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Abstract
A surface science based approach was applied to model carbon supported Pd nanoparticle catalysts. Employing physical 
vapour deposition of Pd on sputtered surfaces of highly oriented pyrolytic graphite (HOPG), model catalysts were prepared 
that are well-suited for characterization by X-ray photoelectron spectroscopy (XPS) and scanning tunneling microscopy 
(STM). Analysis of the HOPG substrate before and after ion-bombardment, and of Pd/HOPG before and after annealing, 
revealed the number of “nominal” HOPG defects (~  1014  cm−2) as well as the nucleation density (~  1012  cm−2) and structural 
characteristics of the Pd nanoparticles (mean size/height/distribution). Two model systems were stabilized by UHV annealing 
to 300 °C, with mean Pd particles sizes of 4.3 and 6.8 nm and size/height aspect ratio up to ~ 10. A UHV-compatible flow 
microreactor and gas chromatography were used to determine the catalytic performance of Pd/HOPG in ethylene  (C2H4) 
hydrogenation up to 150 °C under atmospheric pressure, yielding temperature-dependent conversion values, turnover fre-
quencies (TOFs) and activation energies. The performance of Pd nanocatalysts is compared to that of polycrystalline Pd foil 
and contrasted to Pt/HOPG and Pt foil, pointing to a beneficial effect of the metal/carbon phase boundary, reflected by up to 
10 kJ  mol−1 lower activation energies for supported nanoparticles.
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1 Introduction

Supported metal nanoparticles are used in many fields 
of catalysis (environmental, chemical synthesis, energy 
generation by fuel cells, etc.), with Pt and Pd being spe-
cifically important. With respect to hydrogenation reac-
tions, supported Pd nanoparticles are known to be the most 
selective, avoiding dehydrogenation and deactivation by 
undesired carbonaceous species. Accordingly, (selective) 
hydrogenation reactions have been thoroughly studied, 
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e.g., of ethylene [1–7], 1-butene [8, 9], 2-butene [10], 
1,3-butadiene [11–18], acetylene [19–21], propyne [22, 
23] or unsaturated aldehydes [24, 25]. For reviews and 
further references refer to [26–35].

Especially when using carbon as support material [36], 
Pd nanoparticles exhibit favorable catalytic performance 
in selective (de)hydrogenation [37–41], oxidation [42, 43] 
and coupling [44]. Despite their nominally simple compo-
sition, carbon supports may exhibit complexity in terms 
of morphology (activated carbon powders, nanotubes, gra-
phene layers and nanoplatelets) and functionalization (e.g., 
doping by N or B [45]), enabling fine-tuning of applica-
tions in sensing. thermal- and electro-catalysis [46–54]. 
Furthermore, the carbon support may directly affect the 
Pd nanoparticles by formation of subsurface carbon or a 
metal–carbon phase [30, 55–58]. Carbon deposits on metal 
surfaces have been reported to modify (de)hydrogenation 
[23, 34, 59–62], presumably by selective site blocking. 
Electronic interactions at metal/carbon interfaces can 
alter the binding energy of adsorbates [48, 49, 63] and 
potentially enhance the hydrogen availability [3, 30, 35, 
47, 63–67].

In the current study, we employ a surface science model 
catalyst approach by growing Pd nanoparticles in ultrahigh 
vacuum (UHV) on a single crystal substrate of highly ori-
ented pyrolytic graphite (HOPG). Alike studies on model 
oxide supports [4, 32–34, 68–77], this yields impurity-free 
samples that are amenable to many surface-sensitive tech-
niques [78]. HOPG supports have been previously used 
for studies of thermal- and electrocatalysis on Ag, Pt, Pd 
and alloy nanoparticles [79–85]. In a number of studies, 
graphene grown on Ir(111) has also been used as model 
carbon support for Ir [86, 87], Pd [88, 89], Pt [90–94], Na 
[95], Sm [96], W and Re clusters [97].

Herein, two UHV-grown Pd/HOPG model catalysts 
were characterized in situ by X-ray photoelectron spectros-
copy (XPS) and scanning tunneling microscopy (STM), 
indicating mean Pd particle sizes of 4.3 and 6.8 nm. Their 
catalytic activity in ethylene hydrogenation, a prototype 
reaction [2–7, 98, 99], was examined in a flow microre-
actor at atmospheric pressure, with gas chromatography 
(GC) and differentially-pumped mass spectrometer (MS) 
reactant/product analysis. Polycrystalline Pd foil was 
employed for comparison, characterized ex situ by scan-
ning electron microscopy (SEM), electron backscatter 
diffraction (EBSD) and energy-dispersive X-ray fluores-
cence (EDX). The results are further contrasted to those of 
analogous Pt/HOPG model catalysts, reported by some of 
us earlier ([85]; adapted in light of the current GC analy-
sis), and extended by additional measurements on poly-
crystalline Pt foil. Altogether, this confirms the feasibility 
of the current surface science approach to model carbon 
supported Pd and Pt catalysts, but specifically points to 

a prominent role of the metal/carbon phase boundary, an 
effect recently reported for Pd nanoparticles on graphene 
nanoplatelets and attributed to interfacial hydrogen [47]. 
The current study is a first step toward more complex 
reactions, such as selective olefine/diene [9–17] or alkyne 
[19–23] hydrogenation, on more complex bimetallic nano-
particles [100–102], bridging both the materials and pres-
sure gaps [4, 73, 74, 101].

