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Abstract

Carbon at metal nanoparticles (NPs) plays a fundamental role in heterogeneous
catalysis. However, as experimental detection of small amounts of carbon is difficult,
in particular when occupying subsurface sites, reaction mechanisms involving absorbed
carbon are highly debated. Here we show that the work function (WF) of metal NPs
can be used as a measure of carbon adsorption and absorption, which we demonstrate
by Kelvin probe force microscopy (KPFM) and density functional theory (DFT) cal-
culations for (111) faceted palladium NPs (PANPs) on graphite. A growth of PANPs
between 150 and 480 °C leads to carbon etching of the graphite steps and carbon ab-
sorption into the first subsurface layer of the NP’s facets. This strongly reduces the WF
of Pd(111) by up to -1eV. During a 1 hour long post-annealing at 650 °C, more carbon
is etched from the graphite steps, leading to a carbon precursor structure adsorbed
on the NP’s facets, as verified by scanning tunnellig microscopy. The carbonaceous
structures are replaced by graphene upon further annealing (1 to 2 hours), followed by
a decrease in the WF by ~-1.4€eV. Similar phenomena are observed after short-time
ethylene decomposition at PANPs at 650 °C. Apart from subsurface carbon, we suggest
that the large WF shifts observed experimentally are related to structural defects on

the NP’s facets.



INTRODUCTION

Carbon at metal nanoparticles (NPs) plays a major role in heterogeneous catalysis, in par-
ticular with respect to catalyst de-activation®?, hydrogenation reactions®*, Fischer-Tropsch
synthesis® and in view of the formation of various carbon structures such as nanotubes®7,
shells® and graphene®!?. Apart from different carbon structures, elemental carbon can at low
cencentrations also be adsorbed on'' or absorbed below the NP’s facets'?!3, in some cases,

forming a metal carbide'#!?. Large structures can be directly characterized by transmission

6-10 16,17

electron microscopy (TEM) whereas graphene and small amounts of carbon adsorbed

on the NP’s facets are best analyzed by STM'7. X-ray diffraction (XRD) is commonly used

15,18,19

to analyze carbon in carbide NPs , with TEM allowing a quantification of carbon at a

single NP 1415,

In comparison to adsorbed carbon or the carbide, it is more challenging to detect and
characterize small amounts of subsurface carbon in metals, which have a non-neglectable
carbon solubility like palladium, iron, nickel and cobalt?’: the identification of subsurface
carbon by STM generally remains speculative?!, and in only a few cases carbon might be
suspected to be subsurface???%. In general, subsurface carbon has been infered by analyzing
chemical reactions that change when subsurface carbon is present, as exemplified by hydro-

genation reactions at palladium NPs (PdNPs)!3?*. However, in many cases the support by

13,25.

density functional theory (DFT) calculations is needed for the interpretation'*°: in the case

of palladium, which commonly is used to catalyze hydrogenation and oxidation reactions?®,

several carbon configurations have been considered: subsurface carbon below Pd(111) sur-

faces'2729 and below the facets of PANPs!?13:30 and, for slightly higher carbon contents

31 11,31

(0.5 to 1 monolayer), C-Pd-C bridging-metal structures®* and carbon oligomers on the

11,28.29.31 " The suggestions concerning carbon structures put forth in these computa-

surface
tional studies call for experiments, which can detect, in particular, subsurface carbon. Most
computational work rely on pristine Pd(111) surfaces without taking into account possible

reconstructions of the metal surface when carbon is located on and/or below the surface.



Intuitively, this might be a simplification as reactions often take place at high temperatures
where the surface can be subjected to carbon-initiated surface reconstructions as recently
discussed 2.

A possible experimental method to detect carbon on or in a metal is to analyze the
surface work function (WF). It is well known that carbon sensitively reduces the WF of,
e.g., palladium surfaces®*34. In addition, low-energy electron microscopy (LEEM) have been
used to study carbon segregation phenomena on Pd(111) by analyzing WF changes that
are typically in the range of several hundreds of millivolts®®. However, to study carbon
phenomena at the single NP level, scanning probe microscopy (SPM) is needed. A suitable
SPM technique is Kelvin probe force microscopy (KPFM)3¢, which is an implementation
of the classical Kelvin method into noncontact atomic force microscopy (nc-AFM)3¢ with a
nanometer and mV resolution in space and WF, respectively. Reliable WF values for NPs?37

O can be obtained.

and also graphene®® on SiC3 and insulator surfaces?

In the present combined SPM and DFT study, we have explored the WF change of
palladium NPs (PANP) upon carbon adsorption and absorption. The NP are grown in their
(111) epitaxy on highly oriented pyrolytic graphite surfaces (HOPG) in ultra-high vacuum
(UHV). HOPG is commonly used as a support and carbon source'® and has the advantage
of being inert towards gas molecules*!, so that chemical reactions can be unambiguously
assigned to the supported PANPs only. We show that a growth of PANPs at already moderate
temperatures (150 to 480 °C) leads to absorption of carbon from HOPG steps into the NPs.
Carbon adsorption on PdNPs is observed upon extended post-annealing experiments at
650 °C, where carbon precursor structures and graphene eventually are formed. Similar
phenomena appear when cracking ethylene at same temperatures. Our work indicates that

the palladium NP facets undergo reconstructions during the growth of the carbon structures

- a viewpoint that has not been stressed before for PANPs.



