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Surface composition and structure of Co  ;0,(110) and the effect
of impurity segregation

S. C. Petitto and M. A. Langell®
Department of Chemistry, University of Nebraska, Lincoln, Nebraska 68588-0304

(Received 8 October 2003; accepted 26 April 2004; published 22 July) 2004

The C@0,4(110) single crystal surface has been characterized by low energy electron diffraction
(LEED), Auger electron spectroscopy, and x-ray photoelectron spectros¥®8. LEED analysis

of the clean CgO,(110) spinel surface shows a well-ordered pattern with sharp diffraction features.
The XPS spectra are consistent with stoichiometrig@cas determined by the concentration ratio

of oxygen to cobaltCo/Cco) and spectral peak shape. In particular, the cobalXPS spectra are
characteristic of the spinel structure with Cooccupying octahedral sites and Coin tetrahedral

sites within the lattice. During prolonged heating at 630 K, bulk impurities of K, Ca, Na, and Cu
segregated to the surface. Sodium desorbed from the surface as NaOH at 825 K, potassium and
calcium were only removed by sputtering since no desorption from the surface was detected for
temperatures up to 1000 K. Copper also disappeared upon heating above 700 K, most likely by
desorbing although the possibility of diffusion back into the bulk could not be eliminated. The
appearance of copper impurities correlated withb@@110) surface reduction to CoO, and the
surface could not be fully reoxidized even upon extended oxygen annealing as long as the copper
impurity remained on the surface. Upon removal of the Cu from the near-surface region, the surface
was easily reoxidized to GO, by O,. © 2004 American Vacuum Society.

[DOI: 10.1116/1.1763899

I. INTRODUCTION of 8.084 A(Ref. 12 and 56 atoms in the unit cell. Thirty-two
O?” anions are packed in the face-centered-cfic) lat-
etice structure with 16 of the octahedral sites occupied by
Co** cations and 8 of the tetrahedral sites occupied b§"Co
cations®® Co;0, single crystals generally form in a truncated
octahedron morphology with naturally occurrifgl0) and

Transition metal oxides play an important role in a variety
of technological applications and heterogeneous process
Industrially, a cobalt oxide spinel, GO,, is used at room
temperature for ethene hydrogenati@amd oxidation of car-

bon monoxide:* Co;0, is also used in low temperature 314 ; .
catalytic converters in fuel-efficient enginess solid state (11D crystal faces:* The CoO rocksalt structure is easily

gas sensors for carbon monoxide and hydrogen ga£lated to that of the G, spinel. The CoO lattice is also
monitoring® and as a coating in fuel celfsOne characteris- 1€ IN ?2 » but has all its octahedral cations sites occupied
tic that makes Cg0, ideal for usage in these extreme envi- &Y CO*" and no occupied tetrahedral sites. The most stable
ronments is its excellent anticorrosion properfids:-depth ~ ocksalt surface is CoQ@00). CoO is a charge-transfer insu-
understanding of metal—oxide surface structure and reactiJator with a band gap of 6 eV, while Co;0,, which tends to

ity is crucial to continued development of the technologicalP® & P-type semiconductor by nature, has a band gap of

6
performance and efficiency of §0,-based materials appli- about 2.2 eV: _ - o _
cations. The surface chemical composition of the stoichiometric

Cobalt-containing mixed-metal oxide spinels have alsoSPinel has been previously studied using x-ray photoelectron
been studied for their ability to tailor the chemical and physi-SPeCtroscopyXPS). Characteristic of the G®, spinel sur-
cal properties of a substrate. As with £, Cu,Cos_,0, face is a set of sharp Cqp2peaks at 779.8 and 795.7 eV with
has high catalytic activity towards CO oxidation in engine@ broad satellite structure located about 9 eV higher in bind-
exhausts. The GCo;_ O, catalysis is less susceptible to ing energy®*>*"~*}han the main peaks. The satellite struc-
catalytic poisoning by SOthan CgO4;8'9 therefore, adding ture is very weak in intensity in comparison to that of Cbo,
copper to the CgD, spinel structure increases the lifetime whose very intense satellite features are commonly used to
and productivity of the catalyst. Other transition metals haveédentify cobalt-containing oxides as the rocksalt monoxide.
been used to alter GO, properties as well. For example, The cobalt » spectrum obtained for the stoichiometric
oxygen electrodes and cathodic materials have been fabr0;04(110) crystal is consistent with €6 cations occupy-
cated with MgCos_,0, for its electrocatalyic propertiéd, ing octahedral sites and €0 cations in tetrahedral sites
and NiCgO, has interesting magnetic and ferromagneticwithin the fcc G~ sublattice*®*"~19-24-26
properties, along with electrochemical properties for oxygen We present here a study of stoichiometric;Og(110)
evolution electroded: and Cu impurity segregated §0,(110) surfaces. Thel10)

