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Photoelectron Spectroscopy of Polycrystalline Platinum Catalysts

Zoltan Paal,*t Robert Schlogl and Gerhard Ertl

Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, D-1000 Berlin 33, Germany

Pt black catalysts have been characterized by X-ray photoelectron spectroscopy (XPS) and ultraviolet photoelec-
tron spectroscopy (UPS). The spectra measured after standard purification (O, and H, at 600 K) compared well
with those of a purified reference Pt foil. All samples exhibited pronounced Fermi-edge intensities in UPS
although only 60-70% Pt was detected on their surfaces by XPS, the remainder being C and O. Line analysis of
the C 1s XPS, region showed the presence of partly oxidized graphite and hydrocarbon polymer, likely in
three-dimensional islands. OH/H,O species attached to the metallic Pt sites were detected by UPS bands, in
agreement with O 1s XPS line analysis. Similar spectral features are recorded at 600 K. Carbon could not be
removed entirely by O, up to 850 K; hydrogen did not remove surface oxygen even up to 750 K. UPS features of
C on Pt used in hydrocarbon reactions were similar to those reported for amorphous hydrogenated carbon
overlayers. Consequences of the present findings for the catalytic properties of Pt in n-hexane reactions and the

quantification of H,~0, titration are discussed briefly.

Surface spectroscopic methods for catalyst characterization’
give information on the nature of the entire surface rather
than on individual active sites. Well defined electronic states
can be distinguished on homogeneous surfaces (e.g. single
crystals and their adsorbed overlayers?). These systems are,
as a rule, far from actual catalyst systems where one meets
surfaces exposed to reactants at higher pressures and at ele-
vated temperatures. The electron spectroscopic studies of real
catalysts reported here represent another attempt to bridge
the gap between surface science and catalysis.?

Platinum catalyses skeletal hydrocarbon reactions either in
dispersed form* or as single crystals.>® Unsupported plati-
num black exhibited catalytic selectivities analogous to single
crystals under similar conditions.” This catalyst offers the
possibility of obtaining related information on catalytic and
surface properties.

The morphology and surface properties of Pt black have
been studied by electron microscopy (EM),®° XPS!® and
SIMS.!! Carbon and oxygen impurities were detected by
XPS together with Pt after lengthy storage of the catalyst in
air.’® The position of Pt 4f peaks did not indicate species
other than Pt° although their asymmetry pointed to the pres-
ence of chemically bound moieties. Hydrogen treatment at
room temperature removed some of these and reduced the
surface Pt considerably.

The optimum procedure for combining surface chemical
and catalytic investigations would be to use an in situ set-up
to carry out catalytic reactions and previous/subsequent
surface spectroscopy without exposure to the atmosphere.>*®
The present study applies the ‘next best’ solution, i.e. the
catalysts were introduced into the UHV system and there-
after they were treated in a preparation chamber without
contact with air. The aim was: (1) to probe the possibilities of
XPS and also UPS for the surface characterization of a poly-
crystalline, not sputter-cleaned metal powder in various
states; (2) to simulate the purification (‘regeneration’) pro-
cesses used in catalysis and thus characterize the state of the
catalyst at its moment of contact with the reactant; (3) to
compare the catalyst surfaces prior to and after chemical
purification with that of a Pt foil purified mainly by chemical
methods representing a chemically ‘realistic’ and practically
useful reference state containing minor O and C impurities.

t Present address: Institute of Isotopes of the Hungarian Academy
of Sciences Budapest, P.O.B. 77, H-1525 Hungary.

Most literature UPS data are related to adlayers formed at
low exposures at clean surfaces. In such studies well defined
patterns originating from molecular orbitals are obtained
which can be rationalized by comparison with gas-phase
UPS data. This approach is difficult in the present case since
a variety of materials with different electrical conductivity
creates a complex spectrum superimposed on a structured
background of secondary electrons from the insulating parts
of the surface. Besides the near-Fermi edge features charac-
terizing the metallic part of the complex surface only rather
general information about the adlayers are possible. They
complement well, however, a line profile analysis carried out
with selected C 1s and O 1s XPS signals. This method sup-
plied valuable information on Pd black catalysts.'2:!3

Experimental
Sample Preparation and Pretreatment

Pt black catalysts were prepared by reduction of H,PtCl, in
aqueous solution. One sample was reduced by HCHO in the
presence of KOH®1? and pre-sintered in hydrogen at 473
and 633 K, respectively® (Pt-HCHO-473 and Pt-HCHO-633).
Another Pt sample was reduced without the use of K, by
boiling hydrazine (Pt-N). All samples were stored for several
months in air; some were used as catalysts in hydrocarbon
reactions. A Pt foil of nominal purity 99.99% was used as a
reference. This was cleaned in situ by repeated Ar* ion bom-
bardment and oxidation at 720 K. In the final purification
stages, oxidation was followed also by hydrogen treatment.
After repeating the cycle several times, segregation of impur-
ities (mainly C) from the bulk completely ceased. The fine
grain structure with its boundary impurities was the final lim-
iting factor, prohibiting perfect cleaning.

The standard purification of Pt blacks consisted of contact
with 26 mbar O, for 3 min followed by a 5 min evacuation
and 263 mbar H, for 10 min at 603 K in the preparation
chamber. This procedure was analogous to that used between
runs of hydrocarbon reactions.”"®

Apparatus

The UHYV system consisted of two consecutive preparation
chambers with an individual pumping system allowing trans-
fer of samples rapidly into UHV without contamination after
gas treatments at pressures up to 1 bar. Powder samples of
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ca. 10 mg were placed into the cavity of a pre-cleaned boat of
stainless steel. This was fixed to a manipulator rod SRT-11
which permitted one-dimensional motion from atmosphere
through two antechambers to the UHV vessel. The sample
section of this rod could be temperature controlled from 75
to 1000 K. The temperature was measured within the rod, ca.
3 mm below the centre of the sample by a thermocouple.!* A
mass spectrometer allowed monitoring of the purity of the
gases used (nominal purity, 99.9996%).