METHODS

Experimental Details. Clean surfaces are prepared by cleaving HOPG either in UHV
(UHV cleaved HOPG) or in air. When cleaved in air, the sample is additionally annealed
at ~650°C in UHV during several hours (UHV annealed HOPG). The PANPs are grown by
evaporating neutral palladium atoms onto the HOPG sample. During the growth, the HOPG
substrate is held at a constant temperature between room temperature (RT) and 480 °C. For
experiments with ethylene, the UHV chamber is back-filled with ethylene via a leakage valve
at a pressure of 1.0 x 10 mbar and the dosage is determined by the exposure time. During
the ethylene exposure, the sample is held at a constant temperature of ~650 °C.

STM, STS, nc-AFM and KPFM experiments are performed in the same ultra-high vac-
uum (UHV) chamber (6 x 107! mbar base pressure)?? with a room temperature AFM /STM.
KPFM is used in the frequency modulation mode*® and applied during the nc-AFM topog-
raphy imaging mode. During the scanning of the surface, the electrostatic tip-surface inter-
action is minimized at each image point by the bias voltage, yielding the contact potential
difference (CPD) between tip and surface defined as CPD= (¢sample — Ptip)/€. The so-called
work function image is obtained simultaneously with the topography nc-AFM image. Be-
cause of ACPD = CPD; — CPDy = (¢ — ¢2)/e = A¢/e at two surface sites (1 and 2), the
contrast of a WF image is directly related to WF differences on the surface. A bright and,
in particular, orange/yellow contrast in WF images corresponds to a high WF, whereas a
violet and black contrast corresponds to a low WEF. For simplicity, the WF of the HOPG
terraces is calibrated to be zero such that variations in the profiles directly correspond to
the WF difference A¢np.popg between palladium islands/NPs and HOPG.

DFT Calculations. DFT is used as implemented in the Dmol® program**. The calcu-
lations are performed either within the local density approximation (LDA)% or within the
generalized gradient approximation (GGA) using the functional proposed by Perdew, Burke,
and Ernzerhof (PBE)“6. LDA is considered as this functional, due to error cancellations,

is known to provide good results for surface properties such as surface energies and work-



functions*™48. The Pd(111) surface is modeled with 7 layers using two different surface cells;
V3 x v/3 and p(2 x 2). Geometry optimization is performed using the BFGS method. The
work function (¢) is the energy needed to remove an electron from the bulk of palladium to
the vacuum. It is calculated according to: ¢ = Viacuum — €7, Where Viacuum is the electrostatic
potential in the vacuum region and ep is the Fermi energy.

More details about the materials, work function values and sample preparation as well as

details about STM, nc-AFM, KPFM and DFT can be found in the Supporting Information.

RESULTS

WF Reduction During the NP Growth. After a growth of 3 monolayer (ML) palladium
on HOPG at room temperature (RT), palladium islands are formed, which are anchored at
the steps of the HOPG surface. Figure la shows a typical island, which has a height of
2.1nm and a surface area that corresponds to the area of a disk with a radius of 130 nm.
The edges of the islands form angles of 120° or 60°, which is due to the (111) orientation
of the top facets of the islands. The WF image in Figure la shows a violet contrast on
the HOPG surface, which corresponds to small WF values, and a bright yellow contrast
above the Pd islands corresponding to high WF values. The profile underneath the WF
image exhibits the variations of the WF. The WF difference between the palladium islands
and HOPG is positive (A¢ = +1.4€eV), which means that the WF of the palladium island is
higher than the WF of HOPG. Thus, with our calibrated WF value of ¢ppopg =4.3+0.1eV
for HOPG (see Supporting Information), the Pd islands are measured to have a WF of
onopg + A¢p =5.740.1eV. This value is in good agreement with the experimental literature
value of ¢pqut =5.6£0.1e¢V for bulk Pd(111) (see Supporting Information) and with our
theoretical value of ¢pqrpa = 5.7€V obtained by DFT-LDA. This result confirms that the
islands are composed of clean palladium. Note that we can indeed compare the WF of

the Pd islands and all following NPs with the Pd(111) single crystal surface because these
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Figure 1: The WF dependence of HOPG supported PANPs on the growth temperature and
post-annealing. One KPFM experiment is represented by a pair of two vertically arranged
images with a representative WF profile underneath. The images on the top represent the
topography (z) and the images below the WF. (a-c) Pd islands (a) and PANPs (b,c) on
UHV cleaved (a) and UHV annealed HOPG (b,c) after a growth at 28°C (a), 150°C (b) and
483°C (c). (d) The temperature dependent WF difference A¢npsnopc = ¢pa — ¢uoPc With
values extracted form the WF images in (a-c). (e-g) Same PANP/HOPG sample from (b)
after three successive post-annealing treatments: 10min at 490 °C (e), 1.0h at 665 °C (f) and
1.5h at 675°C (g). Nominal Pd thickness: 3ML (a) and 1.5 ML (b,c,e-g). NP dimension
(mean values): hxp =2 (a), 8 (b), 7 (c), 12 (e), 6 (f) and 7nm (g), xp = 131 (a), 17 (b), 15
(c), 26 (e), 17 (f) and 20nm (g). KPFM parameters: Af =-8.2 (a), -19.9 (b), -6.7 (c), -19.1
(e), -16.5 (f) and -14.4Hz (g), Uac = 350 (b,e-g), 450 (a) and 650mV (c), all: v=0.5 Hz and
fac =650 Hz, scale bars: 50 nm (all).

nano-objects still have a size large enough to assume bulk electronic properties®®.