2  Experimental

2.1  Preparation of UHV‑Grown Pd/HOPG Model 
Catalysts

Figure 1 shows a schematic overview of the preparation of 
the HOPG supported Pd nanoparticles, their characteriza-
tion and testing in a flow microreactor under atmospheric 
pressure. The preparation is carried out in a UHV chamber, 
which is equipped with XPS (SPECS XR 50, with Al  Kα 
and Mg  Kα anode; EA 100 PHOIBOS) and connected to a 
second UHV chamber for STM (SPECS STM 150 Aarhus). 
The chambers are linked via magnetically coupled sample 
transfer rods and a load-lock enables rapid sample loading/
unloading.

The preparation of Pd/HOPG followed procedures 
already used for Pt/HOPG [85], Ag/HOPG [79], PdAu/
HOPG [81, 82] and Pd/ or PtGa/HOPG [83, 84]. Prior to 
installation in UHV, to create a fresh smooth surface, the 
upper layers of the HOPG crystal (7 × 7 × 0.8 mm, from NT-
MDT, ZYA, 0.3–0.5° mosaic spread) were removed by adhe-
sive scotch-tape. In UHV, the HOPG surface was annealed 
at 700 °C (60 min), followed by “smooth Argon ion etch-
ing” (Fig. 1a; SPECS IQE 35 sputter gun; 2 ×  10−6 mbar Ar, 
0.5 kV; few seconds). This has been shown to be a prereq-
uisite to grow well-dispersed and stable (“anchored”) nano-
particles [79, 81–85, 103–106]. Using STM, atomic force 
microscopy (AFM) and infrared reflection absorption spec-
troscopy (IRAS with CO as probe molecule), Kettner et al. 
[83] demonstrated that prisine HOPG exhibited large, nearly 
defect-free terraces (up to micrometers) separated by “mono-
atomic” steps, whereas  Ar+ bombardment created additional 
multilayer steps (up to 4 nm in height) and strongly disrupted 
the surface (“scattered graphene flakes ~ 10 nm in size with 
up to 2.5 nm thickness”).

Pd nanoparticles were then grown in UHV on the sput-
tered HOPG surface at room temperature (on a circular area 
of 0.38  cm2) by physical vapor deposition (PVD) of a Pd 
rod (Fig. 1a; Omicron EFM 3 T electron-beam evaporator 
with internal flux monitor). While the nucleation density 
(particles/cm2) was controlled by the substrate sputter-
ing described above, the size of the Pd nanoparticles was 
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adjusted by the amount of Pd deposited [107], expressed 
below as “nominal thickness”, i.e., monolayers (ML) of uni-
form Pd film. The number of deposited Pd atoms was deter-
mined by XPS and also independently calculated from STM 
analysis. After Pd particle growth, the model catalysts were 
heated to 300 °C (60 min) in UHV, which is about twice the 
highest catalytic reaction temperature applied herein. Doc-
umented by the pre- and post-treatment/reaction XPS and 
STM characterization of HOPG-supported (bi)metal nano-
particles by A.V. Bukhtiyarov et al. [81, 82], air exposure, 
repeated UHV annealing at 300 °C, and even reactive/oxida-
tive treatments up to 250 °C/200 mbar did not change the 
mean nanoparticle size or distribution. The model catalysts 
remained stable and only for bimetallics surface segregation 
may occur, which is not relevant herein. Based on CO-IRAS, 
Libuda and coworkers [83] also reported that anchored Pd 
nanoparticles were stable and did not undergo strong sinter-
ing even upon annealing to 275 °C in  10–6 mbar CO or  O2, 
just some faceting occurred. Altogether, this ensures ther-
mally stable Pd particles with no sintering being expected 
during reaction.

Polycrystalline Pd foil (Fig. 1c; ~ 1  cm2; from Goodfel-
low) was used as a reference catalyst. It was cleaned in UHV 
by sputter/annealing/oxidation/reduction cycles until its 
front side was “XPS-clean”, assuming an average Pd density 

of 1.45 ×  1015 atoms  cm−2 [108]. The same procedure was 
applied to Pt foil of the same size.

