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NOTE
XPS Evidence of Alloying in Pd/ZnO Catalysts

Several catalytic studies have dealt with ZnO-sup-
ported Pd catalysts, in which the reducible ZnO support
is shown to modify the well-known catalytic properties of
Pd in hydrogenation. Ryndin ef al. (1) reported catalytic
results for the CO+H- reaction and established that,
among several Pd catalysts supported on various oxides,
Pd/ZnO exhibits the highest selectivity toward methanol
formation. Recently, this catalyst has been reported to be
active in vapour phase ester hydrogenation (2) as well as
in selective hydrogenation of 1,3-butadiene (3). The cata-
lytic performance of other ZnO-supported platinum
metals (Pt (4, 5); Rh (6)) were also tested in the water-gas
shift reaction and in CO hydrogenation, respectively. In
these various reactions, which were mostly hydrogena-
tions, metal-support interaction as a result of the reduc-
ing pretreatments or of the reaction conditions them-
selves was claimed to be the crucial factor in all cases.

The physical characterization of the catalysts men-
tioned above indicated that, while the reducibility of
Zn0O, an n-type semiconductor having interstitial Zn at-
oms or Zn~ ions, itself is very limited (7, 8), in the pres-
ence of a platinum metal its extent can become signifi-
cant. In the case of Pt/Zn0 catalysts, relying primarily on
the results of XRD and XPS investigations, formation of
Pt—Zn alloys was proven after reduction at 500-570 K (4,
5, 9, 10). Similar conclusions were drawn for Rh/ZnO
catalysts, too (6, 8).

Results on the surface characterization of Pd/ZnO
have been published by two research groups. On the ba-
sis of the binding energy shift observed for the Pd 3ds;
XPS transition, Wehner et al. (2, 11) suspected the for-
mation of a Pd—Zn alloy. However, they failed to prove
its existence by XRD even in a sample containing 5
m/m% Pd. On the other hand, Hong et al. (12) clearly
detected the PdZn intermetallic phase by XRD but they
did not confirm this result by XPS providing surface in-
formation on the electronic states. Although there are
XPS data available for various Pd alloys (13-15), no suit-
able reference data can be found for the Pd—Zn system in
the literature.

The main objective of the present note is to provide
XPS evidence for alloying taking place during the reduc-
tion of a Pd/ZnO catalyst. For this purpose a Pd/ZnO
catalyst was reduced at two different temperatures: first
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at 420 K, which is high enough to reduce Pd completely
but at which the formation of the Pd hydride phase as
well as that of a Pd-Zn alloy can be avoided; second, at
880 K in order to make the alloy formation complete and
to have crystallites large enough for XRD detection. For
the sake of comparison pure ZnO and the Pd/ZnO cata-
lyst in “‘as-prepared’’ states were also investigated by
XPS.

Our sample of 8.5 m/m% Pd content was prepared by
mechanical mixing of air-pretreated ZnO (Kadox 25) and
PdO powder prepared from Pd(NQO;),. The sample was
reduced in atmospheric flowing H, at 420 K for 0.5 h and
then 880 K for 0.5 h. Powder diffractograms (CuKoa,, A =
0.15405 nm) were recorded in a Guinier camera equipped
with a curved quartz monochromator. The XPS measure-
ments were carried out with a Kratos ES-300 type ESCA
machine having a small reactor chamber for in situ reduc-
tion of the samples. During the analysis the hemispheri-
cal analyser worked in the fixed retarding ratio (F.R.R.)
mode and the base pressure did not exceed 107 Pa. The
spectra were generated by the AlK,,» X-ray line (hv =
1486.67 eV). For the XPS measurements the samples
were painted from a mixture of acetone and water onto a
cleaned copper stub (no lines of copper could be de-
tected). The binding energy (B.E.) scale was referenced
to the Zn 2p3» XPS transition of 1022.00 eV B.E. (3, 8,
15) as an internal standard. During data processing in-
elastic (Shirley-type) background was subtracted and
pseudo-Voigtian curves were used for the peak synthesis
in all cases. The reliability of the peak positions so ob-
tained was found to be within 0.10 eV and that of the
peak widths (full width at half maximum = FWHM)
within 0.05 eV.

The results of the XRD measurements are presented in
Fig. 1. As is clearly represented by the lines of Pd(111)
and (200) in the 40°~-50° region of 26, the XRD pattern
recorded after the reduction at 420 K displays diffraction
lines originating from the metallic Pd phase (12). Besides
these, only the pattern of the support ZnO can be found.
On the subsequent reduction at 880 K, however, all the
lines of Pd metal have disappeared, as shown in Fig. 1b.
Here, several new features can be discerned, the major-
ity of which can be attributed to the PdZn intermetallic
phase (3, 12). Some very weak lines can also be ob-
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FIG. 1.
K for 0.5 h. (¥, ZnO; @, Pd°; O, PdZn).

served, but there is no evidence available for their unam-
biguous assignation. Nevertheless, it is established that
XRD has proved Pd to be present in the metallic phase
after reduction at 420 K and mainly in the PdZn interme-
tallic phase after reduction at 880 K.