Figure 1b and ¢ show two other HOPG samples, which have been kept at 150°C and
480 °C, respectively, during the evaporation of palladium. Note that a HOPG sample is
quickly put into the hot oven, which is kept at the growth temperature. The sample then
remains inside the oven for about 1.5min during the NP growth. After the growth, the
sample is immediately extracted from the UHV oven to reduce possible surface reactions of
the NPs that may take place at the high temperature.

At a growth temperature of 150 °C and 480 °C, NPs instead of islands are formed at the
steps of the HOPG surface, which is due to an increased mobility of palladium at these

temperatures. The NPs can have a height between hxyp =4 and 13nm and a surface area



that corresponds to a disk with a radius between ryp =10 and 20nm. The WF images and
respective profiles clearly show that with increasing growth temperature, the WF difference
between such as-prepared PANPs and HOPG decreases by -0.5eV with respect to the WF
difference measured at the palladium islands (Figure 1a). This is a general trend also ob-
served at many other NPs found on both samples. Because the palladium islands and NPs
are grown under UHV conditions, the WF of the HOPG surface is always the same for all
three samples. This means that the WF of the PANPs is smaller (Figure 1b and c¢) than
the WF of the islands made from clean palladium (Figure 1a). Figure 1d shows the trend
of the WF reduction observed at the NPs: from room temperature to 480°C the WF of
palladium decreases by -1.0eV. Another important observation is, that when imaging the
as-prepared NPs by STM, the NPs are in many cases displaced laterally by the STM tip and
only high bias voltages and small tunnel currents can be used for the imaging (Figure S2 in
the Supporting Information). Furthermore, the facets of the NPs measured by STM appear
to be atomically flat.

At this point we conclude that the experiments show a WF reduction which is indicative
that carbon is etched from the HOPG steps and absorbed inside the PANPs (see section
Discussion).

WF Reduction After Post-Annealing. It is interesting to study if a WF reduction
is observed when the NPs are post-annealed at a temperature higher than the growth tem-
perature. In Figure le to g, three KPFM experiments of the NPs grown at 150 °C (Figure
1b) are shown, after three successive post-annealing steps. In the first post-annealing step
(Figure le), the PANPs are annealed at a temperature of 480 °C, with an annealing time of
10 minutes. In this case, the initial WF of the PANPs (Figure 1b) does not change. This
means that a NP growth at 480 °C (compare with Figure 1c) leads to carbon inclusion into
NPs whereas as-prepared NPs are inert towards an additional carbon absorption when they
are post-annealed at the same temperature.

However, the WF of as-prepared NPs decreases dramatically during long post-annealings



of hours at around 650 °C: in the second and third post-annealing step (Figure 1f and g), the
WF of the NPs is much lower than before: after the second post-annealing during 1 hour,
the WF difference between the PANPs and HOPG measures A¢ = +0.4eV, which can be
seen at the NPs that are attached at mono-atomic high HOPG steps in the upper region of
the topography image in Figure 1f (see arrow at position 1). In contrast, other NPs that
are preferentially attached at the 2.5nm high HOPG step (see arrow at position 2), show a
dark contrast corresponding to a negative WF difference of ~-0.1€V, i. e., the WF of those
NPs (¢~4.2¢V) is smaller than the one of HOPG (¢nopc =4.3+0.1eV). After additional
1.5 hours during the third post-annealing step (Figure 1g), maximum and minimum values
in the range of +0.2 and -0.1eV are found, respectively.

The question arises, if the NP’s facets show any adsorbed structures that can be correlated
with the WF reduction. As already mentioned, the facets of as-grown PANPs are atomically
flat, i. e., they do not exhibit any adsorbed structures, and the NPs show a high mobility
during STM imaging. However, a stable STM imaging with even low bias voltages and high
tunnel currents is possible after the latter post-annealing steps at ~650°C (Figure 1f and
g): the topography images in Figure 2a to ¢ show clear features on the top (111) facet of
a selected NP from the sample shown in Figure 1f. A truncated triangular shape of the
NP can be seen (Figure 2a), which is typical for such NPs. The top facet does not appear
atomically flat, instead it shows a rather disordered structure, which can be better seen
in Figure 2b. The structure is partially composed of bright filaments with a length of a
few nanometers and some atom-sized bright dots. In the atomically resolved image (Figure
2¢), some atomic structures can be seen, which are composed of atoms keeping a distance
of 1.54+0.2A. This filament structure is a carbon structure recently described in Ref. 17,

involves carbon on facets!1:28:31

and appears just before the growth of graphene!”, thus, it is
a precursor to graphene. The structure can be expected to appear also on all the other side
facets stabilizing the NPs on the HOPG surface such that high-resolution STM is possible!”.

At the edges of the NP in Figure 2a, small regions with a graphene moiré pattern are
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Figure 2: The carbon precursor structure (a-c) and graphene (d-f) on PANPs after the two
post-annealing steps at ~ 660 °C shown in Figure 1f and g, respectively. Post-annealing
of the PANPs leads first to the filament precursor structure (a-c), which gets then re-
placed by graphene upon longer annealing times (d,e). (f) Model of the A\yy = 1.53 nm large
(v/31 x v/31) - R8.9° moiré pattern in image (e), which was not observed before (see Table S1
for geometric properties). Images (a-d) show the topography signal whereas image (e) shows
the tunnel current. STM parameters: Upi,s = 0.10 (a,c), 0.064 (b), 0.081 (d) and 0.051V (e),
I=0.52 (a~c), 0.86 (d) and 0.54nA (e), v=2.8 (a-c), 2.0 (d) and 7.8 Hz (e), scale bars: 10
(a,d), 5 (b) and 1nm (c,e).

observable at position 2a and 2b as well as similar atomically flat regions without a moiré
pattern (2c and 2d). These regions show that graphene has started to grow from the edges

of the facet, as observed before!7.

