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A XPS Overlayer model
e Coverage estimation by an non-attenuated overlayer model:

do,
b
s N(6) x Q(E) X Ag(E,) X TR NVPHE,) X cosB

Coverage = — =
SS

do
N(8) x Q,(E}) X A(E}) X d_ﬂl x d,

e Overlayer thickness estimation by an attenuated model:

dO’l - t
- 1- -
N(6) I; X p; X 70 X N (E)) X cosB ( exp(Al(El) < cose))
= X

N©) I s AE 0 !
X X —X X expl———
s Ps 70 s(By) x cos P A(E,) X cosB

P ... Atom density / cm3

I... X-ray flux (constant)
do

dQ . differential cross section

6 ... analysis angle

t ... overlayer thickness

N ... normalized XPS Intensity (peak area)

A(E) ... electron attenuation length (from SRD 82 data base ')
d; ... average separation of layers in substrate

Q(E) ... acceptance solid angle of the analyzer (constant)
A(E) ... effective substrate area (constant)

s... mean 2D surface atom density

Indices:
s..... Substrate
loveens overlayer/adlayer

The Coverage is unitless and defined by the ratio of mean 2D surface atom density of substrate to mean
2D surface atom density of overlayer. It gives the (fractional) monolayer coverage of the atomic species.

The parameters used for calculation are summarized in the following Table S1:

Table S1: Parameters for coverage and film thickness estimation via XPS

Eyin eV EAL/A
Zr 3d 5, in ZrO, 195 4.77 d (Pd) 2.25A
1074 16.97
Pd 3d in Pd 125 3.70 Atom density in ZrO, 2.98x10?? cm
919 13.07
Pd 3d in ZrO, 125 3.86 Atom density in Pd 6.78x10%2 cm™
919 14.92
EAL for 11 A Pd 125 3.3
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EAL for 33 A Pd | 919 11.5

B In situ XPS of ALD

The similar increasing of Zr coverage was confirmed by in situ XPS as shown Figure S1. The
ZTB pressure in the NAP-apparatus was 6x10° mbar and the base pressure around 5x10-8 mbar;
each spectrum was collected for 30 min. In the inset of the figure, the Zr 3d integrated peak
area is plotted versus the exposure time. It is worth noting, that a smooth start of the Zr

deposition is followed by a linear growth after about 100 s.

in situ CVD growth, 673 K
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Figure S1:/n situ CVD growth monitored at 673 K in 5x10-6 mbar ZTB (one spectrum each

30 sec). The inset shows the peak area evolution with exposure time.
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C XPS Following Molecular Adsorption of ZTB
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Figure S2: C 1s spectra following 2000L of ZTB exposure at 140K and subsequent heating to

273K. The inset shows the Zr 3d peak under the same conditions.
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D Summary of ZTB HREELS Peak Assignments

Table S2. Major HREELS Peaks Observed from Pd(111) After Various Deposition

Procedures!

Energy Loss (cm™') | Vibrational Frequency (cm™') | Assignment
(This work) (Literature)
ZTB Molecular | 297% 3002 NA
Adsorption
370w 3572 NA
483V 4813 Zr-O vibrations
5528 5503 Zr-O vibrations
780w 7654 v(C-C)
906vv 9244 O(CHa)
10068 10274 T(HCCC)
1192v 11514 d(C-C-C)
1238sh 1221 & 12424 v(C-C-C)
1372vw 1348 & 1366* ds(CH3)
1463vW 14494 8a5(CH3)+ t(HCCC)
2967br 2930-30094 v(C-Hy)
ZTB adsorption | 281V 3002 NA
at RT
333sh 3577 NA
480v 4813 Zr-O vibrations
513s 5223 Zr-O vibrations
579w 5503 Zr-O vibrations
7528 7654 v(C-C)
8543 8444 v(C-C)
9258 9244 d(CH3)

I Abbreviations: w, weak; s, strong; sh, shoulder; br, broad. NA: not assigned.
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1008YW 10274 T(HCCC)
1137 11514 (HCCCO)
1194%w 11514 8(C-C-C)
1322vw 1348 & 13664 0s(CH;)
1368V 1348 & 1366* 0s(CH3)
1443v 14494 8.«(CHy)+ t(HCCC)
1690% 16495 v(C=C)
2949br 2930-30094 v(C-Hy)