2.2  Characterization and Kinetic Tests of Pd‑Based 
Model Catalysts

Ex situ transmission electron diffraction (TED) was used to 
analyze a thin HOPG film transferred via scotch-tape to a 
sample holder. The prepared model catalysts were charac-
terized in situ by XPS and STM to determine the amount 
of deposited Pd and the nucleation density (number of par-
ticles/cm2), respectively, with both combined to calculate 
the mean size of the Pd nanoparticles. STM also yielded an 
apparent particle size. Polycrystalline Pd and Pt foils were 
characterized ex situ by SEM, EBSD [109, 110] and EDX, 
as well as in situ by XPS.

After characterization, each model catalyst was trans-
ferred to another smaller UHV chamber connected to a flow 
microreactor setup (Fig. 1b), described in detail previously 
[108]. A model catalyst was first attached to a stainless-
steel sample holder inside a microreactor (volume ~ 4 ml) 
(Fig. 1b; middle) with temperature readout by a Ni/Ni–Cr 
thermocouple. The microreactor cell with the model catalyst 
can then be moved to a lower section of the UHV chamber, 
where it connects to a stainless-steel anvil (Fig. 1b, left) that 

Fig. 1  a Scheme of the UHV-preparation of Pd/HOPG model cata-
lysts, including steps of HOPG “soft” sputtering, Pd deposition and 
annealing. In  situ characterization is carried out by XPS and STM. 
The flat “raft-like” shape of the Pd particles was inspired by the high 
size/height aspect ratio revealed by STM (see below). b Catalyst sam-

ples are then mounted in a microreactor compartment, which together 
with an oven for external heating (left; also forming a recess for the 
reactor) and a gas supply tube (right; sealed via a Kalrez O-ring and 
mounted on a heavy-duty linear transfer) forms the flow microreactor 
assembly. c Polycrystalline Pd foil serves as a reference
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also houses a Ta filament for heating the backside wall of the 
microreactor. The reaction compartment is then sealed from 
the other side by a movable gas supply tube (including gas 
inlet and outlet and actuated by a heavy-duty linear motion), 
which has a Kalrez O-ring at its front for sealing off the 
reactor (Fig. 1b, middle). The gas feed is adjusted by mass 
flow controllers (MKS) and the exit gas composition is ana-
lyzed by a differentially-pumped mass spectrometer (Hiden 
HPR 20) and quantified by gas chromatography (Micro GC 
Fusion, INFICON). High purity (5.0) gasses supplied by 
Messer Austria were used in all experiments. The maximum 
temperature of the reactor is 320 °C, due to the temperature 
limit of Kalrez 7075. As a blind test, the catalytic activity of 
the empty microreactor in ethylene hydrogenation was meas-
ured [108], showing a conversion < 5% at 100 °C. Accord-
ingly, the evaluation of catalytic data was typically restricted 
to below 100 °C herein.

3  Results and Discussion

3.1  Characterization of the HOPG Substrate

The freshly “cleaved” HOPG surface (3.8 ×  1015 atoms 
 cm−2) was characterized by STM (Fig. 2a) [85] and trans-
mission electron diffraction (TED, Fig. 2b), both confirming 
the expected crystallinity and surface structure of the sub-
strate. XPS spectra of HOPG are included in Fig. 3, indicat-
ing a clean surface without impurities.

3.2  Characterization of Pd‑Based Catalysts

Previous studies had indicated that nanoparticles grown 
on pristine HOPG would be comparably larger and more 
prone to sintering than those grown on sputtered HOPG 
[79–85]. Consequently, ion-bombarded HOPG was 
employed as a substrate (Fig. 1a). As reported previously 
[85, 111] and stated above, soft argon ion etching of a 

carbon surface leads to surface disorder [79, 83, 112, 113] 
and Ar implantation. As in our previous study on Pt/HOPG 
[85], the number of removed/displaced carbon atoms was 
calculated from a quantitative analysis of the XPS C1s 
spectra before and after sputtering (Figs. 3a, c, e). After ~ 6 
and ~ 9 s sputter times, the reduced C1s intensities indicate 
“nominal” defect densities of 2.00 ×  1014 and 2.95 ×  1014 
defects/cm2 (Table 1; subsequently used for growing 0.2 
ML Pd/HOPG and 0.5 ML Pd/HOPG samples, respec-
tively). As mentioned, this treatment creates more nuclea-
tion centers for metal growth, better anchoring and stabi-
lizing the resulting nanoparticles (note, however, that the 
resulting particle density reported below is still ~ 1000-
times lower than the “nominal” defect density).

In the next step, Pd nanoparticles were grown on sput-
tered HOPG by PVD, resulting from nucleation and 
growth processes [74, 107]. The exact Pd amount depos-
ited on HOPG was determined in  situ by quantitative 
analysis of the XPS C 1 s intensity, which was reduced 
upon Pd deposition, by Pd 3d spectra, and by STM imag-
ing (see below).

