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AES and LEED Evidence for Dicarbon Fragments on Ni(ll0) 

Thr structuw of surface carbon int,clr- 
mcbdiatcbs is fundamwtal to th(l activity 
and select,ivit,jT of hydrogenation-tlehydro- 
gemttion ratalysis by transition met,&. Ad- 
sorpt’ion and decomposit,ion of hydrocarbons 
ncwwtrily involvos th(a formation of mc$:$- 
carbon bonds. Carbomwwjus strwturw 
(thaw dwoid of carbon-bound hydrogca) 
pwsumably wist, as OIIC of t\vo c~xtrcmc~ 

forms 011 mcltal surfacc~s : (i) isol:ttcJd carbon 
atoms with only carbowmctal bonds, and 
(ii) carbons charactwizcxd by strong carbon- 
carbon bonds wit#h wcxkw inttwctions 
\vlth t’hr mc%al. In th(h wtrcmc, th(a former 
can br considwcbd as :k surf:wk carbidtb 
ch(~mil:~yw, and thca I:tt,tcbr as :b graphite> 
wsitlw. In vicl\v of t,h(b low hats of forn1:l- 
tion of bulk carbidw of thr: (~roul) VIII 
Illc~t:Lls, it sums rcwon:iblo to sllp~~osc~ 

that, carbonxwus rcsiducs on thaw mrtals 
ma)- bc ch:tractc~rizc~d by st,rong carbon- 
carbon bonds wltltiw to th(l mctitl-carbon 
:~bsorption bonds. Using AES and LEED, 
w have studic>d surfaw carbon formc~d by 
thr adsorption and dwxmposition of cthyl- 
NW on Xi (110). As will b(a discussed b&\v, 
cawful AES intwrxity mcxsuwmc~nts of th(I 
carbon covwagcl follo\ving c%hyl(~nc~ w- 
posure at 600 Ii indic:ltcid 01w carbon atom 
was prcwnt pw nickcll surfaw atom. 
Howcvw, the tmo-dimclnsional unit ccl1 
observed by LEED containc>d t\vo nick(,l 
surfnw atoms and, th(wfow, t\\o carbon 
atoms. Th(w obwrvations suggclst t,hat 
th(l surfaw carbid(l chomilayw formcbd 
b(alo\v 600 Ii may wmain :wsociatt>d as 
adsorbed dicarbon spc>ciw. 

Ethyl(wb :ldsorption at room tcmpwaturc: 

produwd :l bro:td hydrogw flash dworpt,ioll 
peak with it masinlum r:lt(b at 375 Ii and a 
shouldw at, 450 Ii. All of the hgdrogw 
dworbcd b(aforct th(l sanlplo tcwqwr:~turc~ 
rwchrd 500 Ii. No :idditional hydrog;ca 
dworb(Id upon hwting from 500 to :Lbov(b 
700 Ii. Figurcl 1 shows th(h flash dworption 
of H, follo\ving CSHJ MlSOrptiOll at, 300 
(curvr 3) :mtl “50 I\ (curw b). Also 
includchd in Figuw 1 is the H, fl;bsh Iwak 
obstvvod following H2 :~dsorption at, 275 IC 
(curve c). As rqwrtc~d in the litoruturc~, t,hr 
wolution of Hz following room tcmpe’aturc 
C2HI adsorption showd pwks at 360 and 
400 Ii on Ni(ll1) (I) and at Xi5 and 390 I< 
or1 Si(100) (2), \vith all thcb H, d(wjrbing 
bt’lO\V 3% Ii \\ht>rl t>hc s:uq,1~~ \vils flashcy~ 
at’ :3 to S K/s. This :bgrcw \v(bll \vit,h OUI 

rrsul te 01-l x\‘i(I IO) and indicatw that 
cthylenc adsorbrd at, 500 Ii and abow 
immcdiatcbly doconlposw int)o bound carbon 
and gaswus Hz. 

