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Abstract

The water forming reaction (WFR) between oxygen and hydrogen on metal surfaces
is an important reaction in heterogeneous catalysis. Related research mostly focused
on crystalline metal surfaces and thick films, however, supported nanoparticles (NP)
have been rarely considered as well as a possible influence of the support on the NP
catalytic activity. Here, we report on the WFR on graphite supported palladium NPs
and nanoislands (NI), which are characterized at room temperature and under ultra-
high vacuum conditions (UHV) by scanning tunneling microscopy (STM), noncontact
atomic force microscopy (nc-AFM), Kelvin probe force microscopy (KPFM) and X-ray
photoemission spectroscopy (XPS). We show that during the first cycles of sequential
09 and Hs pulses, atomic H reacts off preadsorbed atomic O, which can be followed
by KPFM via monitoring the change of work function (WF) at the NPs and NIs.
However, after a few WFR cycles, the WF changes get smaller and the mean WF of
the Pd increases due to an irreversible deactivation of the catalyst: a filament structure
is formed on the facets by O and C, which the latter gets probably released from the
graphite during the WFR. In strong contrast to the Pd/graphite catalyst, the WFR can
be followed without any changes during an unlimited amount of cycles on a carbon-free
Pd/cerium oxide/Cu(111) catalyst, which clearly shows that the support plays a role

in the WFR on nanometer sized Pd catalysts.

INTRODUCTION

molecular beam techniques!

Since its discovery in 1823 by J. W. Débereiner 2] the water forming reaction (WFR) from
gaseous oxygen and hydrogen on a platinum-group metal surface is a fundamental reaction
in heterogeneous catalysis. The WFR can be a sub-reaction in a larger catalytic reaction
(e.g., in the methane oxidation®) and finds a potential application in, e.g., hydrogen control
systems of nuclear power plants?. Apart from Pt(111)%%% Ru(0001)” and Pd(001)%°, the

WFR was studied in particular on Pd(111) by several surface science techniques such as
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, mass spectrometry 12 time-of-flight spectroscopy (TOF)!3,



thermal desorption spectroscopy (TDS)!14 and scanning tunneling microscopy (STM) 516,

Apart from crystalline Pd surfaces, polycristalline!™!® and thick Pd films forming a metal-

19,20

oxide-semiconductor (MOS) device were used as well, and theory was used to explain

the precise reaction pathways in general®?2!:22,

As shown on Pd, the WFR proceeds mostly over a Langmuir-Hinshelwood mechanism

10,11,14,20 4,12

at low and high pressures®**: both molecular species adsorb dissociatively even
at room temperature (RT) and combine to HyO, which leaves the metal surface even be-
low RT!%L15  Although an early work does not exclude that the WFR may also pro-
ceeds directly via adsorbed Hy [Hy (ad) + O (ad) — H,0 (g)|'*, all other work assumes that

2324 and form surface hydroxyls in a first step

Hy and Oy are first adsorbed dissociatively
[H (ad) + O (ad) — OH (ad)|'*?". In the next water-forming step, experimental work assumes
a hydrogen addition reaction |OH (ad) + H (ad) — Hy0 (g)]'® whereas theory predicts that
rather two OH species form H,O [2OH (ad) — H,0 (g) + O (ad)]>?! with the hydrogen ad-
dition reaction being important rather at higher temperatures?!.

In contrast to all the work done with bulk Pd samples and some work done with gas-
phase clusters?, only a limited amount of work can be found that deals with supported

nanoparticles (NP)%26

. Independent from their general importance in catalysis, it is worth
to study PANPs and the WFR due to a potential influence of the support: for instance,
carbon supports, which are frequently used in catalysis, get etched by PANPs such that C
is included into the NPs. This has been observed during the UHV growth of PANPs on the
HOPG surface already at moderate temperatures (150 °C)?7. Such adsorbed or absorbed C
could change the reaction properties, leading, e.g., to the well-known phenomena of catalyst
deactivation?®29,

In this work we focus on the WFR at RT and under UHV conditions on PdNPs and
Pd nanoislands (PdNIs), which are grown in their (111) epitaxy on highly oriented pyrolytic
graphite (HOPG) and on ultra-thin cerium oxide (ceria) films on Cu(111) at 500 °C (PdNPs)

and at RT (PdNIs). STM and noncontact atomic force microscopy (nc-AFM) are used to



study the surface morphology whereas STM allows obtaining atomic details on the palladium
facets. Kelvin probe force microscopy (KPFM) is used to monitor the surface WF, which
changes during a WFR. In particular KPFM is a suitable technique to study the WFR: (i)
the WFR takes place at RT so that the reaction can be followed with an AFM that works at

03932 strongly increases the

RT. (ii) The saturated (2 x 2) adsorption structure of atomic
WF of Pd(111) by +0.6eV33° whereas saturated atomic H increases the WF by maximal
+0.16 eV at pga =5 x 107" mbar??. This means that a removal of O by H should therefore be
visible by a large contrast change of some hundreds of millivolts in the KPFM image. (iii)
Depending on the C state (amorphous C or graphene) on PANPs/HOPG, the WF decrease
induced by C can be eventually distinguished from the WF increase induced by adsorbed H
and 0?73, (iv) With respect to Pd/HOPG, oxygen, hydrogen, water and other gases do not
adsorb on the HOPG terraces at RT?6, so that the HOPG terraces always remain at their

well-defined WF and therefore function as a reference surface for KPFM.

METHODS

A detailed description of our STM, nc-AFM, KPFM and XPS instruments as well as a
description of the sample preparation and material properties (absolute WF values and
lattice constants for Pd and HOPG) can be found in the Supporting Information. Here, we
summarize the most important details.