Co;0, has a cubic spinel structure with a lattice constantsurface structure and chemical compositions were investi-

gated using Auger electron spectroscdgS), XPS, and

dCorresponding author; electronic mail: mlangell@unlserve.unl.edu low energy electron diffractiofLEED). Some alkali, cal-

1690 J. Vac. Sci. Technol. A 22 (4), Jul/Aug 2004  0734-2101/2004/22(4)/1690/7/$19.00 = ©2004 American Vacuum Society 1690



1691 S. C. Petitto and M. A. Langell: Surface composition and structure of Co 30,4(110) 1691

cium, and copper impurities were observed to segregate from The C@O,(110) LEED patterns were obtained using
the bulk upon prolonged heating, and the presence of coppevacuum Generator 8011 rear view four grid LEED optics
in particular, affected the chemical composition of the sur-with primary beam energies of 30—150 eV. The diffraction
face. The Cg0O,(110)—Cu surface is reduced to a CoO-like patterns were recorded and analyzed usEZp00 SMARTOOL
composition and cannot be fully reoxidized as long as coppesoftware.
remains on the surface. The £ LEED pattern is repre- XPS data were taken using both Mg and ik photon
sentative of a cubi€110) surfacé’ with increasing complex- sources iv=1253.6 and 1486.6 eV, respectivelysing ad
ity at higher incident energies as fractional-ordered spot94-548 dual anode x-ray source controlled bypab0-096
come into and out of focus. The Cu-segregated, reduced sux-ray source control/supply. Th& 15-255G DPCMA was
face LEED pattern shows a different surface structure thamlso used to obtain XPS data with a 25 eV pass energy. The
that of the clean, stoichiometric g0,(110) surface. binding energies were calibrated to the;Og lattice O 1s
peak at 529.6 eV to compensate for any charging effects. All
XPS data were analyzed after the removal of a Shirley
Il. EXPERIMENT backgr_ouna9 and _fitted with a minimun;nO number of
Gaussian—Lorentzian peaks USKXRSPEAK 4.1
The CgO, single crystal sample was grown from a mo-
lybdenum electrolytic flux with naturally occurrifg10 and IIl. RESULTS
(112) faces?®® A single crystal with an approximately 3 mm The as-introduced AES spectrum indicates several surface
X3 mm (110 sample face was held in place using a wrapcontaminants, the most common being potassium, carbon,
constructed out of 0.025 mm thick gold faiAlfa Aesar, and calcium. These contaminants are estimated to be in sub-
99.95%, with care taken not to obscure the crystal face. Twomonoloayer coverage based on their Auger intensities and
tantalum wires,(0.25 mm diameter, Alfa Aesar, 99:3%),  can be removed by Ar sputtering. Compositional informa-
were wound around the wrapped sample, and the sample w&gn is also obtained from XPS data. The relative surface
suspended between two heating posts by the heating wiregoncentration of oxygen to cobalt can be estimated using
The manipulator had provisions for resistive heating throughintegrated XPS intensity value$;Y and the appropriate sen-
the Ta wires and cooling with a liquid-nitrogen cryostat oversitivity factors (S) with Sc,/Sp="5.43%"%? The calculated
a temperature range of 100—1000 K. The temperature wagPncentration ratio of oxygen to cobalt§/Cc,),
measured with a Chromel-Alumel thermocouple spot ~ lo/So
welded to the gold foil at the back of the sample. -0 ,
XPS spectra of several compounds with well-defined sur- Ceo TeolSco
faces are given as reference in Cp ghotoemission charac- is 1.28+0.15, also in agreement with the stoichiometric
terization. Preparation and characterization of these surfaceatio'”-*3to within error.
have been reported previously. Briefly, the CoO single crys- A comparison of cobalt g regions for several cobalt ox-