The Auger spectrum of th(l Si(ll0) 
surface obwrwd following et~hylrrw d(l- 
composition b&w 600 II; NW characteristic 
carbidic carbon. The prcwncc of Augw 
pc~:~ks at 2.X and 249 trV in the firw structure: 
just, below th(b strong 27O+V carbon KVV 
Augw tr:LlisitiOli \\‘a~ charctwistic of :t 
mcltal carbid(l surf:hco layw (3). Won-cwt 
tht> similarity of the wwbidic AIB fine: 
structuw to that of oth(xr mc+ul carbidw 
cannot b(> used as widcwc~ that th(b C-C 
bond n-as brok(ln. It, is clwr that the car- 
bidic fine structure differs from thr carbon 
AES fine structure of graphite and impliw 
that’ n&al valrncc clcctrons arc involwd 
in th(l carbon Auger do-cwitation t,ransi- 
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FIG. 1. Hz flash desorption following C2Hl adsorp- 
tion at (a) 300 and (h) 250 K and (c) II, Adsorption 
at 275 K on Ni(ll0). 

tion. At 600 I< or below further ethylene 
exposure did not increase the carbon Augw 
signal strcngt,h. 

The carbide surface formed by cracking 
ethylene at 525 I< exhibit’ed a (2 X 1) 
LEED pattern. The half-order spacing in 
the [lo] direction, i.c., the close-packed 
direction in the real lattice, indicated that 
the surface structure was periodic along the 
(110) furrows with twice the substrate 
lattice spacing. The (2 X 1) spot,s were 
intense, and the cont8rast was good, sug- 
gesting that the (2 X 1) cnrbidc surface 
was well ordcwd, although t,hc pattern 
was not as sharp as the clean (1 X 1) 
pat’tern. Previously, Ert)l (4) reported 
(2 X 1) LEED patterns on Ni(ll0) follow- 
ing ethylene adsorption at room tcmpern- 
turc and heating to 550 I<. Pitkethly (5) 
also observed (2 X 1) patterns following 
acetylene adsorption and decomposition. 

Furthcrmorp, as observed previously, 
carbon deposited at t’cmperaturcs above 
650 I< formed a surface layer of graphite 
over the Ni (110) substrate. The basal plane 
of graphite was found to be parallel to the 
nickel surface. Based on the diamctcr of 
the LEED rings relative to the dimensions 
of the (1 X 1) LEED spots of nickel 
substrate, the calculated graphit,e lattice 
spacing was 2.48 f 0.06 A. This result was 
in good agreement with the results of 
Ertl (4) (2.6 f 0.07 A) and Pitkethly (:i) 
(2.46 A) and with the lut,tice dimension of 

crystalline graphit’c (2.4G A). Apparently, 
the carbon atoms formc>d bonds only within 
the grsphitc layer. This assumption seems 
reasonable since the AES fine &ructurc 
of the “graphite” ovcrluycr was in good 
agreement with published AES spectra of 
crystalline graphite (6). 

The chemical inact,ivity of the graphit)ic 
surface for further ct,hylenc decomposition, 
hydrogen adsorption (7), and dccomposi- 
tion of formic acid (8) indicated that the 
surface was blnnkct~cd by a layer of graphite. 
This graphite-“saturated” surface was 
typically produced by ZOO-Langmuir cthyl- 
cnc exposure at 700 TC, although the carbon 
AES peak-to-peak height did not incrcssc 
after 300-Langmuir exposure (?‘). Ap- 
parent’ly, ethylene rapidly dccomposcd 
unt#il the growing layer of carbon inhibited 
furt,hcr decomposition into multiple layers 
of elemental carbon. In comparison with 
the clcsn and carbide surfaces, no more than 
10% of this surface decomposed formic acid 
or adsorbed hydrogen. Based on this 
chemical widencc, we c~st~imat,c! t’hat the 
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Fro. 2. Carbon AES for satur:~led (2 X 1)-C 
Ni(ll0). (a) d&(E)/rlE, (I)) N(E). 
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FIG. 3. Carbon AES for sat’urated graphit,ic 
Ni(ll0). (it) dN(E)/dE, (h) N(E)/dE. 

carbon covcragc of the graphite-“satu- 
rated” surface was 3.6 f 0.2 X 1Ol5 atoms/ 
cm2. For comparison, the carbon density 
in the basal plane of graphite is 3.82 
atoms/cm2. 