Scanning Probe Microscopy (SPM). STM, frequency modulated nc-AFM and KPFM
are performed at RT in an UHV chamber with a base pressure kept at 1 x 107! mbar. KPFM
is used in the frequency modulation mode®” and applied during the nc-AFM imaging in the
constant A f mode. During the scanning of the surface, the electrostatic tip-surface interac-
tion is minimized at each image point by the sample bias voltage (tip at ground), yielding
the contact potential difference (CPD) between tip and surface given by CPD = (dsample -

¢up) /€. An image of the CPD is simultaneously obtained with the topography nc-AFM



image whereas we call the CPD image the work function image for simplicity. If the tip-
surface convolution effect in KPFM is small, the contrast of a WF image is directly related
to WF differences on the surface. If the convolution is strong, measured WF' differences are
smaller than the true WF differences due to the tip averaging effect. A bright yellow /orange
contrast in WF images corresponds to a relatively high WF whereas a dark blue/violet con-
trast corresponds to a relatively low WF. Note that because the AFM tips have been exposed
to Oy and Hy prior to all experiments shown here, the tip’s WF does not change when dosing
Oy and Hy. For more details see the Supporting Information and the one of Ref. [35].

Photoemission Spectroscopy (XPS). X-Ray photoelectron spectroscopy (XPS) is
accomplished in a second UHV chamber with the Mg K, radiation (1253.6 eV) delivered by
an unmonochromatized X-ray source operated at 140 W. Photoelectron spectra are recorded
with a hemispherical analyzer with 5-channel detection, using a pass energy of 50 eV for the
survey spectrum and 20eV for detail spectra. All XPS spectra are taken with the sample
kept at RT.

Sample preparation. Clean HOPG supports are prepared by cleaving HOPG in air
with an adhesive tape and by a following annealing between 650 and 800 °C in UHV during
several hours. Ultra-thin ceria films are grown on a Cu(111) support by oxidizing a previously
evaporated Ce film in 5 x 107" mbar O, at 550°C?3®. The nominal thickness is about 3 to
4 monolayers (ML) whereas one ML is defined as the thickness of the repeating unit along
the [111] direction, namely an O-Ce-O trilayer with a height of hyp = aceo2/V3 ~ 3.12 £
0.01 A3, The PANPs and PdNIs are grown separately in each of the two UHV chambers by
evaporating neutral Pd atoms onto the sample surface. The support is kept at 500 °C and
RT during the growth, which leads to PANPs and PdNIs, respectively (see Figurel). For
the SPM and XPS experiments, same HOPG samples are used, which are always cleaved in
air if a new HOPG surface is needed.

O, + H, Dosage Experiments. In each of the two UHV chambers, only a turbo

molecular pump is used to keep the partial O, or Hy pressure constant whereas ion getter
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Figure 1: STM topography images of PANPs (a) and PdNIs (b,c) after their growth in UHV
at 500°C and RT, respectively. Depending on the HOPG step density, the coverage of the
HOPG surface by the PANPs (5% in (a)) strongly varies on the surface whereas the coverage
of 35% in (b) is found almost everywhere on the surface. Growth: 2.0 ML Pd at 500°C +
30sec long post-annealing at 500°C (a) and 3.3 ML Pd at RT (b,c), STM: I=0.20 (a), 0.63
(b) and 0.12nA (c), Upjus =+ 4.2 (a), +0.66 (b) and +0.10V (c), v=2.0 (a,c) and 1.0Hz

(b).

and non-evaporable getter (NEG) pumps are separated from the main UHV parts by gate
valves. The UHV chamber is back-filled with either Oy or Hsy via leak valves at a chosen
partial pressure, whereas the dosage is determined by the exposure time. Note that the real
pressure in the tip-surface cavity is smaller than monitored by the gauge controller because
of the small cavity size. Because the geometric correction factor is unknown, the relative
sensitivity factors for Oy and Hy as given in, e.g., Ref. [40] (Oz: 0.87 and Hy: 0.44), are
not accounted for. Here, we merely mention the reading from the controller of the pressure
gauge and refer to the effective values if needed.

To reduce the complexity of the WFR during a simultaneous exposure of O, and Hs,
both gases are sequentially dosed in the experiments as exemplified for a SPM experiment
on a PANI in Figure 2a (scanning from the bottom to the top): a part of the HOPG surface
and the PdNI is first imaged under best UHV pressure conditions to obtain WF values
of the clean as-prepared surface (bottom). Because the WEF values of HOPG and Pd are
different (¢uopc e =4.5£0.1€V, dpayc = 5.6 £0.1€eV, see Table S1 and S2 in the Supporting
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Figure 2: The experimental protocol for KPFM adsorption, desorption and reaction experi-
ments based on sequential pulses of Oy and Hs. (a) Sketch of a KPFM image, showing the
HOPG support (yellow) and a PANI (light blue) as well as a Oy (red) and Hy pulse (blue).
The scanning proceeds horizontally (fast scanning direction, in forward and backward direc-
tion) from the bottom to the top (slow scanning direction). (b) Exemplifying profile taken
at the green dotted line in (a) showing the expected WF difference between Pd and HOPG
(1), and the expected WF increase and decrease upon an O, (2) and following Hs pulse (3),

respectively.



Information), the WF increases when the tip passes over the PANT ((1) in Figure 2b). The
sample is then exposed to a some seconds long pulse of O9 and Hs ((2) and (3) in Figure 2b).
A pressure of ~5x 107" mbar is chosen such that a dosage of one Langmuir (L) is reached
within only about one scanning line during the scanning. Any possible changes in the WF
can then be assigned to the action of either oxygen or hydrogen whereas the influence of
other residual gases such as CO are kept small (see Supporting Information). After an Oy
or Hy pulse, the gate valve of the ion getter and NEG pumps is immediately opened so that
the residual pressure quickly decreases into the lower 107!° mbar pressure range within ten
seconds only. Therefore, almost no chemical surface reactions take place on the surface with
the residual gas after a pulse has been sent. As discussed in this work, the WF varies upon
the exposure of O2 and Hj pulses (see positions (2) and (3) in Figure 2b).

Note that a delivered Oy or Hy pulse only covers a few scanning lines of the 512 x 512
pixel? large image and is much thinner than shown in Figure2a. The region between two
pulses (yellow) is then obtained under best UHV conditions.

The same type of sequential dosage experiments are done in XPS studies, however, XPS

is used only before and after all Oy and H, pulses have been executed.

RESULTS

O, + H, exposure on PANPs/HOPG. Figure 3a shows the topography (top) and WF
image (bottom) of PANPs after a growth of 2.0 monolayer (ML) Pd on HOPG at 500 °C.
One ML is defined as the thickness of one atomic Pd layer, which is repeated along the [111]
direction perpendicular on the surface, with a height of hpggi11) = apa / V3=~ 2.25 A (lattice
constant apq: see Table S3 in the Supporting Information).