If graphene starts to grow during a post-annealing of
one hour at 665 °C, it can be expected that graphene should show up on large parts of the
NP’s facets upon even longer annealing times. Indeed, after the last annealing step of the

PdNPs at 675°C (Figure 1g), some graphene sheets appear on large parts of the NP’s top
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facets, as shown in Figure 2d and e: graphene moiré patterns can be seen in, e.g., regions 1la,
1b and 1c whereas the structureless sheets in regions 2a and 2b are also sheets of graphene
with presumably small moiré patterns where the STM resolution was not sufficiently strong
enough to resolve the lattice of the patterns.

WPF Reduction by Ethylene Cracking. We now compare the results of annealing
NPs in UHV with experiments where as-prepared NPs are exposed to ethylene at 660 °C.
Note that the exposure times used for the ethylene annealing experiments are much shorter
(< 15 minutes) than the high-temperature annealing times from above (< 1 hour). Therefore,
all phenomena that are discussed in the following can be assigned entirely to a cracking of
ethylene over the PANPs, and not to a carbon etching of the HOPG support.

Figure 3a-d show four KPFM measurements obtained on one and the same sample sur-
face. The measurement in Figure 3a is the same as the one in Figure 1c, directly obtained
after the NP preparation at 480 °C in UHV and prior to experiments with ethylene. The
as-prepared NPs exhibit a slightly higher WF than the atomically flat HOPG surface in the
vicinity (A¢=+0.4eV). The second KPFM measurement in Figure 3b shows the NPs after
an annealing at 650°C in 22 Langmuir (L) of ethylene (pc,m, =1 x 107%mbar). A recent
STM study has shown that after such a short ethylene exposure, a carbon precursor struc-
ture is formed!” like the one from Figure 2a to c. Such structures do not change the NP’s
WF to any large degree (+0.4¢eV in Figure 3b).

However, the WF decreases when the NPs are annealed during longer ethylene exposure:
the KPFM measurement in Figure 3c shows the same sample after a total ethylene exposure
of 247 L. In this case, the WF of the NPs is much smaller and has reached a WF value
that is below the one of HOPG (A¢~-0.10+0.03eV) leading to a dark NP contrast in the
WF image. Following experiments with a total ethylene exposure of 585 L (Figure 3d) and
2835 L (not shown) exemplify that the WF difference between the PANPs and the HOPG
surface remains unchanged. With respect to morphological and structural changes of the

top (111) facets of the PANPs, it is known that single layer graphene is formed after a few
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Annealing in ethylene @ 660°C
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Figure 3: (a-f): The WF dependence of HOPG supported PANPs on the post-annealing
in ethylene at 660°C. Total CoHy exposures: 0L (a), 22L (b), 247L (c) and 585L (d).
One KPFM experiment is represented by a pair of two vertically arranged images with a
representative WF profile underneath. The images on the top represent the topography and
the images below show the WF (Af=-6.7 (a), -7.4 (b), -10.7 (b), -7.9Hz, all: v=0.5Hz).
(e) STM topography image of a GQPANP after an ethylene dosage of 97 L at 665 °C (Ugias = -
0.25V, I —1.94nA, v —3.0 Hz), showing the previously observed (v/3 x v/3)-R30.0° (1) and
(5 x 5)-R0.0° moiré pattern (2)'7 together with the new (v/31 x v/31)-R8.9° moiré pattern
(3) from Figure 2. For more details see Figure S3 in the Supporting Information. (f) STM
topography image of the latter moiré pattern (Upj,s =0.091V, I =1.12nA, v =>5.0 Hz) with
the corresponding ball model (g). NP dimension (mean values): hyp =7 (a), 13 (b), 8 (c)
and 8 nm,rxp = 15 (a), 23 (b), 22 (c) and 16 nm (d), scale bars: 50 (a-d), 5 (e) and 1nm (f).

e
)

A®PNPs-HOPG (eV.
-

eestaada
Rl

) surface Pd () Subsurf. Pd@)

hundred Langmuir of ethylene at 650°C'7. As illustrated in Figure 3e-g, graphene already
covers relatively large parts of the NP after a total ethylene exposure of 97 L whereas after
higher dosages of a few hundreds of Langmuir, graphene covers the entire top (111) facet as
exemplified in Figure 4. The quality of the graphene is better than in the case where the
HOPG support is used as a carbon source.

Overall we can conclude that the WF difference between the PANPs and HOPG is neg-
ative (-0.10 £0.03eV) when graphene is covering the Pd’s (111) facets. If we consider our
experimental WF value of the HOPG surface (¢nopg = 4.3 £0.1eV), the graphene encapsu-
lated PANPs have a WF of ¢gapq =4.2 4+ 0.1eV, which means that the WF of graphene on

12
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Figure 4: STM (a,b) and nc-AFM (c,d) regulated measurements obtained on GQPdNPs
after a growth of graphene at 665°C in 2835L of CyH,. All images show the detuning
(Af) signal. A bright image contrast corresponds to more positive detuning values and
vice-versa. Images (a,b) are constant tunnel current and (c,d) constant height mode images.