Using the Zn 2ps;, XPS transition as a binding energy
reference at 1022.00 eV B.E., the Zn 3p;; and the Zn 3ds;
peaks were found at 88.80 and at 10.10 eV B.E., respec-
tively (spin-orbit coupling: 23.10, 3.00, and 0.85 eV;
FWHM: 1.89, 2.85, and 1.47 eV, respectively) in all
cases. The value of the Auger parameter (a'(15)) was
2010.25 eV. With the samples (ZnO and Pd/ZnO) in the
“‘as-prepared’’ state the C s peaks were located at
around 285.2 eV B.E., which is characteristic of hydro-
carbon residues (15). Their intensity decreased rapidly
following the reduction treatments but the peak shifted to
284.5 eV B.E., which is characteristic of hydrocarbon
fragments, only after the reduction at 880 K. This sug-
gests that the original carbonaceous residues are not re-
leased or decomposed completely over ZnO on the treat-
ment at 420 K.

Further results obtained by XPS are presented in Table
1 as well as in Fig. 2. The peak of the O ls transition
consisted always of two components. The main peak
component was found at 530.65-530.70 ¢V B.E., which
is characteristic of transition metal oxides (15), while the
other component shifted 1.65-1.55 eV toward higher
binding energies. The appearance of the latter component
cannot be attributed to differential charging since the
other peaks of the XPS spectrum do not contain compo-
nents in a similar position. On the basis of its binding
energy value this second component can be assigned to
surface OH groups ([Zn-OH];) (16). Their presence may

X-ray powder diffractograms for the 8.5 m/m% Pd/ZnO catalyst after treatments in H, at (a) 420 K for 0.5 h (a) and subsequently (b) 880

be due to the sample preparation for XPS and they re-
mained or formed during the treatments. Aithough the O
1s binding energy of the O~ ion (17) can be found in the
same range, its detection may be ruled out because of its
relatively low concentration.

Comparing the O 15 spectra recorded over the support
Zn0 and the Pd/ZnO catalyst in the *‘as-prepared’” states
the only difference is in the relative contents of the sur-
face OH groups, which may be attributed to some differ-
ence in the preparation of the sample for XPS. As can
clearly be observed in Fig. 2 the Pd 3ds, spectrum also
consists of two components in the *‘as-prepared’’ state.
The component of lower binding energy can be assigned
to zerovalent Pd though its position is slightly lower than
that of bulk Pd metal reported in the literature (15). The
other component is shifted 1.60 eV toward higher binding
energies which corresponds with that of PdO (18). The
appearence of Pd’ in the ‘‘as-prepared”’ sample may be
attributed to the partial decomposition of the starting ma-
terial PdAO under UHV conditions. Obviously, it also
means that the surface of the particles containing Pd is
enriched in zerovalent atoms, i.e., the real extent of the
decomposition of PdO is lower than is displayed by the
corresponding relative intensity presented in Table 1.

As a result of the H, treatment at 420 K the position of
the peak characteristic of O?~ did not change but its width
decreased slightly. The overall O s intensity referred to
that of the Zn 2p;, transition also remained unchanged
but the relative concentration of the surface OH groups
increased. Simultaneously, PdO disappeared completely
while the peak representing Pd® was found in its previous
position and it was slightly broadened. These changes are
accompanied by a significant increase of Pd 3ds»/Zn 2pas
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TABLE 1

XPS Results for ZnO and Pd/ZnO Samples after Different Treatments

O 1s¢ Pd 3(1«;:"
Pl P2 Pl P2
B.E./(eV) Shift / (eV) B.E. !/ (eV) Shift / (eV)

R Width / (eV) R2(%) R Width / (eV) AP1 / (eV) R2(%)

ZnO 530.70 1.45 1.65 —_ —
0.52 32

Pd/ZnO 530.65 1.49 .65 334.85 [.19 663.05 1.60
0.52 27 0.46 56

+ 420 K, H; 530.65 1.41 1.55 334.85 1.2§ 662.70 —
0.53 32 0.59

+ 880 K, H, 530.65 1.43 1.55 335.85 1.31 662.85 —
0.47 18 0.27

Note. Symbols: P1, P2, peak components; Shift. B.E. shift from the other peak component; Width, FWHM: R, XPS intensity ratio of a given
peak (component) referred 1o that of the Zn 2p. transition; R2, ratio of P2 in the overall intensity of O 1s and Pd 3d.. transitions, respectively: API,

Auger parameter (a'(Pd MNN, Pd 3ds.)) of PI.
< Auger parameter (O KLL, O 1s), o' = 1040.1 eV.
» Spin-orbit coupling: 5.26 + (.02 eV.