ZTB adsorption | 293¢ 3002 NA

on O,/Pd(111)

at RT
345sh 3572 NA
482V 4813 Zr-O vibrations
546" 5223 Zr-0 vibrations
599w 5503 Zr-O vibrations
771w 7654 v(C-C)
914w 924 8(CHs)
10185 10274 2(HCCC)
1194w 11514 O(C-C-C)
1378Y 1348 & 1366* 0s(CH3)
1459w 1449% 8.(CH; )+ t(HCCC)
17308 17205 v(R-C=0)
1786° 1720° v(R-C=0)
2972br 2930-3009* v(C-Hy)
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E Decomposition of ZTB After Slight Annealing
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Figure S3: HREELS spectra of 2000L ZTB exposed to Pd(111) at 293K and annealed to 373K

for 5 minutes.
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F Catalytic Testing in Methanol steam reforming (MSR)

Both the CVD “as-prepared” (1000 L ZTB at 693 K, ~0.5 ML ZrO,H,) and the partially reduced
samples (annealed to 700 K in 5x10 mbar vacuum after CVD) were tested in the batch reactor
setup for MSR. In our standard temperature-programmed experiment up to 623 K, in both cases
no positive synergistic effects toward enhanced CO, selectivity were observed. The well-known
methanol dehydrogenation activity of clean Pd toward almost 100 % CO and H, was found to
scale linearly with the fraction of ZrOH,-free Pd surface. This is remarkable, since water-
activating- and, thus, CO,-promoting phase boundary effects could be verified under otherwise
identical MSR conditions for the related inverse Cu/ZrO, and Cu/ZrOH, model catalysts®.
Even the “hydroxylative” activation of Zr® on the vacuum-pre-reduced Pd/Zr%Zr**O.H,
catalyst surface under MSR conditions does not promote low-temperature (T < 623 K) water
activation and, thus, direct CO,-formation, which so far could be verified for the related initially
bimetallic PdZn’, CuZn® and CuZr® surfaces (compare also Figure S5). Even for the later
discussed intermetallic Pd-Zr bulk phase, no increase in the CO, formation rate could be found
in MSR.

The reason for the complete absence of any CO,-beneficial Pd-Zr interaction was identified by
in situ XPS measurements. In Figure S4, the evolution of the Pd 3d, Zr 3d, C 1s and O 1s regions
after sequential treatment under MSR conditions, in clean methanol, water atmosphere and in
O, are shown, starting from the CVD as-grown Pd/ZrO4H, pre-catalyst state. In excess of water
(water:methanol = 2:1), only very little carbon formation was observed at ~700 K (compare
Figure 8, lowest panel vs. Figure S5 (different scale for C 1s)). As soon as water is switched
off (giving rise to a clean methanol atmosphere), a carbon layer starts to grow. This carbon is
mostly assigned to graphitic species, according to the dominant C 1s BE component at 284.2
eV and the quite low FWHM of the C 1s peak of ~0.5 eV. If the temperature is then increased
in a stepwise manner, the C 1s signal gains more and more intensity. Even though graphitic

carbon is known for its rather less pronounced inelastic photoelectron attenuation effect (as it
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can be used as an electron transparent layer in the form of graphene), the observed large amount
of carbon (well above 1 ML) must in principle cause a certain shielding effect both for the Pd
3d and Zr 3d signals if it was homogeneously covering the entire surface, especially upon
consideration of the highly surface-sensitive operation mode (photoelectron kinetic energy
~120 eV). Surprisingly, this expectable attenuation strongly affects the Pd 3d region, but the Zr
3d signal remains almost unchanged. This effect can in principle be explained in two ways: (1)
graphite only grows on Pd, but not on ZrO,H,, creating a thick carbon overlayer with holes at
the ZrO, islands. Pd-Zr interface sites do not get lost but are blocked by graphitic carbon,
resulting in the loss of any beneficial catalytic effect of these special sites. This hypothesis
would also imply that the ZrO, islands are thick enough to be fully Pd 3d “attenuating”,
otherwise a carbon coverage independent Pd 3d signal passing through the ZrO.H, islands
should remain detectable. With the used photon energy of 410 eV the island height would have
to exceed at least 3 ML. Considering the STM images of section 3.1.1 main paper (Figures 3
and 4), which show a ZrO,H,-carbon overlayer on Pd(111) with a coverage close to 1 ML after
CVD, and evenly distributed clusters of Zr atoms with 1 ML height after the subsequent UHV
annealing step, this scenario appears rather doubtful. Therefore, a second explanation might be
more reasonable: (2) carbon grows in a “sandwich-like” fashion between Pd and ZrO.H, and
“lifts” the ZrOH, islands up. As a consequence, the Pd-Zr interfacial sites would also get lost,
resulting in the discussed catalytic inactivity. Note that such tremendous amounts of carbon
were found neither on clean Pd nor on clean ZrO, under otherwise identical conditions.
Therefore, a strong enhancement of coking caused by the Pd/ZrOH, interface is strongly
suggested. In such a way, the inactivity of the phase boundary in the water-containing MSR
atmosphere might also be rationalized: The lift off effect might already play a role, even though
the carbon formation propensity is lower due to the simultaneous water co-feed. Smaller
amounts of graphitic carbon (C 1s BE = 284.3 eV) were always observed ex situ after MSR in