The two moiré patterns on both NPs are a 2.25nm large (v/67 x +/67)-R12.2° (a,b) and
2.47nm large (9 x 9)-R0.0° moiré pattern (c,d). More details can be found in Figure S4 of
the Supporting Information. STM parameters: Upjas =-1.60 (a) and -0.50V (b), I =0.24
(a) and 0.050nA (b), v=1.3 Hz (both), nc-AFM parameters: averaged Af=-6.0 (c¢) and
-58.5Hz (d), Ugjas = 0.50 (¢) and 0.020V (b), v =9.8 Hz (both), scale bars: 10 (a,c) and 2nm
(b,d).

the PANPs is smaller by A¢pg.capa =-1.4+0.1eV with respect to clean Pd(111) (¢pgys =
5.6 £0.1eV). This result is in agreement with experimental results obtained on Pd(111) sin-
gle crystal surfaces (A¢pg.capg =-1.3eV?! -1.0eV3® and -1.0 eV %) as well as with theoretical
values (-1.45eV5! -1.2eV3® and -1.64 eV 53°1),

Density Functional Theory Calculations. The results from the previous Section are
summarized in Table 1. To elucidate the origin of the observed changes in the WF, we use
DFT-calculations and explore a range of representative configurations of carbon on and in
Pd(111). All DET results are summarized in Table 2.

Palladium is an fcc metal with an experimental lattice constant of apq ¢ = 3.89 +0.01 A
(see Supporting Information). We calculate the lattice constant to be 3.98 or 3.87 A using
GGA and LDA, respectively. The overestimation by GGA and slight underestimation by

LDA is consistent with previous reports®. For the WF for the pristine Pd(111) surface,

13



Table 1: Experimental and literature values for the WF of HOPG, Pd(111) and
PdNPs (in eV). If applicable, the WF difference with respect to clean Pd(111)
(AWF = ¢pg— WF) is listed (in €V). Furthermore, a few important comments
are mentioned.

WF AWF Comment
HOPG, exp., this work 43£0.1 / calibrated with Ag(001)
HOPG, literature 45£0.1 / see Tab.S3
Pd(111), literature 5.6+0.1 / see Tab. 54
Pd island growth @ RT 5.7+0.1 / clean Pd(111)
PdNP growth @ 150°C 5.240.1 -0.5+0.1 mobile NPs, C inside
PdANP growth @ 480 °C 4.7+0.1 -0.9+0.1 mobile NPs, C inside
PANP + C precursor ~4.7 ~-1 fixed NPs
PdANP + graphene 4.2+0.1 -1.4+£0.1 fixed NPs

we obtain 5.24eV (GGA) and 5.70 eV (LDA). These values are consistent with previous
computational reports (see Table S4 in the Supporting Information). With respect to the
literature value, we find that LDA is closer to the experimental value of ¢pq it = 5.6 £0.1eV
(see Table S4 in the Supporting Information) than the GGA. Because of this, we will in the
following concentrate on the LDA values for the WF.

Carbon is adsorbed on Pd(111) in a three-fold hollow position (Figure 5b). The fcc and
hep sites are quasi isoenergetic!! and here we report only the fcc values. The presence of
carbon atoms on the surface yields an increased WF as a consequence of a charge transfer
from the metal to carbon, which creates a dipole pointing into the surface (Figure 5¢). The
WF increase with respect to the pristine surface is A¢ =+0.35¢eV for 0.25 ML of carbon,
which increases to +0.56€V for a 0.5 ML coverage (Figure 6b and c¢) - a trend being in
agreement with previous DFT results?®3°. This shows that the phenomena of WF reduction
observed experimentally cannot be explained by a low concentration of carbon (< 0.5 ML)
adsorbed on the NPs. In the following, the case with 0.25 ML of carbon is taken as a reference
for the relative stability of all following considered structures.

Diffusion of atomic carbon into subsurface sites is energetically preferred in agreement

14



Table 2: DFT values for the relative energy AFi (in €V) and WF values (in
eV) in dependence on GGA and LDA for different Pd(111)/C configurations
and graphene on Pd(111). The stability is calculated with respect to carbon
adsorbed on Pd(111) at 0.25 ML coverage using Pd bulk as a metal reservior
(AFEiot). The labels SV, SA, SL, and SSL denote surface Pd vacancy, ad-atom,
carbon on the first surface layer and carbon in a subsurface layer, respectively.
25, 50 and 100 % correspond to 0.25, 0.5 and 1.0 ML coverage, respectively.