tal was obtained from Atomeric Chemetals Corp. and wasdes is shown in Fig. 1. G®, in its various forms of prepa-
grown by the flame fusion method. The crystal surface wasation and Cd"-containing NiCgO, have binding energies
cleaved, polished, and oriented along t#90 plane to at 779.8 and 7957 eV for ®, and 2y,
within 0.5° using back Laue diffraction and characterized byrespectively’®1116-2022-24200 2p binding energies are
a number of surface-sensitive techniqt€g® Thin films of  higher, 780.5 and 796.6 e\1517-2\eak 2 satellite fea-
Co;0, were grown on the CoQ@O00 single crystal by an- tures for the spinels are found at 788.8 and 804.2
nealing under @ (610 ° Pa) at 625 K for several hours. eV28-1117-2022-2426\ith  gjgnificantly reduced intensity
Details of this procedure and subsequent characterization @ompared to the intense CoO satellites, which are found at
the surface quality can be found in Refs. 17—19. Nickel codower binding energies of 785.5 and 802.1 #¥'~?°The
balite (NiCg0,), was prepared by standard sol-gel meth-weak satellite structures of @0, and NiCgO, are charac-
ods, described in Ref. 11, along with characterization of itseristic of spinel structures in which*3cations occupy oc-
surface by AES and XPS. tahedral lattice sites with diamagnetic, filleg, and empty
After the CqO, single crystal was introduced into ultra- e levels, and 2 cations are in tetrahedral sit€%s.’1924-2
high vacuum (UHV) (base pressure~3x10 8 Pa), the CoO 2' cations are high spid® in octahedral lattice sites
sample was cleaned using repeated cycles of #puttering  and the intense satellite structure has been proposed to result
(4x10 3 Pa Ar", 2.3uA/cm?) for 30 min at 300 K, fol- from the charge-transfer band structure found in lateran-
lowed by annealing under (1.3x10°° Pa) for 20 min at siton metal monoxides with partially filled €y
630 K, and annealing under UHV for 10 min at 630 K. The charactef>16:25:33-35
UHV anneal removes any excess surface oxygen from the The unpaired nature of the half-filleg) band of the Cco"
previous Q anneal. The cleanliness and stoichiometry of thecation in CoO results in strong electron correlation and sub-
sample were determined by AES. AES spectra were obtainestantial broadening of the cobalpanain peaks due to many
using a Physical Electroniqs®p) 15—-255 G double-pass cy- closely lying 3 final states in photoemission. In contrast,
lindrical mirror analyzer(DPCMA) with a 2 kV primary  the low-spin, diamagnetic nature of the Cooctahedral cat-
electron beam. The sample was considered clean when coion and the weaker crystal field effect of tetrahedral coordi-
taminants were below the level of AES detection. nation for the C&" cation result in similar photoemission

@
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Fic. 1. Comparison of Co R XPS spectra of cobalt oxides with varying E
cobalt chemical environments: CoO single crysRéf. 17, Co,0, single @
crystal cleaved in UH\Ref. 11), Co,0, thin film (Ref. 17, and NiCgO, §
(Ref. 11). Only CA* in octahedral sites shows a significant satellite struc- =
ture.

536 534 5;’12 5;30 5I28 556 5I24 522
binding energies and a sharpep peak for the spinel, de- (b) Binding Energy
spite the existence of two different cobalt oxidation states in
this material. Thus the satellite structures, not absoluté&'s: 2- Oxygen 5 XPS spectra ofa) C0;0,(110) and(b) C0;0,(110)-Cu
2p 2/2p binding energies are better able to distinguish |tt<_9d W|t_h a Shirley bgcl_<ground and two Lorentzian—Gaussain peaks ac-

3/ 12 ’ @ ; > quired with MgK « radiation.
between rocksalt CoO and cobalt-containing spinels with oc-
tahedrally coordinated G6.