Due to a relative strong tip-surface convolution effect, the NPs appear two times larger
than in corresponding STM images obtained with the same tip (compare with Figure 1la and

see Figure S1 in the Supporting Information). Owing to their 3D shape of a top-truncated



tetrahedron, the NPs exhibit well-known shapes from triangles to hexagons via various trun-

°41 The top facets

cated shapes, with the NP’s edges forming always angles of 60° and 120
are atomically flat and are in their (111) surface orientation, with the side facets having (111)
and (001) orientations?”. The NPs are attached at steps of the HOPG surface and have side
lengths, which can vary between 10 and 30 nm, whereas the NP height can generally reach
15nm and more (Figure la).

The corresponding WF image in Figure 3a shows bright NPs with a WF difference of
up to +0.3¢V, which is typical for such NPs on HOPG?2™3%; the value is well below the
expected WF difference of A¢pgnopc = ¢pa—dnopc ~ +1.1eV between pristine Pd(111) and
HOPG (¢norc it =4.5£0.1€V, ¢paut =5.6 £0.1eV, see Table S1 and S2 in the Supporting
Information) because C is occupying subsurface sites in the NP and reducing the WF of the
PANPs?".

In the following measurement (Figure 3b), the NPs are first imaged in UHV in the lower
part of the image and the surface is then exposed to a 11.4 L short O, pulse (red arrow at the
bottom). Note that the pulse only covers about 7 scanning lines in the 512 x 512 pixel? sized
image so that the pulse length as such is not visible in the image. In other words, the surface
regions between two pulses are always imaged under best UHV conditions (~ 107! mbar).
Note also that the pressure and related dosage values have to be corrected by the relative
sensitivity factors (Og: 0.87, Hy: 0.44)%°. However, the resulting dosage values (Oq: 13.1 L,
Hy: 25.9 L) are sufficiently high to saturate the surface by one layer of oxygen3® and hydrogen,
respectively (see Discussion section).

As it can be also seen in the corresponding profile 1 (red) below the WF image, the WF
of the NP increases by +0.3eV upon the Oy pulse. The increase of the WF is in agreement
with previous observations®: during the pulse, oxygen dissociatively adsorbs on the PANPs
increasing the WF of the palladium. The increase here is smaller than the previously observed
one (+0.6eV3%), which is due to the strong tip-surface convolution effect mentioned above.

Note that, so far, we only focus on the qualitative trend of WF changes and do not consider
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Figure 3: The WFR on PANPs/HOPG, with KPFM experiments acquired before (a) and
during the reaction (b,c). The topography (z) and WF images are shown on the top and in
the middle row, respectively. The WF (z) images have all the same color and WF (nm) scale.
The arrows in the WF images show the respective O, and Hy pulses (~5.0 x 10~7 mbar, 30 sec
— ~11.3L) whereas the total dosages Dps (Do) after each measurement are mentioned for
Oy (Hs) on the top. Underneath the WF images, typical color coded profiles taken at the
respective colored dotted lines in the WF images are shown. All profiles have a number,
which has the same color code. Vertical red and blue arrows in the profiles show the WF
changes upon the Oy and Hy pulses, respectively. PANP growth: 2.0 ML Pd at 500°C +
30sec post-annealing in UHV at 500°C, nc-AFM: Af=-9.5 (a,b) and -11 Hz (c).
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absolute values.

After half of the image, a 11.3 L short Hy pulse is sent (blue arrow in Figure3b). The
WF decreases by about -0.2 eV and remains constant afterwards in UHV (blue profile 2). A
following Oy pulse on the top (red profile 3) increases again the WF, this time by +0.2eV.
In the following, successively recorded measurement (Figure 3c), the order of the pulses with
same strength (11.3L) is reversed: first a Hy then an O, pulse is sent at the same places
of the previous image, with a last Hy pulse on the top of the image. As a result, the WF
decreases upon the first Hy pulse whereas it increases upon the following Oy pulse. The last
Hy pulse decreases again the WF.

As explained in the discussion section (see below), the WF changes that appear after the
O, and Hy pulses can be assigned to the WFR. Important to note is that the relative WF
changes are much smaller in the second measurement in Figure 3¢ (-0.06, +0.05 and -0.08 V)
and that the final WF state of the NPs exhibits a mean WF of the PANPs that is by up to
~~+0.2eV higher than the mean WF of the initial state in Figure 3a (see Figure S2a,b in the
Supporting Information).

O, + H, exposure on PdNIs/HOPG. To obtain more reliable values for the WF
changes with almost no tip-surface convolution effect and to exclude a possible influence of
the PANP subsurface carbon on the WF changes, we consider measurements obtained on
PdNIs: Figure1b and also FigureS3 in the Supporting Information show PdNIs after the
growth of 3.3 ML of Pd on a second clean HOPG surface at RT: such islands can reach lateral
sizes of up to 300 nm, cover about 35% of the surface and exhibit a height between 2.5 and
3.5nm. Furthermore, they are well separated from equally wide regions of clean HOPG. The
main edges of the islands form angles of 120° or 60°, which is due to the (111) orientation of
the top facets of the islands. On the top facets, several terraces can be found that exhibit
integer step heights of the Pd(111) ML height whereas the steps are rather curved (Figure 1c)
compared to the straight main edges of the islands (Figure 1b).

Because the PdNIs are grown at RT, there is no carbon that is included during the growth

11
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Figure 4: The WFR on PdNIs/HOPG during the acquisition of several consecutively
recorded KPFM measurements (a-f). Only WF images are shown, which all have the
same color and WF scale. The arrows show the respective Oy and Hy pulses (one pulse:
~5.0 x 107" mbar, 20sec — ~7.5L) whereas on the top of the images, the total Oy (Hy)
dosage Do (Dp2) after each measurement is mentioned. (g,h) Color coded profiles, with
profile (g) and (h) taken from image (b) and (e), respectively. The profiles present the
course of the WF after a Hy pulsec wheras the gray shaded regions in (g) and (h) show the
length of a pulse. PdNI growth: 3.3 ML Pd at RT (35% coverage), nc-AFM: A f=-22.0
(a,b), -25.0 (c), -27.0 Hz (d-f).
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so that the islands are made from pure Pd®*. This explains why the islands exhibit a WF
difference of +1.09eV with HOPG in Figure4a (bottom), which agrees with the expected
WF difference of A¢pganopag~-+1.1eV and which is thanks to the large lateral dimension
of the PdNIs and the HOPG regions that keep the tip-surface convolution relatively small.
Note that apart from this, the WF difference does not change upon changing the tip-surface
distance (see Figure S4 in the Supporting information).