The analysis chamber was equipped with a Leybold EA-12
analyser and sources for XPS, UPS, AES and ISS. The angle
of incidence was 30°, the entrance slit of the analyser was
parallel to the sample surface. The base pressure was
8 x 107! mbar. With a sample under analysis, the pressure
was ca. 107° mbar with a large fraction of the residual gas
being H, .

Procedure

XPS measurements were carried out using Mg-Ko excitation
(1253.6 eV) with the analyser in the pass energy mode
(PE = 50 eV). The retard ratio mode (RR = 4) was used for
survey spectra. The energy scale was calibrated to Au 4f,, =
84.0 eV. A Leybold DS-100 software system was used for
spectrum processing (smoothing, background subtraction
and integration as well as for curve fitting).’3'> A Shirley-
type background was assumed except for minor components
(K < 1%) where a linear background seemed more adequate.
UP spectra were taken with He I (21.2 ¢V) and He II (40.8
eV) excitation with pass energies of 4 eV and 20 eV, respec-
tively. The DS-100 software allows calculation of difference
spectra without or with intensity normalization.

Processing and Assignment of XP Spectra

Individual components were fitted to the smoothed O 1s and
C 1s lines. A mixture of Lorentzian and Gaussian curves'*
(1:5) was used, with fixed FWHM values and a predeter-
mined number of peaks. Peak positions and intensities
remained variable parameters to be found by the program
itself. Such a fitting process has always some arbitrary char-
acter, since a solution with physico-chemical meaning is
expected as a result of a pure mathematical procedure which
may result from more than one best fit within the acceptable
limit of error. Several dozen samples were fitted with various
initial parameters and the ‘self-consistency approach’ was
used to find most likely and also chemically meaningful peak
assignments. The binding energy (E,) values of the resulting
peak positions are satisfactorily reproducible for different
samples. It is sometimes difficult to find small peaks in the
direct vicinity of large contributions.!® Therefore, peak E,
positions were also fixed for small PtO and PtC peaks. The
computer program indicated ‘no physical reality’, for
those peaks when they were really absent.

Selected literature E, values for oxygenates, sorbed
species! 6722 or polymer films,?3-2* are shown in Table 1. For
C 1s, results obtained on graphite samples,*>+25-2% hydrocar-
bons sorbed on metals,>” amorphous hydrogenated carbon
overlayers (a-C : H)!%282% and polymer films [polyimides,
poly(vinyl alcohol)?3-24-3%] as well as coke on a Zr phosphate
catalyst®! can be used as reference (Table 2). Single-bonded
oxygen atoms (like C—O—H, C—0O—C) cause a chemical
shift relative to graphite of ca. 1.5 eV while bands arising
from double bonds (like C=0) are shifted 3-3.5 eV towards
higher E, values.?>?¢ The C 1s peak of oxidized carbon
samples, showed also a characteristic increase in FWHM
values.?®
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Table 1 E, values of O 1s peak of surface oxygen in various chemi-
cal states

species E /eV ref.
subsurface O/Pt 530 17
PtO 530.2 19
O on K-doped Pt 5309 20
PiOH 531.5+ 05 19
O atoms on Pt (or SiO,) 531.6 17
CO/Py111) + K 5313 21
CO/Py(111) 531.0 (bridged) 21
532.7 (on-top) 21,22
H,0O/Pt 532.2 to 532.9¢ 20
H,0/O(ads)/Pt(111) 532.3 18
carbonyl CO 5320 23
adsorbed O on Pt 533 22, 34
SiO, islands on Pt foil 533.1 17
C—O—H 5334 24
C—0—C 533.6 23

“ Shifting to higher E, values with increasing water coverages.

We used an FWHM of 1.8 (or, for PtO, 1.7) eV?* for fitting
individual components to the O 1s and an FWHM of 1.3 eV
for C 1s curve fitting, both following thin polymer film
data.?*

The Pt 4f line is a doublet with an inherent, pronounced
asymmetry towards the higher E, side arising from final-state
effects.3? Pt oxides have higher E, values than the pure metal
(with counter claims as far as their nature and exact E, values
are concerned'®33-34) Onsetting oxidation appears first as an
increased asymmetry towards higher E,.'?-3*3* This asym-
metric tail has been even entirely attributed to Pt interacting
with adsorbed O.** Another approach®* resolved the asym-
metric peak of metallic Pt into a main and satellite com-
ponent. Upon electrochemical oxidation, other tail peaks
appeared, due to Pt?2* and Pt**. The area of the main peak
relative to the sum of these ‘tail” lines was found to be rather
sensitive to the degree of Pt oxidation. We fitted components
to the Pt 4f region so as to achieve a good fit to the measured
spectrum (low residual chi values). The FWHM values and
the 7/2 to 5/2 ratio for the Pt metal component have been
taken from the literature.>* No physical meaning was attrib-

Table 2 E, values of various C Is contributions belonging to
carbon in various chemical states

species E. eV ref.

carbidic C:

a-C : H overlayer 283.0 28

ethylidyne (‘Pt,C’) 283.4 27

C atoms on Pt 283.9 16

SiC 2834 29
graphitic C

various graphite samples 284.1-284.5 15

Pt/C,H, ,, annealed 1130 K 284.3 27

graphite on Pt 284.7 16
coke on Zr phosphate catalyst 285.2 31
C.H, polymer in a-C: H 285.3 16
CH, groups in poly(vinyl alcohol) 285.0 24, 30
‘unidentified polymer’ on Pt 285.9 29
adsorbed CO

on Pt 2859 16

286.9 21

on K doped Pt 285.8 21
C—O—C groups in polymer films 285.6-285.8 30
oxidized a-C : H 286.5 28
C—OH groups in poly(vinyl alcohol) 286.5 24, 30
C=0 groups in poly(vinyl alcohol) 287.8 24, 30