the batch reactor setup. Moreover, MSR in situ XPS experiments at temperatures lower than
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700 K are shown in Figure 9 and clearly indicate the formation of graphitic carbon also under
MSR conditions. Quantification indicates a carbon coverage of 0.5-1 ML at 700 K under MSR
condition (Figure S5) and around 1.5 ML at 700 K under pure methanol (Figure S4).

As the formed very thick carbon “interlayer” caused by pure methanol between 700 K and 750
K cannot be removed with H,O and not even with O, at 750 K, as shown in the uppermost
panels of Figure S4, its permanent poisoning effect and ineffective removal by water under

MSR conditions is obvious.
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Figure S4: In situ NAP-XP spectra (Pd 3d, Zr 3d, C 1s and O 1s (overlapping with Pd 3p)
regions) of CVD grown 0.5 ML ZrO,H, model catalyst (1000 L ZTB at 723 K) under water-
rich MSR conditions, clean methanol, water and oxygen (details see Y-axis). No vacuum

annealing treatment after CVD was performed.

Starting from a partially reduced initial state (CVD followed by vacuum annealing), Figure S5
shows the temperature-dependent evolution of the in situ XPS spectra under MSR conditions.

Up to 423 K carbon oxygenate species can be seen at binding energies around 286-288 eV.
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They arise from partial oxidation of methanol and prove the potential of the surface for
methanol activation. Up to 548 K no hydroxylation is found. With increasing temperature,
hydroxylation takes place under reaction conditions, along with a shift of the Zr 3d peak from
182.3 up to 183.0 eV due to reaction with H,O in the gas feed. This indicates water activation
and suggests the opening of water activation-dependent reaction channels. Moreover, graphitic
carbon species (BE of 284.2 eV) are increasing between 298 and 648 K under MSR conditions.
These carbon species disappear at higher temperatures. Both Pd bulk dissolution of carbon and
the water gas reaction C + H,O = CO + H,, which can cause the onset of CO formation above
650 K (see Figure 10), may be considered to explain this observation. In the O 1s region, special
care has to been taken when interpreting the peak shift to higher BE as Zr hydroxylation, since

also carbon oxygenates may contribute to this trend and O 1s overlaps with Pd 3p.
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Figure S5: In situ NAP-XPS spectra (Zr 3d, C 1s and O 1s (overlapping with Pd 3p) regions)
of 0.5 ML Zry/ZrOH,, prepared by annealing of CVD grown ZrO,H, (2000 L at 723 K) in

5x10® vacuum at 700 K under water-rich MSR conditions (H,O:MeOH = 2:1, pyya = 0.3 mbar).

As mentioned above, neither the CVD-as-grown Pd/Zr*“OxHy nor the mixed valence
Pd/Zr%/ZrOH, model catalyst (prepared by vacuum annealing of the former) showed
synergistic MSR effects in the standard temperature range up to 623 K. This range represents
also the accumulation- and stability region of surface carbon species, as verified by the in situ
XPS experiments of Figure S5. As the spectra at T > 648 K in Figure S5 both indicate additional

surface hydroxylation by water and pronounced carbon clean-off, high-temperature MSR
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experiments up to 873 K were additionally performed and are shown in Figure S6. Formation
of CO starts around 623 K and is assigned to the methanol dehydrogenation activity of the
residual clean Pd surface. On the initially clean Pd foil (without Zr), this reaction starts also
slightly above 600 K. At ~700 K the CO formation rate passes through a maximum, then drops
steeply and even becomes negative, i.e. already formed CO is consumed, which is clearly linked
to simultaneous CO, formation. It is rather conclusive that the CO, formation arises from the
onset of water gas shift (WGSR) activity, which is again coupled with the pronounced carbon
clean-off effect starting above 650 K and shown in Figure S5. Thus, we suggest a water
activation - carbon clean off - WGSR scenario mediated by “de-coked” and hence, activated
Pd/ZrOH, sites above ~650 K. The catalytic results of Figure S6 are therefore consistent with
the in situ XP spectra of Figure S5. In the isothermal reaction part, CO is still formed on Pd,
but partially re-consumed by the water gas shift reaction to form CO,. Consequently, both
formation rates, CO and CO,, are positive. On this basis, we have to conclude that the low-
temperature coking tendency, the high water-activation temperature and the CO,-selectivity
spoiling WGS reaction on the “re-activated” catalyst limit the relevance of Pd/ZrOH, for

selective MSR applications.
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Figure S6: MSR on the CVD grown ZrOH, model catalyst under water-rich MSR conditions