The O 1s region for the clean, stoichiometric g0,(110)  be attributed to the lower binding energy shoulder of the Co
single crystal is shown in Fig.(8). The main oxygen peak Auger (L,M V) transition®®
due to lattice @ is set to 529.6 eV, as has been previously LEED patterns for Cg0,(110) were obtained with inci-
found for CoOR17-2136 Cq,0,,31017-1922233350 the  dent energies of 36—147 e¥ig. 3 and yield a well-ordered
spinels; CyCo;_,0,,% Mn,Co;_,0,,° and NiCgO,.'3"  rectangular lattice representative of a culicl0) spinel
There is a second peak at higher binding energy, 531.1 eV aurface’’ No sample charging was experienced over this en-
10%-15% intensity of the main peak. The 531.1 eV bindingergy range. The crystal structure of £ is a nonprimitive
energy is comparable to that reported for surfaceunitcell with 56 atoms with a complicated diffraction pattern
hydroxyls®810:26:38-40 nder-coordinated lattice oxygens in which multiple sets of diffraction features come into and
(07),20%138chemisorbed oxygett, and inaccuracies in the out of focus as the primary beam energy is varied. There are
peak fitting due to the inability to reproduce the exact peakwo possible unreconstructed surface terminations for the
shape and/or secondary electron background.sOpdaks (110 surface, type A and type BFig. 3. The clean
with comparable binding energy have also been observed 06io;0,(110) LEED diffraction patterns are representative of
C030, thin films~19223%0n Cq,0, powder surface$*?  type A surface terminatiof?
and in a CgO, single crystal cleaved in UH¥ While it is After repeated cleaning cycles of annealing at 630 K un-
not possible to rule out defects or low levels of hydroxyla-der UHV, bulk impurities of K, Ca, Na, and Cu segregated to
tion, the O & peak at 531.1 eV is probably at least partially the surfacgFig. 4(b)]. The Auger peak intensities indicate
attributable to the intrinsic O 4 peak structure, which is the impurities to be present in submonolayer coverage with a
imperfectly reproduced in the peak fitting procedure. Onemaximum concentration of 1 K atom and 3 Ca atoms per 10
indication of this in the present set of spectra is the broadnegSo atoms if all the impurity atoms were present as an over-
of the peak [full width at half maximum (FWHM) layer on top of a CgO, selvedge. There are no detectable Na
=2.0eV] compared to the lattice peak (FWHM.2 eV). peaks in the Auger spectrum because sodium is extremely
The very weak feature observed at 535.5 eV in Fig) 2an  susceptible to electron stimulation desorption under the con-

J. Vac. Sci. Technol. A, Vol. 22, No. 4, Jul /Aug 2004
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Fic. 3. Schematics of type A and type ®10 spinel surface termination —_— : . . .
(Ref. 43. LEED diffraction patterns of stoichiometric g0,(110) at inci- 820 810 800 790 780 770
dent electron beam energies, 36—147 eV. The sharp diffraction features are Binding Energy (eV)

representative of §110) surface with a type A packing structure.
Fic. 5. Comparison of Co @ XPS spectra of cobalt oxides with €oand
C&*  chemical environments: CoO single crysta(Ref. 17,
ditions used in Auger analysis. However, a weak soditan 1 C0;0,(110)-Cu reduced surface, £2,(110)—Cu reduced surface reoxi-
photoemission peak was seen in the XPS at 1072.4 eV, refized and CgO,(110) single crystal.
resentative of NgO,? and sodium was found to desorb from
the surface as NaOH over a broad temperature range with a
maximum at 850 K when heated at 15 K/s. The hydrogen irPe€ak intensity did not increase in intensity. Note that the
the desorbing NaOH presumably originates from background/kali and calcium impurities were present to varying extents
H, or H,0. In attempts to increase Na desorption, the surduring copper segregation experiments. It was possible to
face was treated with 4 which had no effect on the Obtain alkali and calcium impurities when copper was not

amount or rate of sodium desorption, and the 531.1 e\sO 1 Present and it was also possible to detect copper with little or
no alkali and calcium. The changes described below were

only detected when copper was present and did not correlate
with alkali or calcium impurity segregation.