in oxidized coke 287.9 31
CO,H groups in poly(vinyl alcohol) 289.2 24, 30
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Table 3 E, values for UP spectra of oxygenates on Pt surfaces
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species T/K excitation source E eV O Is E feV ref.
O/P1(100) 300 He I 3-4; broad 6-8 — 35
O/Pt foil 273 He II broad 6.1 533 22
ox. Pt foil 273 He I 55;77;92 _— 36
O3 /Pt(111) 100 He II broad at ca. 8 — 37
O/Pt(111) 300 He I; He IT ca. S — 37
O/Pt(111) 100-300 He II broad 5-7 —_ 38
OH/Pt(111) 300 He II 7.8;11.1 — 38
OH/Pt(111) + K 326 He I 4.7, 8.7 5309 20
H,O/Pt(111) 100 Hel 6;8.1; 12 532.2-532.9 20
H,O/K/Pt film 135 He 11 7.3; 8.7; 11.3; 14.6 5354 39
OH on H,0 250-400 He II 6.6; 10.3 — 39
CO/Pt(111) 160 He II 9.2; 117 — 21
CO/P(111) + K 160 He II 89;11.7 — 21
Table 4 UPS features of carbon-containing species
species T/K excitation source E, eV ref.
C,H,/Pt(111) 300 He I 7.6;8.2; 12.0 41
500 none
C,H, /Pt(111) + Cs 200 7.3;87 41
300 broad 7-8
C¢HOH/Pd(110) 80 3.5-5;6.5; 8.5; 12.5 42
300 4.5;6.5;7.5; 11
500 broad, weak 5-11
graphite 300 weak 5; 9 15
He II (3); 8

uted to the fitted tail components. Since onsetting oxidation
appears as shoulders in the tail region, the ‘main-to-tail’ ratio
was used as a semiquantitative parameter to characterize the
surface state of Pt.

Characteristics of UP Spectra

Difference spectra are useful to extract peaks of molecular
adsorbates. He 1 intensities were normalized to the conduc-
tion band maximum of Pt at 2.45 eV. The quality of the
He II data was less adequate for difference spectra owing to
the poor photoemitting properties of a loose powder sample.
He I data are intense but are severely affected by secondary
electron effects. He II data are weaker but are much less
affected by secondary electrons. They allow probing of deep
lying valence orbitals with reasonable emission intensities.

Reference spectral features of oxygenates adsorbed on
Pt29-22:35-39 are listed in Table 3. A peak at E, = 5.5 eV was
attributed to dissolved O in Pd black;!? upon hydrogen
treatment, this segregates to the surface with E, shifted to 5.8
eV. Intense hydrogenation resulted in OH signals at ca. 6.5
eV. The oxygen—hydrogen reaction on metal surfaces was
shown, indeed, to be a slow process.*°

UPS bands'**'*2 of carbon-containing adspecies exhibit
sharp and well defined bands at low temperatures only (Table
4); all of them tend to disappear upon even moderate
heating.*> UP spectra of a-C : H overlayers contain a broad
band between 4 and 12 eV;** those reported for polyimide
monolayers***® exhibit, in addition, a smaller maximum at

etc.)?%3¢ and heating can also cause E, shifts up to 1-1.5 eV

(Tables 3 and 4).

Results and Discussion
Reference Experiments

Literature recommends purification of Pt foil by heating to
1000 K or above.*” Such treatment is inappropriate for pow-
dered catalyst samples and thus all heating was limited to ca.
750 K. In this way not all impurities were removed from the
foil which will be referred to as ‘purified’. The first sputtering
removed silica impurities. Four final stages of purification
will be presented for Pt foil. Case 1 involved a treatment with
two 5 min O, (14 mbar) at 483 K followed by 2.5 h of Ar™*
sputtering (1 kV, 1 x 10~ > mbar Ar). This surface was subse-
quently hydrogen treated (67 mbar) at 603 K for 5 min (case
2). Case 3 was obtained after a ‘standard regeneration’ (see
Experimental). A final H, treatment (67 mbar at 483 K) fol-
lowed by sputtering for 70 min at 300 K led to the state of
case 4. The atomic compositions are summarized in Table 5.
The work function values were obtained from the low-energy
cut-off of the UP spectra.??

The Pt 4f line proved to be insensitive in position and
shape to any of these treatments and indicates only metallic

Table 5 Composition of Pt foil after various treatments measured
by XPS

composition (atom%)*

ca. 6 eV, together with a broad band between 8 and 12 eV. sample no. o c Pt ®/eV
Adsorption of hydrogen at 80 K on Pt(111) decreased the as received® 12 50 13 48
intensity near the Fermi edge and increased slightly the inten- case 1 3 10 87 5.0
sity at ca. 4 eV. [t gave rise to new features at 6.4 and 7.3 eV case 2 2 13 85 5.1
as detected by both He I and He II excitation.*® case 3 9 9 82 5.0
case 4 4 8 88 5.1

Of the possible impurities, as a rule, oxygen-containing
species are expected to produce intense UPS signals rather
than carbonaceous ones. Exact positions were reported to
depend on the presence of surface impurities (e.g. K*, SiO,

@ Calculated from the peak areas of O s, C 1s and the Pt 4f doublet
using the atomic sensitivity factors stored in the memory of the
DS-100 software (O: 0.61; C: 0.20; Pt: 3.1). ® Plus 23% Si.



1182

Pt with Pt 4f,,, E, of 71.1 eV, being in fair agreement with
literature values.!® The main-to-tail peak ratio was 69 : 31 in
good agreement with the ratios of (68-70) : (32-30) reported
for electrochemically purified Pt.>* Neither this nor the peak
shape showed any sign of surface oxidation.!®

It is illustrated in ref. 14, how the O 1s and C 1s bands are
decomposed into individual components. No PtO (E, ~
530.2 eV) was detected in the O 1s spectra of the reference Pt
foil. The peak at ca. 531.5 eV was assigned to OH groups!#2°
while that at ca. 532.5 eV indicates the presence of water.2? A
peak at ca. 536 eV may correspond to the oxygen content of
oxidized surface carbon.?>?* Minor peak(s) at still higher E,
may correspond to higher oxidation states of the three-
dimensional (3D) carbon or to charged species, e.g. water
adsorbed on those insulating patches.!®

The C 1s band contains two large contributions, one at
284.3-284.6 ¢V and another above 285 eV. We attribute the
former to ‘graphite’, the latter to a hydrocarbon polymer.
Most of the carbon overlayer may be present at grain bound-
aries. Scanning photoemission microscopy*® also demon-
strated differences between the oxygen adsorption ability of
different crystal faces in one single polished plane. The inho-
mogeneities observed along grain boundaries may be due to
the enrichment of carbon at those sites.