(water:methanol = 2:1, py1 = 36 mbar). The exposure was about 1000 L ZTB at 700 K and the
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initial coverage with Zr estimated to ~0.4 ML. The temperature range of the MSR experiment

was extended to 873 K.
G Depth Profiling XPS of a pre-oxidized Zr foil after DRM
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Figure S7: Destructive depth profiling of pre-oxidized Zr foil after DRM with Ar" sputtering.

The sputter time is labeled in the figure. 10 s of sputter time correspond to approximately 1 nm.
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In the DRM experiment, ZrO, gets fully reduced (see Figure 12 main paper). With this
reduction, the formation of a zirconium carbide comes along, indicated by a binding energy of
C 1s at 282.0 eV beside a hydrocarbon peak at 284.5 eV. Zr 3d Binding Energy was found at
179.4 eV for the surface zirconium carbide and 182.4 eV for the surface oxidation due to the
transport via air. Destructive depth profiling of the sample after methane dry reforming (spectra
shown in Figure 12) clearly indicates that the hydrocarbon overlayer is very thin (~5 nm) and
the Zr carbide reaches much deeper (>20 nm). Due to the transport over air a thin (< 5nm)
passivating ZrO, overlayer (Zr 3d BE 182.4 eV) is formed and cannot be seen after DRM when
sample was not exposed to air (compare Figure 13). With removal of this oxide layer and the
carbon species at 284.0 eV that are formed under DRM and increase in quantity due to air
exposure by Ar" sputtering, metallic Zr and a carbon peak at 282.0-282.1 eV arises. This near-
surface carbon species is also seen in XPS right after DRM (Figure 13) and assigned to the
formation of Zirconium carbide®. Summing up, the sample can be described as a layered system

consisting of Zr (substrate), ZrC(>20 nm) and on top ZrO,/CH, (~5 nm).

H XRD Analysis of the nominal 2:1 Pd-Zr intermetallic compound before and after

DRM

For the DRM-active intermetallic Pd-Zr bulk phase atalyst, XRD patterns before and after the
reaction were collected in analogy to the highly MSR-active Cu-Zr catalyst. For Cu-Zr, a
straightforward assignment of the pattern to a single intermetallic Cu-Zr phase in contact to
metallic Cu was possible. In contrast, for the Pd-Zr intermetallic phase, this was not an easy
task, because the melt-prepared sample is much less homogeneous. A number of possible
intermetallic compounds in varying stoichiometries (in accordance with the overall 2:1
stoichiometry of Pd:Zr in the initial melt) potentially match the pattern recorded prior to DRM,

including Pd;Zr and Pd,4Zr;.!° The presence of Pd,Zr can be ruled out due to mismatch with
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reference diffractograms. A small amount of oxidized monoclinic ZrO, can also be found. After
DRM, tremendous changes in the diffraction pattern indicate massive structural changes,
alongside a further increase in sample inhomogeneity. Pd;Zr is not present anymore, but a
number of new intermetallic/oxo-intermetallic compounds have been formed, including PdoZr
and Pd4Zr;. A small amount of monoclinic and tetragonal ZrO, is also present, most probably
stemming from partial oxidative decomposition of the Pd-Zr intermetallic compounds.
Generally, it seems plausible, that the Pd-Zr phases are not as much affected by selective
oxidative decomposition under DRM conditions as it was the case for Cu-Zr under MSR
conditions, because the DRM reaction conditions are far more reducing. For pure ZrO, on Zr,
complete reduction of ZrO, and the formation of ZrC was found after DRM at 1073 K. In the
post-DRM XRD pattern, metallic Zr could be found.!! Note that due the fact the Pd-Zr
intermetallic phase has been prepared on a Ta crucible, the not assigned peaks in Figure S5
arise from metallic Ta or Ta,Os. However, no Ta-Pd or Ta-Zr phases could be identified,

indicating that metal intermixing during the preparation process is absent.
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Figure S8: X-ray diffraction patterns of the Pd-Zr bulk sample (nominal composition 2:1 = Pd-

Zr). The bars indicate the reference peaks of the present phases.
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