Figure 3a shows C1s spectra, and Fig. 3b the correspond-
ing Pd 3d XPS spectra of the lower-loading Pd/HOPG model 
catalyst. The nominal Pd thickness was determined by com-
paring the peak intensity of C 1 s of sputtered HOPG with 
that after deposition/annealing at 300 °C. Utilizing the inten-
sity analysis described in [114] and assuming homogeneous 
2d-Pd layers and an implanted Ar monolayer underneath 
(inelastic mean free path of Pd and Ar of 1.6 and 2.973 nm, 
respectively), comparing the C1s peak area before Pd depo-
sition and after deposition/annealing indicated a nominal 
Pd thickness of 0.2 ML (with 1 ML referring to 1.53 × 10 15 
Pd atoms  cm−2).

Figure 3e shows C1s spectra of the second model catalyst, 
including pristine HOPG, after sputtering, after depositing 
a larger amount of Pd, and after annealing to 300 °C, with 
Fig. 3f displaying the corresponding Pd 3d XPS spectra. 

Fig. 2  HOPG model sup-
port at 300 K: a STM image 
 (Vbias = 0.4 V, I = 0.6 nA) with 
higher magnification inset and 
b TED pattern recorded at 
200 keV with an intensity line 
profile as overlay



2896 M. A. Motin et al.

1 3

Fig. 3  XPS spectra, STM 
images and size histograms of 
0.2 ML Pd/HOPG (a–d) and 0.5 
ML Pd/HOPG (e–h): (a, e), C1s 
spectra of the pristine HOPG 
surface (black), after sputter-
ing (red), after Pd deposition 
(purple), and after annealing 
(blue) in UHV to 300 °C (1 h). 
b, f The corresponding Pd 3d 
spectra obtained after Pd depo-
sition and UHV annealing at 
300 °C. c, g STM acquired after 
annealing to 300 °C. The insets 
show higher magnification of 
the marked particles. Tunneling 
parameters: 0.47 V, 0.88 nA. d, 
h particle size histograms
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Table 1  Structure and reactivity data of Pd/HOPG and Pd foil model catalysts. Pt/HOPG and Pt foil are included for comparison

Model catalysts 0.2 ML Pd/HOPG 0.5 ML Pd/HOPG Pd foil 0.31 ML Pt/ HOPG 0.74 ML Pt/ HOPG Pt foil

HOPG defect den-
sity; from XPS 
(defects/cm2)

2.00×  1014 2.95 ×  1014 n.a 2.32 ×  1014 6.62 ×  1014 n.a

Total number of 
metal atoms; 
from XPS (atoms/
cm2)

3.06  ×  1014 7.65 ×  1014 n.a 4.66 ×  1014 1.12 ×  1015 n.a

Particle number 
density; from 
STM (particles/
cm2)

7.94  ×   1011 9.42 ×  1011 n.a 6.14 ×  1012 3.02 ×  1012 n.a

Number of metal 
atoms per parti-
cle; from XPS/
STM (atoms/
particle)

387 812 n.a 76 371 n.a

Mean particle 
diameter; from 
STM (nm)

4.3 6.8 n.a 2.0 3.6 n.a

Mean particle 
height; from STM 
(nm)

0.5 0.6 n.a 0.4 0.6 n.a

Number of metal 
atoms per parti-
cle; from STM 
(hemispherical 
cap) (atoms/par-
ticle)

292 802 n.a 40 206 n.a

Number of metal 
surface atoms 
per particle; from 
STM (hemispher-
ical cap) (atoms/
particle)

214 518 n.a 33 89 n.a

Ratio of metal 
perimeter atoms 
to surface atoms; 
from STM

0.26 0.17 n.a 0.60 0.35 n.a

Total number of 
metal atoms; 
from STM 
(atoms/cm2)

2.32 ×  1014 7.56 ×  1014 n.a 2.46 ×  1014 6.22 ×  1014 n.a

Total number of 
metal surface 
atoms in the 
sample; from 
STM for particles 
(atoms)

6.46 ×  1013 1.85 ×  1014 1.45 ×  1015 (front 
side)

7.75 ×  1013 1.05 ×  1014 1.45 ×  1015 (front 
side)

TOF
(s−1)

3895 (95 °C) 1478 (95 °C) 190 (95 °C) 284 (100 °C) 377 (100 °C) 204 (100 °C)

TOF
(s−1)

2249 (65 °C) 871 (65 °C) 92 (55 °C) 168 (60 °C) 250 (60 °C) 49 (60 °C)

Ea (kJ/mol) 28.6 ± 2.2 27.9 ± 2.2 34.2 ± 2.5 27.3 ± 3.0 25.4 ± 1.4 35.5 ± 6.0
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The nominal thickness of this Pd overlayer was calculated 
analogously to be 0.5 ML.