One must not regard these carbonaceous species as well
defined chemical entities. Instead, a stack of carbonaceous
material has to be assumed, containing aromatic rings (sp> C
atoms) denoted graphite as well as aliphatic chains (sp® C
atoms) representing the ‘C H,’ species. Both of them can
contain oxygen atoms in a single or double chemical bond
(peaks at around 286 and above 287 eV). Quinone structures
were reported to be present in a coke overlayer of a styrene
dehydrogenation oxide catalyst.>! Decomposition of the
resulting spectrum into individual lines supplies semi-
quantitative information on those moieties rather than a
possibility of their separation to well defined adspecies.

One has to bear those in mind when the amounts of the
individual O 1s and C 1s contributions in cases 1-4 are com-
pared (Fig. 1). The main body of oxygen (45-60%) is present
as water together with some OH groups. The relative abun-
dance of the oxidized carbon is low; its amount estimated
from the corresponding O and C signals is in fair agreement.
Oxygen and hydrogen treatment at elevated temperatures
(‘catalyst regeneration’, cases 3 and 4) removes first C—O
components of the C 1s peak; at the same time, the relative
amount of both OH groups and H,O increase. Regeneration
by O, and H, in case 3 gave rise to carbon oxidation to
C=0 groups; these are removed in case 4.

UP spectra indicate a cleaner surface than one should con-
clude from XPS. The spectrum after treatment 2 (Fig. 2) is
closest to that reported for pure Pt.*® The difference spec-
trum (case 1) — (case 2) indicates the presence of small
amounts of CO in case 1 arising as contamination during
lengthy sputtering. The difference spectrum (case 3) — (case 2)
exhibits two rather flat bands which indicate the presence of
OH and water after contact with H, and O,.?°38 The pres-
ence of CO decreases the height of the Fermi edge as
opposed to OH/H,O (at least in their form stable at 326 K).
Assignment of the band at E, 6 eV to atomic oxygen'®37 is
not likely since this would involve an intensity loss in the Pt
conduction band. The UPS signals are in agreement with
XPS results showing enhanced bands at 531.5 (OH) and at
532.5 eV (H,0) for case 3. CO overlapping with other C 1s
components cannot be identified in XPS. The work function
values are close to that reported for clean Pt?? (5.3 + 0.15
eV).

The shape of the He I spectrum of purified Pt (Fig. 2)
closely resembles that reported after hydrogen adsorption at
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Fig. 1 Bar graphs of individual O 1s and C 1s contributions meas-
ured for Pt foil in cases 1 to 4 (Table 5), expressed as percentages of
the total surface composition (O 1s + C 1s + Pt 4f = 100%)

low temperature.*® The highest Fermi-edge intensity (cleanest
metallic state) is obtained where the amount of oxygen is
minimum rather than where the amount of exposed Pt is
maximum (Table 5). This state was achieved after the first
contact of Pt foil with hydrogen, underlining the importance
of hydrogen in surface purification. Carbon exists mostly as a
carbonaceous 3D overlayer and does not seem to interact
electronically with the Pt surface (except for CO).

The He II spectra are close to literature data.**~5! The
presence of CO in case 1 is confirmed. The sharp band
between E, 0 and 5.5 eV in the He II spectrum obtained with
single crystals®®! arising from surface states cannot be
expected to be reproduced here.

The information provided by XPS and UPS is basically
complementary. It is remarkable that a polycrystalline Pt
sample could be purified to a very large extent at moderate

100
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171073 cps

E, /eV

Fig. 2 A, UP He I spectrum for the reference Pt foil (case 2); B,
difference spectrum case 1 —case 2; C, difference spectrum case
3 — case 2; D, curves reported*® for Pt(111) (full line) and Pt(111)
plus sorbed hydrogen (dashed line)
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temperatures, mainly by a chemical treatment that is similar
to regenerative catalyst cleaning.

Photoelectron Spectroscopy of Purified Pt Black Samples

Pt black samples (Pt-N, Pt-HCHO-473 and Pt-HCHO-633)
will be compared in their clean state, i.e. after standard regen-
eration as described in the Experimental section. This pro-
cedure was applied in case 3 for the Pt foil (Fig. 1). Note that
several sputtering steps preceded this treatment in the refer-
ence case and the sample purity was, hence, higher. Attempts
to sputter-clean the Pt black samples, however, were detri-
mental to the surface composition.

The O 1s, C Is and Pt 4f lines in XPS show essentially
similar features as in the case of Pt foil. In addition, up to 2%
K is also present in the samples reduced by KOH-HCHO, as
identified by XPS lines similar to those reported for Pt with
K?° and KOH?*? added. Pt-N contains only traces of K. Pot-
assium can stabilize the adsorbed O and OH species?® and
shift the position of the adsorbed CO peak in UPS;?! this
will be borne in mind when discussing XP and UP spectra.

Compositions as calculated from XPS [Table 6(a)] show
that Pt-N is the cleanest of all samples. As for the work func-
tion, oxygen adsorption increases,?? hydrocarbon adsorption
decreases®? its value. The measured value is, therefore, a con-
sequence of these effects.

The main-to-tail ratios of the Pt 4f contributions are close
to the values observed with the reference foil and indicate
clean metal as the predominant species.