< On the basis of the centroid of the small, very broad Pd LMM line.
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FIG. 2. Pd 3ds; XPS transitions for 8.5 m/m% Pd/ZnO catalyst in
the '‘as-prepared’’ state (a) and after treatments in H, at 420 K for 0.5 h
(b) and then at 880 K for 0.5 h (c).

intensity ratio. This latter result may be explained pri-
marily by the increase of the intensity of the Pd 3ds, peak
due to the complete reduction of the large particles of
PdO into Pd® whereby the concentration of the latter in
the XPS sampling depth (4 > 3A) increased. Neverthe-
less, simultaneous coalescence and spreading of the Pd®
particles over the support surface as was described by
Hong et al. (12) might also contribute to the increase of
the intensity ratio in question. It is more interesting, how-
ever, that the overall O 1s/Zn 2p;, intensity ratio, despite
the obvious decrease of oxygen due to the reduction of
PdO, which is also confirmed by the decrease of the
width of the main O 1s peak, remained unchanged. This
apparently means that on the hydrogen treatment at 420
K the oxygen/zinc ratio increased in the surface of the
Zn0O support which must primarily be due to the relative
decrease of zinc. At this temperature it cannot be a result
of the sublimation of Zn® atoms possibly formed but
rather to the migration of interstitial zinc ions or atoms
(7) into Pd® particles which can then spread over them.
This result confirms the conception of surface changes in
Pd/ZnO catalysts developed by Hong er al. (12) on the
basis of TEM observations and also supports the idea
proposed by Juszczyk and Karpinski relating to the first
stage of Pd-Si alloy formation in the Pd/SiO, system
(19). In addition the relative increase of the surface OH
concentration is worth mentioning since it is a direct evi-
dence of the Pdassisted transformation (H-spillover) of
ZnO into [Zn—-OH]; as an initial step of its complete re-
duction.
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The subsequent reduction in H, at 880 K resulted in no
change in the character of the surface oxygen: only its
overall concentration together with that of the OH groups
decreased significantly. However, in the case of palla-
dium, beside the drastic decrease in the relative intensity,
the Pd 3ds, peak slightly further broadened and shifted
1.00 eV toward higher binding energies. These changes
were also accompanied by a small 0.15 eV shift of the
Auger parameter. A shoulder of the Zn LMM Auger tran-
sition also appeared which refers to the presence of zero-
valent zinc (8). Based upon the resuits of the XRD mea-
surements it can unambiguously be established that the
electronic structure of the PdZn intermetallic phase can
be characterized by the XPS features mentioned before.
The large positive shift in the Pd 3ds, XPS transition is
similar to those obtained for other Pd alloys (14, 15) and
is contrary to the significant negative shifts obtained in
the cases of Pt—Zn (4) and Rh-Zn (6, 8) alloys. In addi-
tion, taking the small changes of the corresponding Auger
parameter into account, on the basis of a simple model
(20) it can be established that the palladium atoms be-
come electron deficient on alloying with zinc, which
clearly demonstrates the unique character of palladium
among the platinum metals (21). The slight broadening of
the Pd 3ds, peak may also be in correlation with the
formation of PdZn intermetallics in respect of a modifica-
tion of the environment of Pd’ atoms by the ‘*dilution™
with Zn". The considerable decrease in the Pd 3ds»/Zn
2p3» intensity ratio can also be attributed to this dilution
effect which may further be enhanced by the segregation
of zinc in the alloy particle (22). Via the enhanced repre-
sentation of zinc in the XPS spectrum, the alloy forma-
tion together with the extensive reduction of the ZnO
surface can also provide the explanation for the remark-
able decrease of the surface oxygen concentration. The
decrease of the relative OH concentration i1s a strong
evidence that the reaction 2[Zn-OH], — ZnO + Zn® +
H,0 also proceeds under the conditions applied.

To sum up, clear evidence has been provided for alloy
formation in the Pd/ZnO catalyst by the results of XRD
and XPS measurements together. The large positive shift
found in the XPS measurements points out that the elec-
tronic state of metallic Pd is strongly influenced by Zn in
the alloy which probably results in an electron deficient
state of Pd. Moreover, Pd-assisted formation of [Zn-—
OH], groups and their direct reaction with each other has
also been proven directly by XPS.
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