The relative amount, of surface carbon 
in the graphite-saturated surface and the 
(2 X 1) carbide layer was estimated from 
the relative intensities of the 270~CV 
carbon AES peak on the two surfaces. The 
intensity of the Auger current is commonly 
taken to be proportional to the pcak-to- 
peak height of the derivative of the cncrgy 
distribution, dN(E)/dE. However, this 
procedure is quantitatively correct only if 
tho fine structure of the Auger peaks 
remains unchanged. The surface conccn- 
tration is actually proportional to the 
double integral of d;V((E’)/dE with respect 
to oncrgy (3). In order to calculate the 
relative carbon covrragcs, the baselines 
of the carbon dN(E)/dE Auger peaks were 
drawn so that a smooth secondary back- 
ground curve was crcatcd between 200 and 
320 cV, tangentially intcrccpting the AES 
spectra at thcsc points. Integration of the 

dh’ (Iq /tJl!: curV(’ after subtracting t,hc 
background yielded the S(R) carbon AES 
curves for th(b graphit,e and (2 X 1)-C 
structures. E’igures 2 and 3 show the 
dN (E),‘dIi’ and A’(E) curves for the 
(2 X 1)-C and graphitic surfaces, rcspcc- 
tively, after removing the curves dN(B)/dE 
baseline. For both iV(,Y) distribution curves, 
a step increase in baseline is present at 
about 10% of the maximum in lV(li:). The 
magnit’udc of tht: step incrcasc was very 
sonsitivc to the choice of dlZ:(E)/dE basc- 
line. Graphical integration under the N(E) 
curves, i.e., double integration under the 
original Auger spectra, provided total 
carbon Auger current with approximately 
&lo% accuracy due to uncertainty in the 
d:V(E)/dE baseline. The double integral 
value for graphitic carbon was 4.0 f 0.S 
times the double integral of the carbide 
Auger spectrum. The peak-to-peak height 
ratio was 2.5 f 0.5. The uncertainty was 
due primarily to the day-to-day reproduci- 
bility of the AES spectra of the saturated 
carbide and graphitic surfaces. Corrc- 
spondingly, the covcragc of the (2 X 1)-C 
and (4 X 5)-C structures was 9.4 f 2.5 
X lOI atoms/cm2, nearly a monolayer. 
This coverage was in apparent contradic- 
tion with the (2 X 1)-C LEED pattern. 
The unit cell of the two-dimensional 
lattice yielding the (2 X 1)-C pattorn 
corresponds to twice the [lo] Ni(ll0) (the 
close-packed) lattice spacing. Pit’kcthly (5) 
suggested that the (2 X 1)-C structure 
was formed by carbon atoms located in the 
(110) furrows with twice the Ni(ll0) 
close-packed spacing in the [lo] direction. 
This structure gives 5.67 X 1014 atoms/cm2 
or half-monolayer coverage for the carbide 
layer. 

Before continuing to a discussion of 
possible (2 X 1)-C structures with full 
monolayer carbon coverage, it is necessary 
to consider the possibility that some 
graphite patches were formed on the 
carbide-saturated surfaces. If only 10% 
of the sample surface area was covered by 
graphite and the remainder was covcrcd 
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by (2 X 1)-C with half-monolayer cowrngc 
den&y, the apparent carbon coverage 
would be 9 X 1014 atoms/cm*, as obscrvcd. 
Stable carbide layers with (4 X 5)-C LEED 
patterns (4, 5) were produwd at 57% 
600 I< (7, S), tcmpcraturcs some SO-75 I\ 
higher than rcquircd for formation of the 
(2 )( 1)-C layw. No diffcrcncc: in the final 
structure or Auger current of the carbon 
AES curves was observed for th(t (4 X 5)-C 
and (2 X 1)-C surfaces, despite the differ- 
ence in tcmpcrature of deposition. If 
graphite had, indeed, contributed 30-4Oa/, 
to the Auger current of the 325 I< (2 X 1)-C 
surface, then one might expect that the 
(4 X 5) carbide layers formed at GO Ii 
would be completely converted into the 
graphitic form. This was clearly not the 
case, although the formation of a small 
amount of graphite on the (4 X 5)-C sur- 
face at GO0 Ii cannot bc ruled out. We 
conclude that graphite formation did not 
contribute significant,ly to the calculstcd 
carbon coverage in the (2 X 1)-C structure. 