A small peak corresponding to PtO appears in the O 1s
band in each case (Fig. 3). Ca. 6% PtO (related to the total
surface) in Pt-N causes a just detectable shift in the main-to-
tail ratio of the Pt 4f region [Table 6(a)] while no such effect
is seen with ca. 3.5% PtO over the two Pt-HCHO samples.
Hence the detection of PtO seems to be less sensitive in the
Pt 4f region where small Pt oxide peaks are suppressed by
the intensive tail component of the Pt© line. The amounts of
oxidized C and the charged species are higher with the two
Pt-HCHO samples (particularly after sintering at 633 K) than
with Pt-N. No signal attributable to subsurface oxygen atoms
(529.5 eV) is observed, hence their amount is not significant,
unlike palladium black.!*!3

Small amounts of Pt—C are seen in two cases on the C s
spectra. The main body of carbon consists of graphite and
hydrocarbon polymer, the latter being present in higher
amounts. The relative amount of oxidized carbon is higher
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Fig. 3 Bar graphs of individual O 1s and C s contributions meas-
ured for Pt-N and two Pt-HCHO samples, expressed as percentages
of the total surface composition (O 1s + C 1s + Pt 4f = 100%)
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on the blacks than on the foil (as seen also in the O 1s region)
and is almost independent of the previous exposure of the Pt
to hydrocarbon reactants. Regeneration seems to reduce
initial differences. A small contribution due, likely, to carbon-
ylic C=0 groups (E, &~ 287.5 eV) also appears.

He I UP spectra are shown in Fig. 4. The difference spectra
(reference Pt minus Pt black) show more pronounced metallic
valence states (E, 0-5 eV) in the Pt foil since the emission is
obviously more intense from a compact sample than from a
loose powder. Nevertheless, the resemblance of the Pt black
spectra to that of a spectrum reported for a clean Pt foil®* is
obvious.

The difference spectrum between the reference Pt foil and
Pt-N shows a rather featureless broad band between 4 and 10
eV. This must contain the contributions of several oxygen-
ated species. The broad band at ca. 13 eV is due to water. All

Table 6 Composition of Pt black samples after various treatments®

composition (atom%)

Pt 4f area in

main tail
sample (0] K C Pt O/eV peak (%)

(a) clean catalysts
1 Pt-N° 17 — 15 68 5.1 67 33
2 Pt-HCHO-473¢ 14 2 22 62 44 68 32
3 Pt-HCHO-633¢ 18 2 29 51 44 68 32
(b) as received catalysts
4 Pt-N° 27 — 28 45 5.1 52 48
5 Pt-N¢ 23 — 38 39 48 63 37
6 Pt-HCHO-473¢ 13 1 44 42 45 62 38
7 Pt-HCHO-633¢ 19 1 47 33 4.5 — —
(c) Pt-HCHO-473 catalyst measured at 600 K¢
8 heated 9 1 48 42 44 65 35
9 hydrogen treated 14 2 22 62 4.8 63 34

¢ Case history: sample 4 was regenerated to sample 1; sample 6 was regenerated to sample 2; sample 7 was regenerated to sample 3. Runs 8 and
9 were carried out with the same Pt as runs 2 and 6, but the sample was removed from UHYV between the two series of runs. Corresponding
UP spectra: samples 1 and 2 in Fig. 6; samples 4 and $ in Fig. 7; samples 5 and 6 in Fig. 8; UPS before and after XPS of sample 9 in Fig. 11.

® Pristine catalyst. ¢ Catalyst after reaction of alkane-hydrogen mixture.
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Fig. 4 UP He I spectra for (a) chemically purified Pt-N [Table 6(a),
sample 1] and (b) Pt-HCHO-473 [Table 6(a), sample 2] together with

the respective difference spectra related to the reference Pt foil. A
spectrum®* for a Pt foil annealed at 1120 K is included
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Fig. 5 (a) Pt 4f region of XP spectra for pristine (curve 1) and used
Pt black (curve 2) in the as received state together with their differ-
ence spectrum (curve 3 = curve 1 — curve 2). (b) O 1s region. (c) C 1s
region. Only the difference spectrum (curve 3) is shown in (b) and (c).
Note the different intensity values in (a), (b) and (c)
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these assignments are in agreement with XPS (Fig. 3): the
O 1s contribution of OH groups and PtO is most intense
here. It is not surprising that UPS is a more sensitive method
for the detection of a surface PtO adlayer than XPS.

The difference spectrum between the reference Pt and Pt-
HCHO-473 shows sharper and more intense bands. A
marked feature is seen at 5.2 eV (OH attached to Pt/K sites
which are reportedly stable up to 573 K2°). The broader
band centred at 7.5-8 eV contains the contributions of
OH/Pt at 7.8 eV, that of water on oxygenated Pt at 8-8.2
€V3® and the other band?° of OH on Pt/K at 8.7 eV, together
with some PtO bands?! (6-8 eV) and the hydrocarbon
bands.*?>* The third band between 11 and 13 eV also arises
from OH and H,O (¢f. Table 3). In addition, minor contribu-
tions of CO (superimposed) to the broader band at 8-9 eV
and also at ca. 12 eV) can be recognized. The presence of CO
is underlined by the loss of intensity in the Fermi-edge
region.?’ This CO may have been incorporated at the
moment of the reduction of this sample from the decomposi-
tion of HCHO. CO is more clearly seen in UPS than in XPS
where its contribution (O 1s E, at ca. 531 or 532.8 eV,21:22
C 1s E, at 2859 eV'32') may overlap with others from
oxidized C.

In spite of the significant amount of C detected by XPS,
other carbon contributions are not important in UPS. This
may indicate a predominantly island-like, 3D carbon struc-
ture, where the carbon—metal bonds are located a few atomic
layers below the surface. These few atom thick C islands as
well as subsurface C (C entities between the grains in crystal
aggregates or in cavities shown by the electron micrographs
in ref. 9) may also contribute to the XPS signal.

One of the reasons for the difference between the two Pt
blacks may be their different K content [Table 6(a)]. One K
atom can attract a cluster of several water molecules and/or
OH groups®® and may stabilize OH/H,O species produced
from the O, + H, reaction during regeneration of Pt-HCHO
(Fig. 4).

The problem of hydrogen present on platinum has to be
mentioned. Radiotracer studies have shown that once Pt
black is in contact with hydrogen, it remains there even after
heating up to 600-700 K in inert gas or during storage in
air.’® Hydrogen decreases the UP intensity near to the Fermi
edge; in addition, hydrogen-induced features were reported at
5.8, 6.4 and 7.3 eV, ie. at positions overlapping with the
usually more intense oxygen-containing features.*® The shape
of the UP spectra around the Fermi edge could be inter-
preted in terms of a surface metal-hydrogen interactions.
Annealing Pt(111) after ethene adsorption restored the UPS
spectrum of a Pt(111) sample except for the lower intensity at
the Fermi edge.*' This observation points to the possible
effect of H atoms split off from hydrocarbons during their
dissociative adsorption.’” This ‘invisible’ hydrogen may be
responsible for several effects which, perhaps, cannot other-
wise be explained adequately.