AE,q WF WF AWF
Configuration GGA GGA LDA LDA
Pd(111) - 5.24 5.70 0
Pd(111) + SD (25%) 0.82 4.83 5.28 -0.42
Pd(111) + SA (25%) 4.30 -1.40
25% SL 0 5.68 6.05 0.35
50% SL 0.66 5.97 6.26 0.56
25% 15t SSL -0.57 5.15 5.61 -0.09
50% 1% SSL -0.14 5.05 5.50 -0.21
100% 1% SSL 0.87 4.90 5.27 -0.44
25% SL + 25% 1t SSL -0.08 5.67 6.04 0.34
25% 1% SSL + 25% 274 SSL -0.42 5.13 5.59 -0.11
Deep SSL -0.40 5.24 5.71 0.00
PdsC -0.71 5.04 5.55 -0.15
V3 x /3 (at 3.0A) -1.40 4.81 4.67 -1.03
V3 x /3 (at 2.4 A7) 4.30 -1.40
V3 x /3 + PdgC -1.21 4.88 4.68 -1.02
V3 x /3 + SD -0.50 41.63 4.35 -1.35
25% 1 SSL + 25% SD 0.19 4.69 5.14 -0.56
50% 1% SSL + 25% SD 0.58 4.57 5.02 -0.69
100% 1% SSL + 25% SD 1.41 4.55 4.91 -0.80
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Figure 5: Different configurations for carbon on and in Pd(111). (a) The clean Pd(111)
surface with the surface cell (white rhombus) shown in side and top views. (b) 0.25 ML
carbon in a fcc adsorption site forming a p(2 x 2) superstructure (white rhombus). (c¢) Owing
to the charge transfer from the metal to carbon (red: gain, blue: depletion of electrons),
a surface dipole is created pointing into the surface, which leads to a WF reduction. (d,e)
0.25 ML carbon in the 1% subsurface layer at an octahedral (d) and tetrahedral interstitial
site (e). (f) The surface dipole is in this case opposite to the one in (c¢) owing to a charge
transfer to carbon in the subsurface region.

11,2728, when carbon is adsorbed in the first subsurface layer in an

with previous DF'T reports
octahedral (Figure 5d) or tetrahedral interstitial site (Figure 5e), we calculate the energy gain
to be -0.57 and -0.06 eV, respectively. In agreement with previous work?”?®, the octahedral
site is preferred by about -0.5eV. The barrier for diffusion from the surface to the octahedral
site is 0.47 ¢V (obtained using a p(3x3) surface cell). The presence of subsurface carbon
and a charge transfer from the metal to the carbon creates a dipole in opposite direction as
compared to carbon adsorbed on the surface. This leads to a WF decrease of -0.1¢eV for a
0.25 ML coverage, which is in agreement with previous DFT work?®35. The WF reduction

does not change much when applying a strain of +1% on the Pd(111) lattice!3: when the

lattice is contracted, the WF increases by only +0.03eV, whereas it decreases by -0.03 eV
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Figure 6: Amount of carbon on and/or in the surface (side view). A blue bar corresponds
to one atomic palladium layer. Each gray dot equals 0.25 ML of carbon.

when it is expanded.

Interestingly, if we consider 0.25 ML carbon on the surface and 0.25 ML carbon in the
first subsurface layer (Figure 6d), the WF-change remains on the value that is obtained for
only 0.25 ML surface carbon (+0.34 vs. +0.35¢eV). Thus, the dipole is determined by the
top most carbon layer. The same behaviour is observed when 0.25 ML carbon are placed on
both the first and second subsurface layer (Figure 6e). In both cases, the shift with respect

to the prestine surface is about -0.1eV. Carbon should be close to the surface in order to give

~—

a WF change: in the case of carbon deep into the surface (Figure 6f), the metallic screening
renders the influence on the WF very small.

Presence of carbon in the first subsurface layer reduces strongly the WF and could there-
fore explain our experimental observations. Experimentally, we do not have any direct infor-

mation on the carbon coverage and atomic distribution in the subsurface layer. Because of

this, we consider a range of different coverages and distributions (Figure 6g-i and Figure S5

17



in the Supporting Information). The presence of carbon in the first subsurface layer results
in a reduced WF, and the reduction is enhanced by increasing the coverage: the largest
reduction is obtained with a full carbon monolayer in the subsurface layer (-0.44 ¢V), which
is, however, still smaller than the highest WF reduction experimentally observed (~-1€V).
Furthermore, such a high coverage is clearly endothermic (AFE =+0.87¢V) with respect to
carbon on the surface and, consequently, improbable.

It is known that palladium carbides may form when Pd is exposed to carbonaceous

species 8.

Even if this system is energetically unfavored with respect to the formation of
graphene?” (see also below), it may form as an intermediate structure. For PdgC(111)2
(Figure 7a and b) we calculate the WF to be ¢ =5.55¢eV, which leads to a reduction of only
-0.15 eV with respect to pristine Pd(111), as also predicted by other DFT results?.

We now focus on graphene on Pd(111), where we consider one observed graphene configu-
ration on Pd(111)'7, namely the (v/3 x v/3) - R30.0° structure (Figure 7c). Apart from a clean
Pd(111) support, we also consider a possible influence of a carbide, namely the PdgC(111)
surface that supports the v/3 x v/3 graphene structure (Figure 7d). All structures are en-
ergetically preferred (Table 2). The WF for a graphene covered Pd(111) is 4.55€eV at the
preferred graphene-metal distance (~ 3.0 A), which leads to a WF reduction of A¢ =-1.03eV
with respect to clean Pd(111). It should be noted that the WF shift is very sensitive to the
carbon-metal distance (Figure 7e) and the shift is calcluated to be about -1.4 ¢V when con-
sidering the experimental distance of 2.4 A7, Our values are in good agreement with our
experimental value of -1.4 ¢V and values from previous theoretical work ((v/7 x v/7)-R19.1°:
-1.45eV (LDA)® (v/3 x v/3)-R30.0° like: -1.2eV (LDA)% and (v/3 x v/3)-R30.0°: -1.64¢V
(LSDA)5%51). With respect to the carbide, graphene adsorption on the carbide surface has
minor effects on the WF. Furthermore, such a configuration is slightly less energetically
favoured with respect to the graphene on the perfect Pd(111) surface (see Table 2), which