It is important to note that for both samples, the intensity 
of the C 1 s photoelectrons of the HOPG substrate was atten-
uated after Pd deposition, but that annealing did not lead to 
a further intensity reduction (or only ~ 1% change). Also, for 
Pd 3d spectra, annealing induced only a minor difference 
(about 10% and 15% for 0.2 and 0.5 ML, respectively). Con-
sequently, the Pd nanoparticles, anchored in HOPG defects, 
were thermally stable upon annealing to 300 °C.

The number of Pd atoms corresponding to 0.2 ML Pd/
HOPG is 3.06 ×  1014 atoms  cm−2, that corresponding to 
0.5 ML Pd/HOPG is 7.65 ×  1014 atoms  cm−2 (Table 1). The 
nominal Pd film thickness calculation is somewhat simpli-
fied, but it mainly serves for comparison with the current 
and previous [85] STM data. Even assuming 2D growth, 
the agreement with the STM data presented below is fairly 
good, however.

To directly determine the size and number density of 
the Pd nanoparticles after annealing to 300 °C, in situ STM 
images of the 0.2 (Fig. 3c) and 0.5 ML Pd/HOPG (Fig. 3g) 
model catalysts were taken at room temperature.

For the lower loading 0.2 ML Pd/HOPG, many Pd parti-
cles decorated steps on HOPG, but about 20% of the parti-
cles were located on flat terraces. The average number of Pd 
atoms per particle can then be calculated from the Pd amount 
deduced from XPS (3.06 ×  1014 Pd atoms  cm−2) and the Pd 
particle number density deduced from STM (7.94 ×  1011 par-
ticles/cm2), as the latter is hardly affected by STM tip convo-
lution effects [83, 84, 107], yielding 387 Pd atoms/particle. 
The average Pd particle size determined directly from STM 
was 4.3 nm (c.f. the size histogram in Fig. 3d) with a mean 
height of 0.5 nm. Although the apparent size may be larger 
than the actual one (due to tip convolution [83, 84, 107], the 
high aspect ratio of ~ 9 suggests a flat “raft-like” morphology 
(Fig. 1a), not unusual for metal islands/particles on HOPG 
[115–121] (note also the rather uniform STM contrast of 
the magnified particle). If one thus assumes a hemispherical 
shape with truncated top (hemispherical cap), a mean size 

of 4.3 nm would correspond to 292 Pd atoms/particle and 
214 surface atoms/particle (note that these values are quite 
different from those obtained for the commonly used hemi-
spherical shape [9, 74]). Considering the Pd particle number 
density from STM (7.94 ×  1011 particles/cm2), the resulting 
total Pd amount is 2.32 ×  1014 atoms  cm−2. Note that this 
corresponds reasonably well to the Pd amount deduced from 
XPS (3.06 ×  1014 Pd atoms  cm−2). The number of Pd sur-
face atoms in the sample (0.38  cm2) can then be calculated 
accordingly (Table 1).

An analogous analysis was carried out for the 0.5 ML 
Pd/HOPG model catalyst (Fig. 3g). More Pd particles were 
growing on the terraces and the densely packed larger Pd 
particles seem to cover nearly the entire support. Once more, 
based on the Pd amount from XPS (7.65 ×  1014 Pd atoms 
 cm−2) and the particle density (9.42 ×  1011  cm−2) from STM 
(Table 1), every Pd particle should contain 812 atoms on 
average. The mean size (c.f. the size histogram in Fig. 3h) 
and height deduced from STM were 6.8 and 0.6 nm, respec-
tively, indicating that every Pd particle contained on average 
802 atoms and 518 surface atoms/particle. Considering the 
Pd particle number density from STM (9.42 ×  1011 particles/
cm2), the resulting total Pd amount is 7.56 ×  1014 atoms  cm−2 
which again corresponds well to the Pd amount deduced 
from XPS (7.65 ×  1014 Pd atoms  cm−2). The number of Pd 
surface atoms in the sample (0.38  cm2) can once more be 
calculated accordingly (Table 1).

As for both types of analysis quite similar average num-
bers of Pd atoms/particle were obtained, the particle char-
acteristics directly determined by STM will be used for fur-
ther calculations below. Kettner et al. [83] also reported that 
STM overestimated the nanoparticle volume by only 8%. 
Altogether, this reassured us to use the direct STM charac-
terization as input for TOF calculations. Nevertheless, the 
turnover frequencies (TOFs) described below should be con-
sidered an upper limit, especially for particles with smaller 
size/height ratio. For Pd foil, SEM and EBSD revealed a 
polycrystalline surface, with EDX confirming the absence of 

Fig. 4  a SEM (scale bar is 20 μm), b EBSD (scale bar is 20 μm) with crystallographic color code and c EDX analysis of polycrystalline Pd foil
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impurities (Fig. 4; Al signal due to the sample holder). For 
XPS spectra of Pd (and Pt) foil refer to [108].