The following sections will discuss briefly three additional
areas. These include electron spectroscopy of Pt, in the state
before purification (carbonized and/or oxidized Pt) after its
regeneration by treatments other than standard regeneration,
and electron spectroscopy at high temperatures.

Photoelectron Spectroscopy of Oxidized and/or Carbonized Pt
Samples: The Way to Purified Pt

Pristine Pt samples after reduction are covered with oxygen
and carbon impurities arising from exposure to polluted
air.>'% Pre-sintering promotes segregation of carbon to the
surface.® Catalytic hydrocarbon reactions on Pt are accom-
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panied with a rapid build-up of a surface carbon layer. A
H : C ratio between 1 and 1.5 has been reported for this latter
moiety®” which can be partly removed by interim oxidation.
The fraction of irremovable ‘residual carbon’ was found to
be minor.>8

Although the surface compositions of pristine and used Pt
may be close to each other, the main-to-tail ratio in their
Pt 4f region is different [Table 6(b)]. Pristine Pt black is oxi-
dized markedly after lengthy storage. This is also confirmed
by the relative abundance of the PtO component of the O 1s
band, being 11% with pristine Pt [sample 4, Table 6(b)] as
opposed to 6% with used Pt [sample 5, Table 6(b)]. The Pt 4f
XP spectrum of the pristine sample [Fig. 5(a)] shows a shoul-
der at higher E,. The difference spectrum shows a negative
peak at E, 71.1 (lower metallic intensity with the pristine Pt)
and positive peaks at the higher E, tail (higher Pt oxide
intensity in the pristine sample, consisting of at least two
components). The peak at E, = 73.5 eV corresponds to Pt**,
while a value at ca 72.4 eV was assumed for PtO,,,.1%33:34
There is no sign of Pt** (E, 74.1 eV). The O 1s region of the
difference spectrum also confirmed the presence of more PtO
and less oxidized carbon and/or charged species [Fig. 5(b)] in
pristine Pt. Used Pt contains more carbon, in particular,
more graphite and C,H, polymer [Fig. 5(c)].

The He I spectrum of the pristine Pt-N (Fig. 6) contains
bands of surface oxygenates along with a broad carbon peak
(curve 1) while only the latter appears with the used Pt-N
sample (curve 2). This spectrum is similar to that reported for
an a-C : H overlayer*® (curve 3). Both samples exhibit Fermi-
edge intensities higher than zero. Regeneration with O, and
H, removes a band centred at 8-9.5 eV from the pristine
sample (curve 4) while almost a mirror image of the a-C: H
UP spectrum is removed from the catalyst which had been in
contact with hydrocarbon reactants (curve 5).

14 12 10 8 6 4 2 0
E eV
Fig. 6 UP He I spectra for 1, pristine Pt-N [sample 4, Table 6(b)]
and 2, used Pt-N (after n-hexane reaction) [sample 5, Table 6(b)] in
the as received state. Curve 3 is a spectrum for a-C : H.** Curves 4

and 5 are difference spectra: 4, (regenerated pristine Pt-N) — (curve
1); 5, (regenerated used Pt-N) — (curve 2)
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Fig. 7 depicts analogous He II UP spectra. Samples used in
hydrocarbon reactions show a ‘double buckle’ similar to that
reported for oxidized diamond.?® The total length of the
catalytic runs of Pt-N was much shorter than with Pt-
HCHO-473, which is the reason why the intensity of the C
peak of the former is also lower. The small Fermi edge
demonstrates that a minor fraction of even a contaminated
disperse catalyst is in a chemically pure metallic state (island-
like overlayer), as opposed to the Pt foil where, owing to a
similar amount of impurity [¢f. Tables 5 and 6(b)], no Fermi
edge appears (contiguous overlayer).

The similarity between the shape of UP spectra of a-C: H
overlayers and that arising from carbon on Pt blacks is
remarkable. Another argument is supplied by the consider-
able amount of ‘C.H,’> polymer in the C Is line fitting. As
XPS (Fig. 3) and UPS (Fig. 6 and 7) demonstrate, this layer is
in a partly oxidized state. The growth of a considerable a-
C: H overlayer on Ni causes no appreciable shift of the Ni
core level E, (i.e. no electronic interaction could be detected
between C and the underlying metal); also, a relatively facile
transition was reported between atomic C, graphite, glassy
carbon and a-C : H, the species appearing on Ni under iden-
tical conditions in the above sequence.? A much thinner
graphite layer preceded a-C:H formation on Pt.'’ Two
more facts can be recalled from the literature. An ordered
overlayer transformed into a disordered one when a mixture
of hydrogen and hydrocarbon reacted on a Pt single crystal
which might have corresponded to a graphite »a-C: H
transformation.’® Secondly, a compact carbonaceous skin
was left behind when Pt black covered with segregated
carbon was sintered under the beam of an electron micro-
scope.® Electron diffraction showed graphite, amorphous
carbon and some unidentified substance, the reflections of
which do not exclude a-C : H although its presence was not

E eV

Fig. 7 He II UP spectra of 1, Pt foil, 2, Pt-HCHO-473 sample 6,
Table 6(b) and 3, Pt-N sample S5, Table 6(b) in the as received state.
Both Pt blacks were used in hydrocarbon reactions previously. 4, UP
He II spectrum for oxidized diamond?® shown for comparison
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concluded at that time. Fibrous spiralled graphitic®® and
three-dimensional amorphous carbon®! were also detected
on Pt black by electron microscopy. The problem of forma-
tion of a-C : H under these atypical conditions would certain-
ly be worth investigating.