The cobalt 2 XPS spectrum of the G®,(110)—Cu sur-
face changes substantially as the surface is reduced. Peak
Mw.——AlU (d) shapes and intensity indicated a CoO-like surface with a in-

' tense satellite structure in thep2spectrum(Fig. 5). From
K XPS, the calculated oxygen to cobalt concentration ratio for
this copper segregated surface was found toCRgCc,
/"-/AJ © =0.94+0.15. The Co p peaks were observed at 779.2 and
795.2 eV, within error of the binding energies reported for
the spinel CgO, surface. The Rs, peak of the reduced
surface broadens toward the higher binding energy side,
characteristic of metal monoxide CoO, a highly electron cor-
(b) related system with three unpairedl &lectrons. Simulta-
neously, the Co @ satellites shift toward lower binding en-
Pt AV ergies, by about 3 eV, to 785.5 and 802.1 eV. The
Ar Ca Cu photoemission spectra of the Oslregion of the
C0;0,4(110)—-Cu surface also show a small second peak at
(@) 531.1 eV with the same peak intensity relative to the lattice
\1/ peak [Fig. 2b)] as is found for the clean
Co C030,(110) 1117-19441aple | summarizes the photoemission
T T o T — peak binding energies.
0 200 400 600 800 1000 1200 LEED patterns for the reduced ¢0,(110)—Cu surface
Kinetic Energy (eV) were obtained over an incident energy range of 60—150 eV
Fio. 4. AES spectra of(@ stoichiometric CgO,(110) (b) “dirty” and a representative pattern at 128 eV is shown in Fig. 6. The

C0,0,4(110)—Cu, (0) “clean” C030,(110)—Cu, andd) Co,0,(110)—Cu  COPPer segregated pattern is hexagonal and is not easily re-
after heating from 300 to 900 K. lated to the underlying rectangular type A clean surface

dN(E)/dE
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TaBLE |. XPS binding energiesin eV) of stoichiometric Cg0,(110), Ca0,4(110)—Cu, Co@L00 single
crystal, and CgO, thin film grown on Co®@100) single crystal.

Co 23 Co 2pgp, satellite  Co 2y,  Co 2y, satellite O1ls
Sample (eV) (eV) (eV) (eV) (eV)
C030,4(100) 779.8 788.8 795.7 804.2 529.6, 531.1
C0304(110)—Cu 779.2 785.5 795.2 802.1 529.6, 531.1
CoQ(100? 780.5 787.1 796.4 803.0 529.4
Co30, thin flmon  779.6, 780.5 787.9 796.2 803.8 529.4, 531.2

CoQ(100)°

aXPS values are set to Gbinding energy of 529.4 eVafter Ref. 20.
PReference 17.

C0;0,(110) LEED pattern. The copper segregated patteryond that of Cu [Fig. 4(c)]. For this “clean”
also shows some indication of charging effects and is not a§0304(110)—Cu surface, the copper saturated at a concen-
well developed as that of the clean ) substrate, indicat- tration of 7 Cu atoms to 10 Co atoms if it is assumed that the
ing a less well ordered overlayer. This diffraction pattern wascopper atoms are homogeneously distributed in the selvedge.
only observed when copper was detected on the surface, and
was not present on clean or sodium, potassium, and/or ca'IV DISCUSSION
cium contaminated G®,(110) surfaces. For G@,(110) Clean and impurity segregated £¥,(110) surfaces were
with Na, Ca, and K impurities segregated onto the surfacestudied using AES, XPS, and LEED, where the clean
but no Cu, the LEED pattern resembles that of the stoichioC0;04(110) data are consistent with the spinel structure and
metric spinel Cg0,(110) surface of type A surface termina- composition, and the G®,(110)—Cu data correspond to a
tion. The surface may indicate stabilization of the type BCoO-like environment. The OsLXPS spectra of both sur-
spinel surface termination, or may result from copper oxidefaces have been fitted with two oxygen peaks: lattice oxygen,
or a mix of copper—cobalt oxide composition. Extensiveset at a binding energy of 529.6 eV for calibration purposes,
LEED analysis of this structure is underway and will be re-and a second higher binding energy peak at 531.1 eV. The
ported elsewhere. latter, which is never more than 10%—-15% of the lattice peak