All structural data of the model catalysts are summarized 
in Table 1. In agreement with previous nucleation studies 
[122], the particle number density is roughly 5 times smaller 
for Pd than for Pt, due the higher Pd mobility during growth. 
For the current metal exposures, the Pd nanoparticles had 
about twice the size of Pt nanoparticles.

3.3  Flow Microreactor Studies of  C2H4 
Hydrogenation on Pd‑ and Pt‑Based Catalysts

After characterization by XPS/STM and/or SEM/EBSD/
EDX, every Pd-based model catalyst was transferred in 
air to the UHV-compatible microreactor, which enables to 
determine catalytic properties under atmospheric pressure 
flow conditions [85, 108]. As mentioned, the model catalyst 
was mounted inside the stainless steel microreactor cell with 
a thermocouple attached. After degassing and cleaning in 

UHV (annealing in low pressures of  O2,  H2), the catalyst 
was moved to the lower level of the UHV chamber, where 
the microreactor assembly was located (the reaction cell then 
locks into the oven front piece). The microreactor cell was 
subsequently closed by the gas supply tube. In the sealed 
microreactor, the catalysts were additionally cleaned by oxi-
dative and reductive treatments (at 250 °C, at a flow rate of 
0.2 ml/min  O2 or 15 ml/min  H2, both with 5 ml/min Ar;5 
and 60 min, respectively), to remove any potential carbon 
species from Pd (which may originate from air transfer or 
ion-bombardment [81–83]). As discussed in Sect. 2.1, such 
treatments were demonstrated not to change the mean nano-
particle size or distribution.

Ethylene hydrogenation to ethane is a classical reac-
tion following Langmuir–Hinshelwood kinetics via step-
wise hydrogenation, a mechanism proposed by Horiuti 
and Polanyi in 1934 [123]. Although the reaction does not 
require selectivity (if one neglects  C2H4 decomposition), it 
is a valuable test for benchmarking different catalysts. Along 
these lines,  C2H4 adsorption,  C2H4/H coadsorption and the 

Fig. 5  Flow microreactor study 
of ethylene hydrogenation 
on 0.2 ML Pd/HOPG model 
catalyst (4.3 nm Pd particles) 
at atmospheric pressure. a, b 
The gas composition at the 
reactor outlet was analyzed by 
a differentially-pumped mass 
spectrometer (MS) and quanti-
fied by a gas chromatograph 
(GC). c TOFs vs. temperature. d 
Arrhenius plot
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effects of subsurface hydrogen and Pd-hydride formation 
were extensively studied [2–4, 29, 30, 33, 47, 62, 67, 74, 
124, 125].

“Blank” reaction studies with HOPG alone indicated 
zero activity of the support, agreeing well with our previ-
ous powder study of pure graphene nanoplatelets (GNPs) or 
activated carbon [47]. Figure 5 displays microreactor results 
of  C2H4 hydrogenation on the 0.2 ML Pd/HOPG model cata-
lyst (4.3 nm Pd particles) with a flow rate of 1 ml/min  C2H4, 
1 ml/min  H2, and 12 ml/min Ar. The catalyst was heated 
stepwise from room temperature to 155 °C, with a tempera-
ture ramp of 10 °C/min and isothermal periods of 10 min. 
The gas composition at the reactor outlet was analyzed by 
MS (Fig. 5a) and quantified by GC (Fig. 5b).

According to the GC measurements at different tempera-
tures, the ethylene conversions were ∼11% and ∼60% at 35 
and 95 °C, respectively. The temperature-dependent turnover 
frequencies (TOFs, the number of  C2H4 molecules converted 
per second and per Pd surface atom), with the total number 

of Pd surface atoms calculated from STM, are presented in 
Fig. 5c. The activation energy for ethylene hydrogenation on 
0.2 ML Pd/HOPG was 28.6 ± 2.2 kJ/mol, deduced from the 
Arrhenius plot in Fig. 5d (Table 1).

Figure 6 displays results from the corresponding ethyl-
ene hydrogenation on the 0.5 ML Pd/HOPG model cata-
lyst (6.8 nm Pd particles), again with a flow rate of 1 ml/
min  C2H4, 1 ml/min  H2, and 12 ml/min Ar (MS in Fig. 6a 
and GC in Fig. 6b). Based on the GC measurements at dif-
ferent temperatures, the ethylene conversions were ∼12% 
and ∼65% at 35 and 95 °C, respectively. The temperature-
dependent TOFs are shown in Fig. 6c. The activation energy 
of 27.9 ± 2.2 kJ/mol for ethylene hydrogenation on 0.5 ML 
Pd/HOPG model catalyst was obtained from the Arrhenius 
plot in Fig. 6d (Table 1).

