: at low 

covcragc as shown in Fig. 3 indicates t,hat 

t,hc y&atc nil1 play thr rolt: of a precursor 
state. The results in Figs. 1 and 2 arc 

reasonably irncrprctcd by t,ha idea ; t8he 
cLxist8cncc of the yZ-stat80 at’ low tcn~pcra- 

t,urc c~xplains the facts that, QU < Qb, and 

that t,hc> adsorbrd amount, in yz-, cy-, and 
p-stat,w diff crs bctwcn proccsscs (a) and 
(h). Thr model that chcmisorpt~ion on a 

transition metal takrs place via a wak in s&c of its npparcnt sat,uration. 

Four st#atts are obscrvcd for the CO 
adsorpt.ion on the Ni surface at liquid 
nitrogen t’cmpwaturtx : The total amount, of 
adsorbed CO as ~11 as the population in 
t8hcl individual state dcpcnds on t,hc n-ay 

t,hat the CO has been introduced on tho 

surfaw [process (a) or (b)]. Thrw adsorbed 
statt>s (72, a, p) are idcnt’iticd to be chcm- 
isorbcd sMw and the other (rl) to bc 
physisorbt~d state. It is shown that thcrc 
remain many empt,y sites for the QI- and 

/?-states at, room t,cmpcraturc adsorption 
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The y&at#c is obnwwd to exist cvcn at 
an rarly stage of the CO adsorption at 
liquid nitrogw tcmpcraturc. It is concluded 
that the -y&atc may fulfill a role of a 
precursor for the LY- and p-states adsorption, 
the cxistcncc of which has been proposed by 
many invcstigat,ors. 
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