The segregated copper can be removed by heating thstensity, is believed to be largely intrinsic to the G 1
sample to=700 K. An AES spectrum after heating the Co;0, peak shape, a steady state low concentration of oxy-
C0;0,(110)—Cu surface to 900 K is shown in Figd#and  gen defect¥ or a terminal oxygen layéFr, although the pos-
for this surface the copper peaks are below the limit of desibility of very low concentrations of surface hydroxyls is
tection. It is now possible to totally reoxidize the substrate todifficult to completely eliminate for any air exposed oxide
C0;0,(110) as the XPSFig. 5, LEED, and AES are again sample. However, the extensive sputtering and extended high
in agreement with the clean stoichiometric spinel;Gg. temperature anneals for the £ (110) single crystal sub-
Although alkali and calcium were often detected on coppestrate make detectible levels of surface hydroxyls unlikely. A
segregated G®,(110) it was possible to obtain Cu- similar structure attributed to defects and/or adsorbed oxygen
segregated G®, that showed no detectable impurities be- has been observed in ¢, thin films that did not show
hydroxylation by high resolution electron energy loss spec-
troscopy(HREELS,'"*° Co,0, powder surfaces that were
thermally treated to remove hydroxy#$and UHV-cleaved
C0;0, single crystal surfaceg.Not only did the intensity of
the peak not diminish after prolonged sputtering and high
temperature anneals to 1000 K, but attempts to observe water
or other hydroxylated desorption products with a quadrupole
mass spectrometer by thermal desorption methods detected
no such desorbing species.

Upon annealing to 630 K through repeated cleaning
cycles under UHV, copper segregates to the@osurface
over the course of several hours and saturates at 0.7 Cu at-

‘\/ oms per Co substrate cation after approximately 20 h. The
<001> appearance of the copper impurity on the;Og(110) sur-
<110> face coincides with reduction of the cobalt oxide substrate
and the formation of a CoO-like selvedge. The Qo 2PS
1 28 eV data show a satellite structure that is characteristic of a CoO-

Fic. 6. Diffraction pattern of the G@®,(110)—Cu overlayer at 128 eV in- like environment, and the oxygen to cobalt atomic concen-
cident energy. A new, although poorly developed, hexagonal structure ha§ation decreases from 1.28 to 0:90.15 as measured by
appeared and much of the £&,(110) pattern is obscured. XPS. As long as copper remains on the surface, the substrate

J. Vac. Sci. Technol. A, Vol. 22, No. 4, Jul /Aug 2004
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is pinned to the metal monoxide concentration and cannot bgnd XPS spectra are consistent with a stoichiometrigdzo
fully reoxidized until the copper is eliminated. When the spinel surface. The cobaltp2XP spectra have characteristic
substrate is heated t8 700 K, copper is removed from the broadened, very weak satellites located at higher binding en-
near-surface region by either desorption or diffusion backergies to the main peaks. LEED analysis of;0g(110)
into the bulk, and the substrate is easily reoxidized tg@0 showed a well-ordered pattern with sharp diffraction fea-
stoichiometry. tures. Upon annealing, Ca, K, Na, and Cu impurities segre-

Phase equilibria studies by electromotive forl@&WF)  gated to the surface. The presence of copper was shown to
measurements have shown that the Co—Cu—0O system forngsrrelate with reduction of the spinel surface to a CoO-like
thermodynamically stable Gu,CoO rocksalt solid solu- environment. The C®,(110) substrate could not be fully
tions over the range of 1200—-1350"KWhile the range of  reoxidized until all detectable copper had been removed
temperature is somewhat more harsh than the anneal teftom the surface.
perature of 630 K used here, the electrochemical studies im-
ply the formation of a mixed-metal rocksalt oxide to be plau-
sible on the Cg0,4(110) substrate, particularly when the low ACKNOWLEDGMENTS
partial pressure of oxygen (2QAL0 ° Pa) is taken into ac- The authors gratefully acknowledge support from NSF
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