Photoelectron Spectroscopy of Pt Black after various
Regenerative Treatments

The conditions of standard regeneration to purify Pt black
have been selected on an empirical basis.” The data presented
so far indicate the incompleteness of carbon removal by this
procedure. Attempts were made to apply repeated or more
severe regeneration to find out whether Pt black purification
could be made more complete. Pt-HCHO-633 [line 3 in
Table 6(a)] was selected for this purpose where pre-sintering
produced larger crystallites,” additional sintering seemed,
therefore, less likely. All treatments followed each other in the
sequence given in Table 7, without taking the sample out of
the UHV chamber.

Even repeated or high-temperature oxidation could not
decrease the carbon content of Pt black below 18-20%. At
the same time, the amount of oxygen increased to 22-29%.
The impact of these treatments on catalytic properties is
published elsewhere.52

Selected XP and UP spectra (after treatments B, E, F)
demonstrate that although the amounts of surface oxygen
and carbon may be close, their chemical form is different. The
C 1s lines [Fig. 8(a)] are rather similar after various treat-
ments. Small carbide peaks (E, around 283 €V) due to carbon
segregation at high temperatures® are removed by hydrogen
only (E). High-temperature oxygen treatment (F) increases
the carbonyl peak at E, around 288 eV.

PtO (E, just above 530 eV) appears as a pronounced
shoulder after B and F [Fig. 8(b)]. As opposed to broad
bands after standard regeneration (sorbed water patches),
hydrogenation at 600 Lk (E) and at 700 K (D) produces sharp
UPS features indicating individual OH adspecies on Pt as
well as Pt/K sites [Fig. 8(c)]. This treatment produced a
metallic state as clean as that of the reference foil (no Fermi-
edge intensity difference). Note the shift of band positions
after F to E, 4.5 and 6 eV indicating the presence of surface
O species rather than OH groups, in agreement with XPS
results [cf. Fig. 8(b) and (c)]. The increased work function
values (Table 7) can also be attributed to the presence of
surface oxygen.

Photoelectron Spectroscopy of Pt Black at High Temperatures

Heating any Pt black up to 600 K in UHV removes some of
its oxygen content [Table 6(c)]. The intensity of the O Is

Table 7 Composition of Pt-HCHO-633 after various regenerative
treatments

composition (atom%)

sample (o) K C Pt d/eV
A Pt black, untreated 19 04 47 335 4.5
B normal regen, 603 K 18 1.7 29 51 44
C As B, 4 times 27 2 18 53 44
D AsB,at 693K 24 2 20 54 44
E H,, 603 K, 2 times 22 1.6 19 58 45
F 0O,,800K* 28 1.8 21 49 4.8
G H,,750K* 24 22 23 51 4.4

All data have been rounded to whole number except for K where
concentration changes of a few tenths of a per cent can be instruc-
tive. * 10 min, 13 mbar. * 1 min, 133 mbar.
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14 12 10 8 6
E eV
Fig. 8 Selected XPS lines for Pt-HCHO-633 after treatments B, E,

F (see Table 7). (a) C 1s; (b) O 1s; (c) Difference He 1 UP spectra with
the reference Pt foil (B — case 2, E — case 2, F — case 2)

band decreased, that of C 1s increased. The decrease was
most pronounced in the Pt—OH and H,O region of O 1s.
The intensity growth at 284 eV indicated a commencing
graphitization of the hydrocarbon polymer. The presence of
PtC increased due to carbon segregation.® UP spectra show
essentially the same features as shown in Fig. 6 and 7. Hence,
mere heating can be regarded as a rather inefficient way of Pt
purification.
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In one run, XP spectra were measured at 603 K, prior to
and following a 603 K hydrogen treatment. This treatment
increased the Pt intensity and produced just as clean a
surface as observed after normal regeneration [cf. Tables 6(a)
and (c¢)]. The main-to-tail ratio [Table 6(c)] indicates also
some Pt oxidation, in agreement with O 1s fitting and the
asymmetric increase of the oxide/OH region in the difference
spectrum [Fig. 9A]. The carbon contributions are removed
almost uniformly [Fig. 9B].

30! A (c)

//cps
=

//cps

I/cps

-20
-40
-60

//cps

-100+
-120
-140

288 286 284 282

l/cps
o
o

288 286 284 282

288 286 284 282

A I O

5 4 3 2 1
E. /eV

Fig. 9 XP spectra for Pt-HCHO-473 measured at 600 K. (a) after
hydrogen treatment [Table 6(c), sample 9]; (b) before hydrogen treat-
ment [Table 6(c), sample 9]; (c) difference spectra, (a) — (b). Assign-
ments: A, O Is line: 1, PtO; 2, OH; 3, H,0; 4, oxidized carbon; 5,
charged species (condensed water); B, C 1Is line: 1, PtC; 2, graphite;
3, C_H, polymer; 4, oxidized C; 5, charged species
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(b)

14 12 10 8 6 4 2 O
E JeV

Fig. 10 Difference He I UP spectra between the reference Pt foil of
Fig. 3 and Pt-HCHO-473 measured at 603 K (a), 15 min and (b) 16 h
after hydrogen treatment [Table 6(c), sample 9]

The He I UP spectrum measured directly after contact
with H, [Fig. 10(a)] shows a band at ca. 4-4.5 eV which
appears also on curve E in Fig. 8(c). This may correspond to
OH/K species,?® to the 2p band of segregated C atoms®® or
to hydrogen-induced surface reconstruction as reported for
Pt foil®* and single crystal.®* Another band appears at ca. 6
eV, which can be assigned to O~ (surface Pt oxide and/or the
chemisorbed overlayer). The OH~ and PtO assignments are
supported by the XP spectrum of Fig. 10{a).

It may be surprising that hydrogen treatment enhances a
surface oxygen feature. However, the same phenomenon was
also observed with Pd black!? where hydrogen atoms pen-
etrating into subsurface layers pushed subsurface oxygen
atoms to the surface, which themselves could be detected by
photoelectron spectroscopy. Three additional arguments can
be put forward. (i) Hydrogen penetration below the surface of
platinum has been demonstrated.?¢-3 (ii) The He I spectrum
of the same sample exposed to air at 300 K produced similar
UP spectrum as seen in Fig. 10(a). (iii) The work function
immediately after high-temperature hydrogen treatment is
equal to the value observed after a high-temperature oxygen-
ation [cf. Tables 6(c) and 7] and this value is re-established
after the procedure mentioned under (ii).