Figure 4a and b show six O and five Hy pulses (one pulse: ~7.5L) that are sent during
the scanning of the surface. As in the PANP case, an Oy pulse always increases the WF of
the PANIs (+0.42, +0.34, +0.35, +0.34, +0.29 and +0.29€V) whereas a following Hy pulse
always decreases the WF (-0.15, -0.11, -0.24, -0.23 and -0.21eV). As in the PANP case from
above, the WFR takes place upon a H, pulse, with H reacting off the pre-adsorbed O forming
H,O that leaves the islands at RT (see discussion section).

After the two measurements shown in Figure4a and b, a pair of Oy and Hy pulses is
repeated 13 times on the same islands (Figure 4c-f). As it can be seen by the WF contrast,
the trend of the WF increase (decrease) upon an Oy (Hs) pulse remains the same. However,
the absolute values of the WF changes strongly decreases with increasing number of cycles
(one cycle is formed by one Oz and one following Hy pulse). At the end of the series
(Figure 4f), the WF changes are all well below 0.1¢V.

As in the case of the PANPs from above, the mean WF of the PdNIs increases with
increasing number of cycles. An analysis of the initial and final states (Figure S2¢,d in the
Supporting Information) before and after the overall 19 Oy and 19 H, pulses (total dosages:
Doz =142.5L and Dys =142.5L ) shows that the WF difference between the PdNIs and
HOPG has increased by +0.36€V (from +1.09€V onto +1.45€V).

Note that after the measurement series shown in Figure4, a 722 L. long O, exposure does
not change the WF of the PdNIs whereas a following 792 L. long Hs exposure decreases the
WF by -0.15eV. The Pd/HOPG system is then completely insensitive upon other O, or

H, exposures, with the WF remaining on a constant value (see Figure S5 in the Supporting
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Information).

An other important observation is that at the beginning of the cycling (Figure 4a,b), the
WF changes are immediate upon a Hy pulse. This can be seen by the step-like shape of
the profiles in Figure 4g, which show the changes of the WF' at the color-coded lines of the
image in Figure4b. However, after many pulses have been sent, e.g., like in Figure4e, the
step-like profile changes to a different shape (Figure4h): at the beginning of the Hy pulse,
the WF immediately decreases onto a rather constant value. However, as soon as the Hy
pulse is stopped, the WF drifts back onto a saturated value, which is almost half the WF
change induced by the Hy pulse.

O, exposure on PdNIs/HOPG. The increase of the mean WF upon several Oy and
H, pulses let assume that O is changing Pd in some irreversible way: a) the mean WF
that increases by ~+0.4eV on the PdNIs is close to the value of adsorbed O on Pd(111)
(+0.6eV)3 and b) adsorbed H does not generally increase the WF of Pd (<+0.1eV at
pr2 ~ 107 mbar??), in particular not when dissolved in the bulk?3.

To study the impact of O, we show Oq adsorption KPFM experiments of a third PANI/HOPG
sample, on which the islands exhibit again an expected high WF difference (+1.05¢V) with
HOPG (Figure5). The first 45L long Oy pulse in Figure 5a increases the WF of the PdNIs
by +0.41eV (yellow/orange contrast). However, about 10 minutes after the O pulse, the
WF has considerably decreased (green contrast) at the upper two NIs (see green arrow).
Figure 5b shows another island in the same surface region in this contrast after a second
O, pulse (not shown). In following images, the same long WF decrease after two Oy pulses
can be observed (Figure5c,d): at the beginning of a 45 L short pulse, the WF immediately
increases by +0.30 and +0.23 but decreases after the pulse on the length scale of minutes.
Comparing all Oy pulses, it can be concluded that the relative WF increase by O decreases
with the number of Oy pulses (+0.41 (a), +0.30 (c), +0.23 (d), and +0.16eV (e)). The
temporal course of the PANI’s WF can be seen in Figure 5i.

After the fourth Oq pulse (Figure 5e), an about five times longer Hy pulse (225L) is sent

14
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Figure 5: Oy adsorption KPFM experiments on PANIs/HOPG with consecutively recorded
WF images, which all have the same WF and color scale (a-h). Note that 2 images between
image (b) and (c) are not shown, whereas 4 images are not shown between (c) and (d). The
red arrows and transparent rectangles mark the length of the pulses. (i) The course of the
CPD taken from the images. PANI growth: 3.3ML Pd at RT (35% coverage), nc-AFM:
Af=-25.0 (a) and -32.0 Hz (b-h).

to test if the WF of the PANIs can be decreased by H (Figure 5e). Indeed, the WF decreases
instantaneously by -0.17eV at the beginning of the pulse and remains constant until the end
of the pulse (Figure 5i). However, this relatively long Hy pulse does not lead to the initially
observed WF value of the PANIs as observed in Figureb5a (see also Figurebi). A last 45 L
short Oy pulse does increase the WF, however, only by +0.07eV (Figure5g). After a total
O4 dosage of Doy =270 L and additional Dyy =225 L0 of Hy, the PANIs remain in a constant
WF state, exhibiting a WF difference of +1.45¢eV with HOPG, which is again +0.4 eV higher
than the initial value of +1.05¢V (Figure 5a).

STM during O, exposure on PdNIs/HOPG. The decreasing strength of the O
induced WF increase upon several Oy pulses and the related increase of the mean WF of
the PdNIs are the same as the ones observed during the cycling of the WFR from above.
Obviously, oxygen in whatever form on the Pd facets is the reason for these observations.