To discriminate the role of the nano-sized Pd particles 
and of the support, polycrystalline (unsupported) Pd foil 
was examined under the same conditions as well (Fig. 7). 
Reactants and products were once more analyzed by MS 

Fig. 6  Flow microreactor study 
of ethylene hydrogenation 
on 0.5 ML Pd/HOPG model 
catalyst (6.8 nm Pd particles) 
at atmospheric pressure. a, b 
The gas composition at the 
reactor outlet was analyzed by 
a differentially-pumped mass 
spectrometer (MS) and quanti-
fied by a gas chromatograph 
(GC). c TOFs vs. temperature. d 
Arrhenius plot
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(Fig. 7a) and quantified by GC (Fig. 7b). Based on the GC 
measurements at different temperatures, the ethylene conver-
sions were ∼13% and ∼66% at 35 and 95 °C, respectively. 
The temperature-dependent TOFs are shown in Fig. 7c. 
The Arrhenius plot (Fig. 7d) yielded an activation energy of 
34.2 ± 2.5 kJ/mol, which is significantly higher than that of 
HOPG supported Pd nanoparticles.

For all model catalysts, the performance was reversible 
and stable up to ~150° C. Above that, catalyst deactivation 
occurred with time (likely by carbon poisoning) [108].

Although ethylene hydrogenation is considered a 
structure-insensitive reaction, the TOFs of Pd/HOPG at 
~ 50–100 °C show a clear trend, with the nanoparticles being 
about 20- to 8-times more active than the Pd foil, which is 
astonishing. The activation energy found for Pd particles 
on HOPG (~ 27 ± 2 kJ/mol) is in good agreement with that 
reported for supported Pd particles (~ 28–32 kJ/mol) [47], 
but it is significantly lower than that on bulk-Pd foil (~ 34 ± 2 
kJ/mol). It should also be noted that just the front side of 

the metal foil was considered to be active as the unsput-
tered/not-annealed backside was clamped to the reactor wall. 
However, if the backside would contribute some activity, the 
TOFs of the foil would be even smaller.

Several reasons may account for the difference between 
nanoparticles and foil. Clearly, the Pd nanoparticles exhibit 
even more low coordinated metal sites than polycrystalline 
Pd foil does. Nevertheless, in a previous study similarly 
shaped Pd nanoparticles were supported either by carbon 
(GNPs) or alumina, but the GNP-supported Pd nanoparti-
cles still showed much higher activity above 40 °C [47]. 
This rather rules out a surface structure effect such as that 
recently described for smooth and stepped Pd facets [8, 9]. 
Furthermore, hydrogen dissolution in Pd, i.e., the forma-
tion of Pd hydrides, should also not depend on the type of 
support.

To fully exclude an effect of metal hydrides, ethyl-
ene hydrogenation was also carried out on a polycrys-
talline Pt foil and contrasted to our previous results on 

Fig. 7  Flow microreactor study 
of ethylene hydrogenation on 
Pd foil at atmospheric pressure. 
a, b The gas composition at the 
reactor outlet was analyzed by 
differentially-pumped MS and 
quantified by GC. c TOFs vs. 
temperature. d Arrhenius plot
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HOPG-supported Pt nanoparticles (XPS and STM results 
were described in [85]), as for Pt one does not expect a pro-
nounced influence of dissolved hydrogen. Figure 8 shows 
the measured reactivity profile of Pt foil (1 ml/min  C2H4, 
4 ml/min  H2, and 12 ml/min Ar, heated stepwise from 25 to 
250 °C with a temperature ramp of 10 °C/min and isother-
mal periods of 10 min). The gas composition at the reactor 
outlet was analogously analyzed by MS (Fig. 8a) and quanti-
fied by GC (Fig. 8b).

The GC measurements indicated ethylene conversions of 
∼17% and ∼71% at 60 and 120 °C, respectively (for  C2H4/H2 
of 1 they were about 50 % less). The temperature-dependent 
TOFs are shown in Fig. 8c. The activation energy of ethyl-
ene hydrogenation on polycrystalline Pt foil, obtained by 
an Arrhenius plot, was 35.5 ± 6.0 kJ/mol (Fig. 8d). Similar 
as for Pd, for bulk-Pt foil the TOFs at a given temperature 
were lower and the  Ea was about 10 kJ/mol higher than for 
HOPG-supported Pt nanoparticles (previous results for 0.31 

and 0.74 ML Pt/HOPG [85], adapted in light of the current 
GC analysis, are included in Table 1).