During an overnight XPS experiment carried out at 603 K,
most of the above features disappeared except for a small
shoulder at E, = 4.5 eV [Fig. 10(b)]. Surface oxygen and sub-
surface hydrogen species must, therefore, have reacted to give
H,O and the remaining OH groups distributed over pure Pt
and Pt/K sites. The coexistence of sorbed O and H at ca. 300
K for several minutes has been demonstrated;*® the present
observation shows that the reaction O + H may not be
instantaneous even at 600 K. The C atoms (if present) were
polymerized and surface reconstruction annealed.

Conclusions

Photoelectron spectroscopy supplies the following experi-
mental evidence on the catalyst surface:

(i) The surface of a Pt black is predominantly in a clean
metallic state not inferior to clean reference Pt upon custom-
ary catalyst regeneration with O, and H, at 600 K, although
this surface contains impurities. In other words, metallic Pt
and clean Pt are not necessarily synonymous. In spite of its
marked effect in surface purification, and contrary to general
belief, hydrogen does not remove all surface oxygen. It
creates, instead, OH/H,O species attached to the metallic
sites. These are stable for at least several h at ca. 600 K in
UHYV. The presence of K on Pt stabilizes these moieties but
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| |

Fig. 11 An artist’s impression of the purified Pt surface. Various surface species detected are shown. The likely C enrichment along grain
boundaries is shown schematically. The arrows denote the incidence of excitation for electron spectroscopy. Species that are situated in the
shadow of the incident beam (shaded areas or in cavities) may be within the information depth of XPS, hence they are detected by that method

but are undetectable by UPS

potassium cannot hold the entire responsibility for their pres-
ence.

(ii) The surface of a pristine Pt is largely oxidized. Pt oxide
is reduced by H, treatments and is displaced by carbon-
aceous overlayers (resembling a-C:H) after hydrocarbon
reactions. Regeneration removes ca. half of those 2-D carbon
impurities. The remaining carbon exhibits an island-like 3-D
structure (with graphitic and C _H, polymer components).
These are partly oxidized. Sorbed CO represents, likely, a
minor fraction of surface carbon.

(iii) All these species can be present also in cavities, along
interparticle boundaries, i.e. hidden from detection in a three-
dimensional loose stacking of crystallites. Fig. 11 shows an
artist’s impression of the surface, illustrating also these true
and apparent subsurface species.

Implications of Results of Surface Analysis for Catalysis

The presence of pure metal islands, single carbon atoms
attached to metal atoms and 3D carbonaceous overlayers on
Pt single crystals was postulated*®® under the conditions of
hydrocarbon catalysis. Catalytic activity was attributed to
the first two types of site. Most skeletal hydrocarbon reac-
tions are claimed to require clean Pt sites®” whereas Pt—-C
ensembles can catalyse, for example, terminal C—C bond
splitting®7%® or dehydrogenation reactions.®® Hardly any
PtC species can be detected by the present set-up. The above
changes in catalytic selectivities indicate their formation.
These species are removed by controlled oxidation.%® They
do not seem to survive contact with air, when the catalyst is
taken out of the reactor. The quinone/aroxyl structures of a
3D carbonaceous deposit were claimed to possess redox
properties,®! thus they can contribute to dehydrogenation
reactions.

As far as metallic Pt sites are concerned, the first portions
of any hydrocarbon reactant meet a Pt/OH/H,O surface

instead of a pure metal. Degradative reactions, predomin-
antly to methane, prevailed when n-hexane was reacted over
an oxidized Pt single crystal®” or over Pt black pretreated
with oxygen.”® The presence of oxygenates may induce an
initial predominating degradative activity of Pt.

High methane selectivity is observed at low conversions of
n-hexane over Pt-HCHO-473 regenerated a few times in
sequence (Table 8). Non-degradative products also appear at
higher conversions. No evidence is available as to whether
oxygenates on Pt participate directly in catalytic hydro-
genolysis or their effect is indirect, and can be attributed, e.g.
to hindering the formation of Pt—C—H entities that are
necessary for non-degradative reactions,%%:6%-71-73

The presence of oxygen-containing surface species may
have consequences also in catalyst characterization. Exact
stoichiometries of the hydrogen—oxygen titration widely used
for determination of metallic surface are still controversial.®>
Water has been reported to leave the Pt surface,’*7
however, the presence of surface PtOH and also the possible
effect of K impurity have been considered.’* Ca. 20% of

Table 8 Selectivity of n-hexane reaction over Pt-HCHO-473 at
various conversion levels*

selectivity (%)°

conversion (%) CH, C,-C; C, sat. ol Bz*
0.7 727 11.1 16.2 0 0
14 387 11.1 49.9 0 0

6.1 18.4 16.5 57.0 1.t 6.9

24.1 10.8 19.5 52.5 0.4 16.8

“ Static-circulation reactor, 84 mg catalyst, T = 603 K, p(H,) = 160
mbar, p(n-hexane) = 13.3 mbar. ® Calculated from the amount of
hexane molecules transformed to the respective products. ¢ Isomers
(2-methylpentane plus 3-methylpentane) and methylcyclopentane.
2 Ol = n-hexene isomers; Bz = benzene.
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adsorbed O became unreactive towards hydrogen after
heating Pt to 573 K.”® O atoms in subsurface positions were
then assumed; here we have shown that surface species (OH
and H,0) may also be stable. Our direct confirmation of the
presence of surface OH/H,O entities may open up new inter-
pretation possibilities for discrepancies, e.g. dependence of the
H, and O, titration stoichiometry on the number of cycles,
‘loss’ and ‘recovery’ of surface Pt etc.55-74

If the presence of OH groups on metallic sites is a typical
phenomenon rather than an exception, it would be worth
considering their effect in hydrogen spillover, since inter-
actions between H atoms on metallic and OH groups on
support sites have been assumed in that process.”’

Helpful discussions with Dr M. Kiskinova and Prof. H. P.
Bonzel as well as with Prof. G. Maire are gratefully acknowl-
edged.
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