We conducted O, adsorption STM measurements on a newly prepared PANI/HOPG

sample to study possible structural changes on a smaller length scale compared to the one of
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Doz =190 L Doz = 406 L Do, = 406 L Do, =572 1L

Figure 6: STM images of an O, exposed PANI [(a,b,d,e): topography, (c): current|. (a,b)
Images after a 190 L long O, pulse (12min @ 1.5 x 107" mbar + 8min @ 3.0 x 107" mbar)

with the (2 x 2) oxygen adsorption structure marked by the arrows. The smaller regular
but wavy structure in, e.g., the top parts of both images is due to a periodic noise in the
tunnel current. (c¢) Atomic resolution of the Pd (111) lattice obtained after Doy =406 L of
Os. (d,e) The filament structure on a large scale (d) and during a following Oy exposure (e).
The blue, pink and green dots in both images (d,e) show same surface sites and are a guide
to the eye. PANI growth: 3.3 ML Pd at RT (35% coverage), STM: I=0.29 (a,b), 0.66 (c)
and 0.32nA (d,e), Upias = +0.21 (a,b), +0.042 (¢) and +0.50V (d,e), v=2 (a,b), 5 (c) and
4Hz (d,e). Scale: 0.6nm (a,b), 4nA (c), 1.1 (d) and 0.8 nm (e).

the previously shown KPFM images (Figure 6). The topography images in Figure 6a,b show a
small region of the top facet of one island, after a 190 L long O, pulse. Due to the dissociative
adsorption of Oy at RT, a (2 x 2) adsorption structure is created®® 3. The (2 x 2) structure
can be seen in the lower part of Figure 6a (see arrow). However, this structure disappears on
a time scale of minutes during the scanning (top part of the image) and is almost invisible
in Figure 6b: the (2 x 2) structure can only be seen in the lower left corner in a small region
on a Pd terrace (see arrow). Same observations could be done after a few other O, pulses up
to a total Oy dosage of Dp2~ 400 L. Important to note is that most of the Pd(111) lattice
is still intact as it can be seen in the image with atomic resolution (Figure6¢). However,
several atomic sized defects are present, together with some features that seem to get moved

horizontally by the STM tip along the fast scanning direction.
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Figure 6d shows the Pd facet on a larger scale. Apart from the typical Pd terraces, a
filament structure can be seen on the terraces. The number of filaments increases during a
following, long O, pulse (Figure 6e) whereas the filament density saturates at (6 +3) x 103
filaments/cm?, after a total Oy dosage of roughly ~500L (see Figure S6 in the Supporting
Information). Important to note is that a following 260 L long Hy pulse does not change the
filament structure (Figure S6e in the Supporting Information).

The high resolution image in Figure 7a shows the filament structure, after a total O,
and H, dosage of Dgy =655 and Dye =260 L, respectively. Note that in some cases, only
the atomic structure of the Pd(111) lattice is resolved in STM images without showing the
filament structure (FigureS7 in the Supporting Information). However, upon changes of
the STM tip, which may appear occasionally even when the scanning parameters remain
unchanged, the atomic resolution can be lost at the expense of the filament structure.

A filament has a length between 2 and 3 nm, a width of around 0.6 nm and a distance to
the next filament of around 1nm (Figure 7b). It seems that the filaments are composed of
atomic features that are lined up (see green arrow), with a mean distance of (0.53£0.05) nm,
which is about two times the next-next-neighbor Pd distance (e = apq / v/2~0.275nm, with
apg = 0.389 nm, see Table S3 in the Supporting Information). Although the image quality is
relatively low, the density of the atomic features can still be roughly estimated (po &2 x 10
atomic features/cm?, see Figure S8 in the Supporting Information), which is about 13 % of
the atomic sites in the ordered Pd (111) lattice (ppa11) =4v3/ (3a%pq) & 1.525 x 101> Pd
atoms/cm?). Another important observation is that in some images, the filaments seem to be
aligned along the simple crystallographic surface directions of the Pd (111) lattice, forming
at some places the typical angles of 60 and 120° when they cross each other (see Figure S8
in the Supporting Information).

For the discussion (see below), we show in Figure 7c the carbon precursor structure, which
can be obtained by cracking a small amount of ethylene at around 650 °C on as-prepared

PdNPs?742. The latter structure is quite similar to the filament structure observed here and
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Figure 7: (a) STM image of the filament structure after a total O exposure of Doy =655 L, in
comparison to the carbon precursor structure observed after cracking Dcaopgg = 22 L of CoHy
at 665°C on PANPs (c)?™*2. Image (a) shows the topography and image (c) the current
signal. (b,d) Profiles obtained at the color coded lines shown in (a,c). Growth conditions:
3.3ML Pd at RT (a) and 1 to 1.5ML Pd at 480°C (c), STM: I=3.1 (a) and 2.11nA (c),
Upias = +0.021 (a) and +0.027V (c), v=4 (a) and 5Hz (c).
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is composed of carbon species with a density of at least pc >~ 4 x 10'* carbon species/cm?
(see Figure S8 in the Supporting Information), which is roughly two times larger than po.
The higher density of the C filaments influences the mean filament-filament distance, which
is smaller in the case of the C filaments compared to the one of the filaments observed in
this work (compare the profiles in Figure 7b and d).

XPS after O, exposure on PdNIs/HOPG. In Figure 8, two XPS experiments con-
ducted on two newly prepared PANI/HOPG sample surfaces are shown to state whether or
not an oxide in whatever form is created on the PdNIs. The PdNIs are grown in the XPS
chamber at RT, using similar Pd quantities (9 and 11 ML) and a similar Pd flux as in the
SPM chamber so that same type of PdNIs are obtained [compare STM images in Figure S9
(sample for XPS) with images in Figure S3 (sample for SPM)|. The XPS spectra of the ini-
tially clean samples are shown in blue, together with the spectra in red of same samples
after 10 consecutive WFR cycles (Figure8a) and after 5 consecutive Oy pulses (Figure 8b).
Note that almost same parameters for the WFR and O, exposure experiments are used as in
the experiments shown in Figure4 (WFR) and Figure5 (O2 adsorption). This concerns in
particular the ~5.0 x 10~" mbar high partial pressure for Oy and Hs, the pulse lengths and
the pulse delays.