does not exclude a priori carbon in the PANP in the presence of graphene sheet. An inter-

esting question concerns the physical explanation of the WF reduction: it is assumed that
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Figure 7: (a,b) The structure of Pd¢C in a side (a) and top view (b). The v/3 x /3 surface
cell is indicated by a white rhombus. The carbide is composed of stacked octahedra with
carbon in the center (a). The lattice constant of PdgC is expanded by ~3 % with respect
to pure Pd for both LDA and PBE. (c,d) graphene v/3 x v/3 (white rhombus) on Pd(111)
(c) and PdgC(111) (d). The blue and white rhombi show the surface cell of Pd(111) and
the carbide, respectively. For both configurations, we choose the in-plane lattice constant
of Pd(111) equal to its optimized value (apa(111) = 3.87 A, from LDA), adapting the lattice
constant of the graphene accordingly. (e) The metal-graphene distance is 3.86 A in PBE
and 3.00 A in LDA for the v/3 x /3 structure on Pd(111). PBE is not expected to provide
a proper structure for adsorbed graphene because of the absence of the van der Waals
interactions. LDA, on the other hand provides a more reasonable metal-graphene distance.
(f) The WF is strongly dependent on the graphene-metal bond distance, which explains the
lower WF shift calculated in PBE.
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the WF of the graphene-covered Pd(111) is mainly influenced by the electronic properties

of the graphene layer alone®

. However, an analysis of the density of states (Figure S6 in
the Supporting Information) shows that rather the Pd(111) determines the WF, under the
influence of the graphene. Because there is no net charge transfer between Pd(111) and
graphene, the WF change is owing to an electrostatic compression as explained for dielectric
ultra-thin films on metal surfaces®®. This effect is demonstrated in Figure 7f, where the WF
strongly changes with the graphene-metal bond distance.

So far, theory qualitatively agrees with experiments, predicting a WF reduction when car-
bon is absorbed in the first subsurface layer, and quantitatively agrees with the experimental
strong WEF reduction, when graphene is supported on Pd(111). To match the experimental
values for subsurface carbon on a quantitative level, a possibility to reduce the WF further
is the formation of metal defects, i.e., palladium vacancies. The motivation comes from the
fact that the presence of steps are experimentally known to reduce the WF?®7. We illustrate
the effect of defects by considering point defects, i.e., metal surface vacancies in the first
surface layer of Pd(111). Because we do not know the real structure of possible palladium
defects, we consider for simplicity a 2 x 2 vacancy superstructure (0.25 ML) (Figure S5 in
the Supporting Information).

A reduction of already -0.42€V is observed for only the palladium vacancies (see Table
2). If carbon is additionally put into the same subsurface positions from above (0.25, 0.5 and
1.0 ML, Figure S5 in the Supporting Information) the WF decreases by -0.8eV (see Table
2). If graphene is supported on a 0.25 ML defective Pd(111) surface (see Figure S7 in the
Supporting Information), the WF reduction of -1.35€V is calculated which is larger than
the -1.03eV shift on the prestine Pd(111) surface. Thus, one possibility for the large WF

reductions we observed at all NPs is partially due to the presence of additional Pd defects.
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DISCUSSION

It is well known that NPs made from metal with a high carbon solubility?® can etch the
steps and edges of HOPG and graphene, as shown with NiNPs®®, FeNPs% and CoNPs®.
The etching appears at mostly high temperatures (750 to 1100°C for NiNPs, 900°C for
FeNPs and 600°C for CoNPs) under a catalytic hydrogenation of graphite®® . Whereas
the experimental observation is solid, the interpretation of the hydrogenation process itself
is still under debate: either the metal NP detaches carbon atoms from the HOPG edges such
that the carbon atoms diffuse into the NP and react with hydrogen on the NP’s facets®®.
Or molecular hydrogen dissociatively adsorbs on the NP and diffuses into the NP, where it
reacts with carbon at the edges®°.

In our case, we have clear experimental signatures that it is the PANPs, which catalyzes
the etching of carbon from the HOPG steps: (a) in none of our experiments, hydrogen
is explicitly dosed during the NP growth or the post-annealing. Even though the pres-
sure of the residual gas is at 3 x 10~ mbar during the NP growth, with hydrogen as the
main source, a hydrogen dosage of ~0.4L (3min) rules out the importance of hydrogen in
our experiments. Furthermore, during long post-annealing experiments in UHV at 650 °C
(purv =7 x 10719 mbar in average) graphene is formed on the NP’s facets after a few hours.
A hydrogen dosage of ~3L (1.5 hours) is too small to detach the large number of carbon
atoms from HOPG needed to form graphene sheets on the NPs. (b) Hydrogen would not
allow a growth of graphene on the top facets of the NPs%, it would instead produce hydro-
carbons. With this, we can conclusively explain the carbon absorption during the NP growth:
at the very beginning of the NP growth, the first palladium atoms nucleate at the HOPG
steps forming dimers, trimers and very small NPs containing a few atoms only. The melting
temperature of such palladium species is considerably lower in comparison to bulk palladium
(275°C and 640°C for a 0.5 and 1 nm small NP, respectively, in comparison to 1555 °C for
bulk Pd%!), and furthermore they have many low-coordinated atom sites compared to their

volume. This explains the high activity of such species with respect to the carbon etching at
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HOPG steps® and also with respect to the relatively small growth temperature between 150
and 480 °C. The number of detached carbon should increase with the temperature, which is
what we observe by the strong WF reduction (Figure 1d).