Since th(l (2 X 1)-C surface corrc~spondcd 
to full monolayc~r cowragc, the (2 X 1) 
Intticc nccossarily contained trio carbon 
atoms pc’r unit (2 X 1) ~11. Also, sirw the 
cthylcnc striking the surfaw ~vas com- 
plotctly dchydrogcnat’c>d during deposition, 
cit,hw adsorbtld CZ spwicks or dissociatc~d 
carbon atoms may have formed. Single 
carbon at,oms should prcbf(v those sitw 
whcrc t#hc most Ni-C bonds could bc 
fornwd. Figure 2 shows two lik(tly binding 
sitcxs for C atoms on the (110) surfaw. It 
should bc noted that’ carbon atoms in 
hexagonal close-pack(ld bulk NisC (10) 
arc lo&cd at, interstitial sites similar t,o the 
octahedral inh(Lrstitia1 positions in facc- 
ccntcwd cubic nickc.1. Full monolayw 
covcrage with C atmoms locatchd over the 
octahedral sit,w, the A sitw in Fig. 4, 
would have produced a (1 X 1) LEED 
pattwn, and if ovcry wcond A sit#c along 
the furrow was occupic>d by a single carbon 
atom, then the (2 X 1) carbide lnycr 
would show half-monolayer covcragc. I’os- 
sibly, carbon atoms wcr(’ alt~ornatcly bound 

Fro. 4. Proposed c&i& sites 011 Ni(llO). 

to tctrahcdral sitw, the B, and I& sites in 
Fig. 2. A (2 X 1) LEED pattern would 
t,hrn form a full monolayor covcragc. It 
swms equally likely, however, that the 
strong carbon-carbon bond remained un- 
broken during deposition, and a bridging 
CZ pair was adsorbed at (2 X 1) sites, as 
the dissociation energy of diatomic CZ is 
145 f 5 kcal/mol (11). 

The open (110) nickel surface can 
accommodat’e a double-bonded CZ pair. Two 
carbon atoms with an ordinary C-C bond 
length of 1.33 A, when plawd horizontally 
over B, and BZ sit.w, form IV-C bonds with 
a bond length of 1.67 Ei wh(kn the two 
carbon atoms ww plawd in t#hc plane of 
t#hc (110) lattice points. The 1.67 A bond 
length lies b~~twow 1.S A, t,hc Ki-C bond 
Icngth of Ni&, and 1..54 A, thr ordinary 
paraffinic C-C bond l(tngt,h. The (2 X 1) 
LEED patt,t>rn could bc produwd at full 
covcrngc~ if Cz pairs occupied cvctry othrr 
1~1 and 132 site. Rltc~rnatiwly, WV may 
visualize Cz adsorbing vertically ovw wc’ry 
ot#hcr A site (SK Fig. 4). Bonding in this 
configuration is similar to that c~xpcctcd 
for CO adsorption in a (2 X 1) structure 
on Ki(ll0) (12-14). Rwc~nt angular w- 
solwd UPS stud& on nickel (1:j-S-1S) and 
othw Group VIII transition mc%als (17-ao) 
have produwd strong cvid(~nw that, ad- 
sorbed carbon monoxidr is bonded wit,h 
the C-O axis pc~rpc~ndicular t,o t#h(l mc+d 
surface. 

Of the wwral UPS st.udicxs of c%hylwc* 
adsorption on nickel rcportod in t,hc lit,(bra- 
tuw, none has cxamincd t,hc transition from 
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chcmisorbed ethylene to a carbidic chcmi- 
layer. From a UPS study of et’hylcne and 
acctylenc adsorption on Ni (111)) Demuth 
and Eastman (21) concluded that chcmi- 
sorbed CzH4 was dehydrogenatcd above 
230 K into chemisorbed C2H2. The spectra 
of chemisorbed &Hz on Ni(ll1) apparently 
was stable to 470 K, above which further 
dchydrogenation was noted. Page et al. ($?a) 
have presented some evidence for the 
decomposition of chcmisorbed C2H, at 
high coverages on polycrystallinc nickel at 
room temperature. Page and Williams (,%3) 
have reported UPS results for ethylene 
decomposition on Ni(ll0) at 870 K. Ethyl- 
cne decomposed at this temperature into a 
carbonaceous structure with UPS snectra 
closely related to the UPS spectra of 
vacuum-cleaned pyrolytic graph&. 

Additional UPS studies of cthylone 
adsorption and decomposition on Ni (110) 
might confirm or disprove the existence of 
nondissociated Cz pairs. Surface carbon 
could bc deposited by decomposition of 
methane or by disproportionation of CO. 
One could compare the UPS spectra of 
“carbidic” layers formed by ethylene or 
acetylene and methane or CO t’o distinguish 
two forms of binding. A UPS sOudy by 
Plummer et al. (24) has shown that the 
C-C bond of chemisorbcd ethylenc rc- 
mained unbroken at 600 K on W (1 lo), 
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