All spectra contain the typical Pd 3ds/, and Pd 3ds5/, peaks at a binding energy of 340.0
and 334.7eV, respectively, which can be assigned to bulk Pd according to literature (Pd
3ds/e: 340.6eV*, 340.6eV?*, 340.6eV* and Pd 3dsp: 335.3eV*, 335.0eV?4, 335.2eV4,
334.9eV*%). Most important is that the spectra recorded after the two exposure experiments
coincide almost perfectly with the spectra obtained just before so that the difference of the
spectra is almost perfectly zero (black curves). As a result of all this, no other peaks can be
found after the WFR and oxygen adsorption experiments, in particular not at the binding
energy of a peak that can be assigned to PdO (337.0eV %3, 336.6 V24, 336.3 eV, 336.4 eV 45,
336.1eV49), with a contribution of only the surface part (approx. at 335.4eV*4). Apart from
the Pd 3ds/, / Pd 3ds/, spectrum, there is no detectable change in the Pd Auger MVV lines,
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Figure 8: XPS measurements after 10 consecutive Oy and Hs cycles with a total dosage of
Do2 = Do =225 L (pulse delay: 3min) (a), and after 5 consecutive Oy pulses with a total
dosage of Doy =630 L (pulse delay: 45min) obtained on a second PANI/HOPG sample. A
partial pressure of ~5.0 x 10~" mbar is used for all pulses whereas the dosage is determined
by the length of the pulses (O2 and Hy pulses in (a): 22.5 L each, Oy pulses in (b): 78.8, 78.8,
150, 150, 150 L). The gray dotted lines show the Pd 3d3/o and Pd 3ds/, peaks at 340.0 and
334.7 eV, respectively, whereas the light gray dotted line shows the position of the expected
but missing peaks at ~336 ¢V for bulk and surface PAO?»*¥ 46 PANT growth: 9 ML (a) and
11 ML Pd (b) at RT.
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no change in the valence band, no appearance of an Auger O KVV line either and not a

2443 (see Figure S10 in

single change in the Pd 3p line with the Ols peak starting to appear
the Supporting Information).

With help of the program SRD-71%" and QUASES-IMFP-TPP2M#4% an inelastic free
mean path [ (IFMP) of 1.7 and 1.3 nm, respectively, can be found for the 3d bands of Pd at an
electron energy of 930 eV. Using the common assumption that the sampling depth is 317 (the
depth at which 95 % of all electrons are scattered when they reach the surface) and accounting
for the detection angle of 53° with respect to the surface normal, the effective sampling
depth is estimated between 2.3nm (SRD-71) and 3.1nm (QUASES-IMFP-TPP2M), which
translates into 10 to 14 atomic layers for an atomic layer distance of apq / V/320.225 nm.
With this it can be clearly stated that no bulk Pd nor a thin oxide layer with a thickness of
a few atomic layers are formed during all exposure experiments discussed in this work.

O, + H; exposure on PdNIs/ceria/Cu(111). In the following, we compare the WFR
on the HOPG supported PdNIs with the WFR that can be also observed on same PdNIs,
which are grown on a Cu(111) supported, 3 to 4 ML ultra-thin ceria film (Figure9).

The ultra-thin ceria film is composed by up to 20nm wide ceria islands, which have a
height of either one or two O-Ce-O MLs (Figure 9a). Low energy electron diffraction (LEED)
measurements still show the diffraction peaks of the Cu(111) support (see Figure S1la in the
Supporting Information), in agreement with STM which shows the uncovered copper support
in very small regions of the surface. We estimate that the surface coverage by ceria is at
least 95 % high. After the deposition of Pd onto the ceria film at RT, the surface shows more
uniform and flat nano-objects compared to before. Those objects are PdNIs (Figure9b),
which have a (111) orientation (see Figure S11b of the Supporting Information) and a mean
lateral size of 10 nm. Due to the flat growth and the relatively high deposited amount of Pd
(7.0ML), the PdNIs partially coalesce and exhibit at some places depressions of ~1.5nm.
The latter value roughly corresponds to the expected island height of ~1.7nm for a 7.0 ML

closed and flat film, which is calculated from the deposited amount of Pd and the surface
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Figure 9: The WFR on PdNIs supported on a 3 to 4 ML ultra-thin ceria film on Cu(111). The
STM images (a) and (b) show the clean and Pd covered ceria film, respectively. (c-f) Four
selected WF images of an eight-image large image series that can be found in FigureS11 of
the Supporting Information. The images show the first 3 (c,d) and the last 4% of the overall
19 WFR cycles (one Oy or Hy pulse: ~5.0 x 107" mbar, 20sec — ~7.5L) (d,f). All WF
images have the same color and voltage scale. (g) Temporal course of the CPD during all
the 19 WFR cycles obtained in the 8 WF images. The red and blue colored parts of the
curve show the temporal development of the CPD after the first and last O, pulse. Ceria
film growth (>95% coverage): Ce evaporation with Tgample < 315°C + following oxidation
at 560°C in 158 L of Oy (5 x 107" mbar), PANI growth: 7.0 ML Pd at RT (~90% coverage),
STM: I=0.03nA (a,b), Ugias =+3.0 (a) and +0.8V (b), v=3.9 (a) and 9.8 Hz (b), nc-AFM:
A f=-11.9Hz.
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coverage. Support for a closed film comes from KPFM images (see FigureSllc,d in the
Supporting Information), which show a uniform surface potential. We estimate a surface
covrage of 90%.

In Figure 9c-f, four selected WF images are shown, which are part of an eight-image large
image series (see Figure S12 of the Supporting Information). Figure 9c and d present the first
WEFR cycles whereas images Figure 9e and f show the last 4% of the overall 19 WFR cycles.
Figure 9g shows the temporal course of the CPD during all the 19 WFR cycles whereas
changes of the CPD directly reflect the changes of the Pd WF. Note that there is no lateral
contrast in the WF images because Pd is covering 90 % of the ceria film.