An import aspect is the conclusion that starting from a critical NP size that is reached
during the growth, the etching process is insufficient because of the small number of low-
coordinated palladium atoms in the NP and the higher melting temperature: large NPs, as
they are considered in this work, should not absorb carbon during a post-annealing at 480 °C,
and this is what we do indeed observe (no further WF change for the NPs in Figure le). We
therefore believe that during the growth, only a small amount of carbon is effectively absorbed
in the PANPs, which agrees with the observation that after the growth no carbon structures
are observed on the NPs. However, if in long post-annealing experiments the temperature is
increased to 650 °C, a carbon precursor structure is formed, which subsequently is replaced
by graphene upon extended annealing times (Figure 2). Obviously, the thermal energy is
sufficiently high at 650 °C to allow for a strong etching of a large amount of carbon, which is
needed to form graphene.

Important to know is the atomic structure and composition of the (111) facets for a small
amount of absorbed carbon. Our DFT calculations show that carbon atoms preferentially
occupy the first subsurface region on the (111) facets. On Pd(111), diffusion of carbon

k272830 Qubsurface carbon

towards the bulk is not preferred, in agreement with other wor
decreases the WF on the (111) facets, which is in qualitative agreement with our experimental
observations (see Table 1 and 2). The DFT results are in quantitative agreement with the
experiments when considering additional palladium defects like vacancies in the first atomic
layer (Table 2). Whatever atomic structure the (111) facets adopts, the idea of introducing
palladium defects is reasonable given the structural changes upon carbon absorption. In
fact, the Pd vacancy formation energy is reduced with increasing carbon content in the

first subsurface layer: the palladium vacancy formation energy decreases from 0.82eV for

pristine Pd(111) to 0.76, 0.72 and 0.54¢eV for 0.25, 0.5 and 1.0 ML of subsurface carbon,
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respectively. We expect that during the NP’s growth, the thermal energy is sufficiently high
to create such defects or similar ones. Indeed, some work suggests carbon-induced metal
surface modifications where, e.g., carbon extracts single metal atoms from the surface?®' or
leads to modifications of the metal steps®. A recent work on Co(0001), clearly demonstartes
the strong influence of carbon on the first cobalt layer, where the atoms reconstruct and some
atoms get onto the surface by creating vacancy like defects2. Note that palladium ad-atoms
on the Pd(111) strongly decrease the local WF, e. g., 0.25 ML ad-atoms on the surface (Figure

S5i in the Supporting Information) decrease the WFE by -1.4eV (see Table 2).

SUMMARY AND CONCLUSIONS

Our SPM and DFT work sheds light on carbon phenomena at (111) faceted PANPs. Using
UHV grown PANPs on HOPG, we find that a small amount of carbon is etched from HOPG
steps and dissolved in the metal during the growth of PANPs at moderate temperatures
(between 150 and 480 °C). The KPFM experiments show that the WF of as-prepared NPs
decreases with an expected dependence on the growth temperature, whereas at 480°C, a
strong WF reduction of already ~ -1 €V is observed with respect to the WF of pristine Pd(111)
(¢Pd(111) =5.6eV). DFT calculations show that the dissolved carbon atoms are located in the
first subsurface layer on the (111) facet, being partially responsible for the WF reduction. We
expect that additional palladium defects like vacancies in and ad-atoms on the first atomic
layer assist the WF decrease of the NPs.

If as-prepared NPs are post-annealed for one hour in UHV at the much higher temperature
of 650 °C, a large amount of carbon is etched from the HOPG steps by the NPs. As observed
by STM, this results into the formation of a carbon precursor structure, which upon longer
annealing times (1-2 hours) is replaced by graphene. Similar phenomena are observed when
ethylene is cracked at 650°C for a short time of minutes at as-prepared NPs whereas the

graphene quality is mostly better. KPFM exhbits a very strong WF reduction of -1.4€V,
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which agrees with theory. With respect to the physical origin of the WF reduction, the DOS
of the graphene/Pd(111) system reveals an electrostatic compression effect. Thus, the WF
of Pd(111) under the influence of graphene is measured, and not the WF of graphene alone.

Our work comprises some general observations and related perspectives: (a) in the pres-
ence of a small amount of subsurface and surface carbon, we suspect modifications of the
first metal layer because the formation energy of palladium vacancies decreases considerably
with increasing carbon content. We believe that this is a general phenomenon, which should
be considered when dealing with carbon at NPs and on metal surfaces. In future, theory has
to clarify the kinetical process on Pd(111) and other surfaces in a way as shown in Ref. 32.
(b) Care needs to be taken when growing PANPs on carbon supports already at moderate
temperatures: carbon is etched from the support even under UHV conditions and is absorbed
into the NPs. We speculate that this phenomena probably takes place when also growing
other NPs made from, e.g., cobalt and iron. (c¢) Carbon precursor structures and graphene
on the NP’s facets, as well as a small amount of subsurface carbon below the facets can
be well characterized and detected at the single NP level by SPM, and in particular with
KPFM, which detects such phenomena by a measure of the WF alone. We believe that
KPFM is a suitable and complementary local scanning probe technique, which has a high

potential for applications in heterogeneous catalysis.
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