Based on the arguments presented, an effect of the nano-
particle shape/surface structure (smooth vs. rough facets [8, 
9]) or of metal hydrides can be ruled out. Apparently, both 
for Pd and Pt, there is a pronounced effect of the HOPG sup-
port on  C2H4 hydrogenation: the nanoparticles were more 
active than polycrystalline foil. It is thus suggested that addi-
tional hydrogen can be accommodated at the metal/carbon 
interface, resulting in higher activity [47]. In other words, 
the interfacial hydrogen may facilitate hydrogen availability 
at the metal/carbon phase boundary. The raft-like morphol-
ogy of the Pd and Pt deposits on the HOPG support, leading 
to size/height aspect ratios up to ~ 10 (for perimeter atoms/
surface atoms see Table 1), is certainly beneficial, but the 
exact origin of this effect has been debated.

Hydrogen adsorption/absorption/desorption has been 
repeatedly studied for supported Pt and Pd catalysts by 

Fig. 8  Flow microreactor study 
of ethylene hydrogenation on 
Pt foil at atmospheric pressure. 
a, b The gas composition at the 
reactor outlet was analyzed by 
differentially-pumped MS and 
quantified by GC. c TOFs and 
conversion vs. temperature. d 
Arrhenius plot
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temperature programmed methods, NMR and inelastic neu-
tron scattering (INS) [2, 3, 33, 62, 64, 65, 124–128]. In 1H 
NMR studies of hydrogen chemisorption over Pt/SiO2 a spe-
cific resonance was attributed to hydrogen at the Pt-silica 
interface [64, 127]. Using INS, it was demonstrated that the 
carbon support can critically affect the rate of release of 
hydrogen stored in Pd particles [65, 126].

The strongest support for this phenomenon comes from a 
combined experimental and theoretical study of carbon-sup-
ported Pd hydrogenation catalysts (~ 5 nm Pd particles) by 
Rao et al. [63], who suggested the charge transfer between 
carbon support and the active metal to be responsible for fine 
tuning of the electronic structure of the catalytic centers, hence 
affecting their catalytic performance. DFT modeling revealed 
that this direct electronic effect is restricted to the proximity 
of the interface, because it dissipates beyond two metal lay-
ers. The binding energy of adsorbates such as H, C, O, OH, 
and CH can still be influenced up to 5 metal layers above the 
support, which has been attributed to changes of the d-band of 
the metal [63]. Another DFT study of support effects in  C2H2 
semi-hydrogenation reported deviations of ~ 20 kJ/mol for eth-
ylene adsorption energies for a two-layer Pd cluster, strongly 
changing catalytic performance [129]. The specific role of 
metal/support perimeter sites was also demonstrated for other 
carbon and oxide supports [130–136]. Altogether, the previous 
and the current model studies indicate the importance of the 
nature and structure of the metal/carbon interface in affecting 
hydrogen and hydrocarbon supply for subsequent reactions, 
an aspect that should receive further attention in the future.

4  Conclusions

Pd/HOPG model catalysts, with Pd nanoparticles of raft-
like morphology and different mean size, were grown in 
UHV and annealed to 300 °C (to guarantee thermal stability 
under reaction conditions up to 155 °C). The defect density 
of ion-bombarded HOPG and the nominal thickness of the 
Pd overlayer were determined in situ by XPS. STM directly 
provided the Pd particle number density and mean parti-
cle size/height, with moderate tip convolution effects. Flow 
microreactor studies of ethylene hydrogenation to ethane at 
atmospheric pressure, comparing two different Pd/HOPG 
model catalysts (4.3 and 6.8 nm mean Pd particle size) with 
polycrystalline Pd foil, revealed a pronounced beneficial 
effect of the HOPG support.

Interestingly, the nano-sized and HOPG-supported 
Pd particles exhibited higher specific activity (TOF) and 
lower activation energy  (Ea) than bulk-Pd foil, despite 
 C2H4 hydrogenation being considered structure-insen-
sitive. In a previous study on powder catalysts [47], Pd 
nanoparticles were more active when supported on carbon, 

than when supported on oxide. Altogether, this suggests 
a support effect, rather than an influence of the metal 
atom coordination (particle shape/roughess). Similarly, if 
formed, Pd hydrides should be the same, independent of 
the support.

Analogous  C2H4 hydrogenation studies for bulk-Pt foil 
and Pt/HOPG also revealed a higher activity and lower 
 Ea’s for carbon-supported Pt nanoparticles. As Pt is unable 
to significantly dissolve hydrogen, this once more points 
to a carbon support effect.

Accordingly, the increased activity and lower activa-
tion energy of HOPG-supported metal nanoparticles is 
assigned to the metal/carbon interface. Charge transfer 
between the support and the active metal may modify the 
electronic structure of the catalytic centers, thus affecting 
the binding energies of adsorbates. Further kinetic, oper-
ando spectroscopic [101] and theoretical [8, 9] studies 
are required to better characterize the relevant interfacial 
hydrogen and hydrocarbon species, which will be very 
challenging, though.
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