After the first 7.5 L short Oy pulse (Figure 4c), the WF of the PdNIs increases by +0.4 eV,
which is comparable with the increase observed after the first O pulse on the PANI/HOPG
sample (Figure4a). After the pulse, the WF decreases during 27 min by roughly 1/3rd of the
initial increase (see red curve in Figure 9g), which is comparable with the decrease observed
after a Oy pulse on the PANI/HOPG sample (Figure 5). When finishing the first WFR cycle
with a first 7.5 L short Hy pulse (at the bottom of Figure 4d), the WF decreases almost onto
its initial value. The following two WFR cycles clearly show that the same WEF increase
and decrease of +0.4eV are observed when sending a short Oy and H, pulse, respectively.
In strong contrast to the PANI/HOPG sample, the WF change of £0.4 eV does not change
when passing 15 (Figure4e) and even 19 WFR cycles (Figure 4f), as also shown in the graph
of Figure4g. Even the temporal decrease of the WF after the last O, pulse is reproduced

(blue part of the curve in Figure 4f).

DISCUSSION

In the following, we focus on the PdNIs and refer to the PANPs if necessary.
The WFR as Observed by KPFM. All previous literature work shows that Oy and

H, dissociatively adsorb on Pd(111)?*2* and that they form water, which leaves immediately
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the PdNIs facets at RT1%515 Ag long as HyO is produced, no Hj is formed and all the OH is
also immediately consumed!®. Note that because we study the WFR and oxygen adsorption
at RT, we clearly exclude a bulk Pd oxide formation but also a thin oxide layer with a
thickness of a few atomic atomic layers, as evidenced by our XPS measurements and shown
by previously published work: a bulk oxide with nanometer thickness is created under an
atmospheric O, pressure and at temperatures higher than 650 °C*® whereas a surface oxide
with a thickness of a few Angstroms is formed at Oy partial pressures higher than 10~6 mbar
and still at temperatures higher than 200 °C314550 which is also the case for PANPs*.
Under our low pressure (<1 x 10~ mbar) and RT conditions, we assume that O adsorbs

30732 and that no higher O coverages are

only in the well known (2 x 2) adsorption structure
reached at RT, unlike the case when, e.g., NO, is dosed?*. Note that in the latter case, a
shoulder close to the Pd 3d3/; and Pd 3ds/, peaks should have been observed by our XPS,
pointing to a surface oxide?*, which is, however, not the case here.

Oxygen in the (2 x 2) adsorption structure is located in threefold sites and increases the
WF by more than +0.5eV333% whereas H also increases the WF but much less: classical
Kelvin probe yields a WF change of about +0.10 and 40.16 eV when Hj is constantly dosed
with a partial pressure of pga ~ 1 x 1072 and 5 x 10~7 mbar?3, respectively, which is in agree-

51 From these considerations

ment with calculations that consider H to be on the surface
it follows that a WF decrease of at least -0.3€eV is expected when H entirely reacts off the
preadsorbed O.

And indeed, with respect to Pd/HOPG, we observe a quick strong WF increase of +0.4 eV
after the first Oy pulse and an immediate step-like WE decrease with a similar but smaller
strength after the following Hy pulse (Figureda). We can therefore assign the WF changes
to the WFR between O and H. This first WFR cycle can be repeated up to three times on
the PANIs and two times on the PANPs, without almost no changes of the mean Pd WF.

The WFR can be also observed on the ultra-thin ceria film supported PdNIs: the same

WF changes of £0.4eV are observed upon a short O, and Hy pulse. However, in strong
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contrast to the Pd/HOPG case, the WF changes remain constant and no change of the
PdNT’s mean WF is observed. In other words, the WFR can be cycled a dozen of times
without any signatures of a deactivation process of the WFR, as it seems to be the case for
Pd/HOPG. Note that a relatively small amount of Hy (effective dosage: 7.5L /0.44=17.0L)
is needed to react off the entire oxygen from the Pd. Note that the effective Oy dosage of
8.6L (7.5L /0.87) already leads to an almost complete saturation of oxygen on Pd(111)33.
Before we discuss the deactivation of the WFR on the Pd/HOPG catalyst, we comment
the temporal course of the WF after an O, pulse is sent: on both catalysts, we observe a WF
decrease on a time scale of a few 10 minutes (Figure 5 and Figure9) and also a disappearance
of the (2 x 2) adsorption structure by STM (Figure 6a,b). This means that the O, which is
already mobile at 200K on Pd(111)3?) has to leave the facets and move by time to some
other places. We almost entirely exclude that a part of the O slowly recombines to gas-phase
O, on the Pd because the Oy desorption peak is located above 470 °C3%2%5% 'We also exclude
an O diffusion into subsurface regions, which starts to appear at higher coverages of around
0.5%2, but also because subsurface O would invert the surface dipole, strongly decreasing the
WF, which we, however, never observed. A possible mechanism could be based on dissolved
H, which back-diffuses to the surface, recombining with the adsorbed O to gas-phase H50, as
observed before at low temperatures®. Although we cannot exclude such H back-diffusing
after several Hy pulses have been sent during cycling the WFR, it does not explain the
oxygen removal in the Oy adsorption experiments in Figure5. As the only suspect remains
Hy from the residual gas of the UHV, which is reacting off the oxygen: indeed, on the
Pd/ceria/Cu(111) catalyst, the pressure decreased within some minutes onto 9 x 107 mbar
after the first Oy pulse (red curve in Figure 9g), and after 27 minutes an effective ~3 L large
dosage of the residual gas that contains mostly H, is reached. Because we just noticed above
that 17 L of Hy are needed to react off a saturated O layer on Pd it is clear that, after an Oq
pulse, a few 10 minutes lasting WF decrease of 1/3rd can be assigned to 3L of Hy from the

residual gas of the UHV. The same certainly applies to the WF' decrease visible in Figure 9g
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(blue curve) and on Pd/HOPG in Figure 5.

The support effect on the WFR.. The comparison with the Pd/ceria/Cu(111) catalyst
clearly shows that the support has obviously an effect on the WFR. STM on the PANI/HOPG
shows furthermore that an irreversible filament structure is formed, which is responsible for
the decreasing strength of the WF changes and the increasing mean WF of the PdNIs after
several WFR cycles have been executed. A comparison of this filament structure with the

2742 reveals striking similarities (Figure 7c).

previously observed carbonic precursor structure
We can therefore strongly anticipate that obviously the carbon from the graphite plays an
important role in the WFR on Pd/HOPG samples. In the following, we postulate a possible
model of the Pd/HOPG catalyst deactivation.

If it is assumed that carbon is included in the filament structure on the PdNIs, the carbon
has to be detached from the graphite. This is only possible during a hydrogenation of the
graphite to CH,%5® and /or an oxidation of the graphite to CO,%%% during which a certain
amount of C is left at the Pd facets and used for the filament creation. Indeed, metal NPs
have the tendency to etch the steps of graphite and edges of graphene upon hydrogenation,
as shown with NiNPs%, FeNPs®" and CoNPs®®. However, the etching is observed at high
temperatures (NiNPs: 750 to 1100°C, FeNPs: 900°C, CoNPs: 600°C) and high partial
pressures so far (some mbar and more). High temperatures (>440°C) and pressures of some
mbar® or in the 107% mbar range?! are also used for the oxidation of the graphite.

During such hydrogenation and oxidation experiments, the metal NPs create large pits
and also long channels inside the graphite/graphene material, which shows that a very large
C' quantity is detached from the graphite. For instance, more than 100 nm long and up to
2nm deep channels are created by PANPs during an dosage of only pos =5 x 1075 mbar O,
at 500 °C*L,

Compared to the latter large C quantity, the C amount required for the creation of
the carbonic precursor structure in Figure 7c is much less: only about 20L of CoHy are

needed?*2. Therefore, if C detachment appears during a possible hydrogenation or oxidation
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of the graphite, the temperature can be probably much lower than mentioned above, just to
detach a small amount of C only. In view of this it is important to note that when growing
PdNPs at only 150°C on HOPG, a small amount of C is included in subsurface positions
below the NP’s facets?’.

We stress here that the catalyst’s local temperature is increased during the oxidation
of the graphite: an increase of AT ~150°C was observed for PANPs on HOPG® which
raises the otherwise too low sample temperature to a higher, local temperature being close
to the Tammann temperature, at which the PANPs can move and create the channels in
the graphite*'. An increase of the catalyst’s local temperature certainly appears also in the
hydrogenation of graphite, the dissociative adsorption of O, and Hy and in particular during
the water forming step, which the latter releases a large energy in form of local heat. Such
a local temperature increase could possibly explain why a small amount of C can be indeed
detached from the graphite in our experiments.

Due to the reasons from above we assume that a small amount of graphite released C is
located either in subsurface positions below the Pd facets®” or rather on the facets creating
a filament structure, as we have recently described*?. However, it is clear that this filament
structure cannot be made from C alone but must be rather a mixture together with O and
H since the PdNIs are exposed to Oy and Hy in our WFR experiments (only O in oxygen
adsorption experiments). A strong signature comes from the relatively low WF difference
between the carbon precursor structure on PANPs and the graphite support (+0.4¢eV)?7,
which is about 1.0eV lower than the WF difference observed here on the PdNIs (+1.4¢eV).
We therefore assume that O, dissociatively adsorbs on the Pd facets and that it then bounds
to C induced defects in the first atomic Pd layer?” since we could observe defects appearing
in the Pd(111) lattice (Figure 6¢). Even more, we do not rule out the possibility that some
adsorbed CO is formed, which the latter also strongly increases the WF of Pd(111) by more
than +1.0eV at RT®. In both cases, the adsorbed O or CO species would be then more

strongly bound to the Pd facets so that no H can react off anymore the O. In other words,
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the Pd catalyst is deactivated.

Interestingly, the WFR seems to get more quickly deactivated on PANPs (starting at
~50L, Figure3) compared to the deactivation of the WFR, on PdNIs (starting at ~150L,
Figure4). We speculate that this might be due to the subsurface carbon already included in

the PANPs and also due to the smaller size of the NPs compared to the Nls.

CONCLUSIONS

We show that by using Kelvin probe force microscopy (KPFM), the water forming reaction
(WFR) between atomic O and H can be well characterized at room temperature (RT) and
under UHV conditions on Pd nanoislands (PdANI) and nanoparticles (PANP), which are
grown in their (111) epitaxy on HOPG and Cu(111) supported ultra-thin cerium oxide
(ceria) films: when sequentially pulsing O, and Hy within a WFR cycle, KPFM exhibits a
WF increase of +0.4¢eV upon a ~5L short Oy pulse (po2~5 x 107" mbar), which is due to
the oxygen (2 x 2) adsorption structure on Pd(111). A following short Hy pulse immediately
leads to a complete WF reduction, which is due to the H that reacts off the entire O by
forming gas-phase HoO. KPFM shows here its clear advantage over standard topography
imaging, making such a catalytic reaction visible thanks to its potential to measure related
WF changes at the nanometer length scale and also in dependence on time. It is a promising
supplementary SPM technique in heterogeneous catalysis that can be used in future for
studying any catalytic reaction at metal NPs.

With increasing number of WFR cycles, a new phenomenon is observed on the Pd/HOPG
catalyst: the relative strength of the WF changes that appear upon the short O or Hy pulses
strongly decreases because of an irreversible increasing mean WF' of the PdNIs (PANPs).
The mean WF almost reaches the value of the (2 x 2) oxygen adsorption structure, which is
observed also in only O, adsorption experiments. Responsible for the mean WF increase is

an increasing number of nanometer sized filaments that appear on the facets, covering ~10%
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of the Pd (111) lattice. Assisting XPS does not show any signatures of a nanometer thin
PdO film or a surface oxide, pointing to some on-top adsorbed O that is either undetectable
with our XPS or desorbed during the long X-ray acquisition time. In strong contrast to the
Pd/HOPG catalyst, the WFR can be followed on the Pd/ceria catalyst during an unlimited
number of WFR cycles during which the strength of the WF changes remains constant.

The comparison clearly shows that the HOPG support plays an important role in the
WFR. We postulate that due to the dissociative Oy and Hy adsorption, O and H are used
for a hydrogenation and oxidation of the graphite, respectively, which both also release a
small amount of C into the Pd. The adsorbed O is then bound either to C induced defects
in the first atomic Pd layer or it forms with C adsorbed CO, in the presence of also H. The
resulting filament structure deactivates then the Pd/HOPG catalyst. No such a deactivation
is observed on Pd/ceria because the catalyst is carbon-free.

In future, oxygen and also CO -+ hydrogen adsorption experiments followed by low tem-
perature STM /nc-AFM with atomic resolution in conjunction with density functional theory
(DFT) could be done to identify the detailed atomic structure and precise composition of

the filament structure.
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