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a b s t r a c t

Single-atoms on carbon–nitrogen supports are considered catalysts for a multitude of reactions.
However, doubts remain whether really these species or subnanometer clusters formed under reaction
conditions are the active species. In this work, we investigate the dynamics of palladium single-atoms
on graphitic carbon nitride during ethylene hydrogenation and H2-D2 exchange. By employing
aberration-corrected scanning transmission electron microscopy, x-ray photoelectron spectroscopy and
x-ray absorption spectroscopy, we will show that palladium, originally present as single-atoms, agglom-
erates to clusters at 100 �C in a gas atmosphere that contains both ethylene and hydrogen. This agglom-
eration goes in hand with the emergence of catalytic activity in both ethylene hydrogenation and H2-D2

exchange, suggesting that clusters, rather than single-atoms, are the active species. The results presented
herein highlight the potential of analytics over the course of reaction to identify the active species and
provide new insights into the influence of gas atmosphere on metal speciation.

� 2023 Elsevier Inc. All rights reserved.
1. Introduction

Single-atom heterogeneous catalysts (SAHCs) have gained huge
attention in recent years due to maximum metal utilization and
unique reactivity [1–4]. Studying their dynamics over the course
of reaction has delivered mechanistic insights on the molecular
level and helped to unravel the catalytically active species [5–
11]. However, most of these studies focus on oxide supports even
though carbons – particularly nitrogen containing ones – are fre-
quently employed as support materials for SAHCs [12,13].

Graphitic carbon nitride (g–CN) is one of the most commonly
used supports for single-atoms in the class of carbon materials.
Due to the semiconductor properties and favorable band gap posi-
tion of g-CN, SAHCs based on this material are frequently
employed in photo- and electrocatalytic applications [14–20]. But
also alkyne semi-hydrogenation in liquid [21–23] and gas [24]
phase as well as Suzuki coupling [25,26] and oxidation reactions
[27,28] were conducted with these types of catalysts.
Lately, some progress has been made in uncovering structure-
performance relationships for single-atoms on g-CN. It was shown
that the electronic density of the metal center could be influenced
by the composition of the support. Higher electron density corre-
sponds with lower stabilization of the single-atom and higher cat-
alytic activity in hydrogenation reactions [23,29]. Furthermore,
palladium ensembles consisting of at least three Pd atoms drasti-
cally increase activity in alkyne hydrogenation in comparison to
single-atoms while diminishing activity in Suzuki coupling [26].
This raises the question of whether single-atoms are actually the
active species in hydrogenation reactions or whether clusters form
under reaction conditions to drive activity.

Closely related to this question is the question of the bonding
environment of the metal, which may include other metal atoms.
For Pt single-atoms on g-CN, a recent study delivered new insights.
The metal center is coordinated to two pyridine nitrogen functions
of the support and two Cl ligands after impregnation and mild tem-
perature treatment at 300 �C (utilizing H2PtCl6 as precursor). Dur-
ing treatment at 500 �C, the Cl ligands were removed along with H+

from adjacent amine groups from the support. As a result, a Pt
complex coordinated to two pyridinic nitrogens and two
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negatively charged amino groups as well as some Pt clusters were
formed [30].

This study comes very close to the ultimate goal of fully eluci-
dating the structure of the metal site. However, this structure
and especially its evolution under reaction conditions (including
agglomeration paths to small metal clusters) remain unclear for
most SAHCs. But gaining comprehensive structural understanding
is key to establish rational synthesis and treatment procedures for
SAHCs [31].

Towards filling this knowledge gap for carbon–nitrogen carri-
ers, and to identify the active species in hydrogenation reactions,
we decided to investigate the dynamics of palladium single-
atoms on g-CN during ethylene hydrogenation. We chose ethylene
hydrogenation as a model reaction because it covers the highly
important area of C–C double bond hydrogenation in gas phase.
It also allows comparison with the extensive literature on the
dynamics of single atoms on oxide supports investigated for this
reaction.

For studying the dynamics, we synthesized a palladium single-
atom catalyst on exfoliated g–CN (ECN) by impregnation with Pd
(NH3)4(NO3)2 (ECN-Pd-SA) as well as a palladium nanoparticle cat-
alyst (ECN-Pd-NP). We studied their respective catalytic activity in
ethylene hydrogenation as well as H2-D2 exchange and concluded
that a Pd(NECN)2(NO3) complex that is formed after impregnation
agglomerates at 100 �C in an atmosphere that consists of both
ethylene and hydrogen to form clusters that are the active species
for both types of reaction.
2. Experimental

2.1. Material synthesis

The support was synthesized by treating melamine (20 g) in a
CWF 1100muffle furnace (Carbolite) for 4 h at 550 �C (2.3 �Cmin�1).
The resulting bulk graphitic carbon nitride (BCN) was pulverized.
Exfoliated graphitic carbon nitride (ECN) was synthesized by
grinding BCN (1.7 g) in a ball mill (Pulverisette 23, Fritsch)
(50 Hz, 5 min) and then treating it in a muffle furnace (porcelain
bowl, 50 mg cm�2) for 4 h at 500 �C (2.3 �C min�1).

ECN-Pd-SA was synthesized by adding Pd(NH3)4(NO3)2 � 10 wt
% solution (421 lL, 0.5 wt% Pd relative to the support) to water
(500 mL). Then ECN (3 g, 6 mg mL�1-solution) was added, stirred
for 4 h and then filtered and washed with water (300 mL). The
resulting solid was dried in high vacuum and stored under argon.

ECN-Pd-NP was synthesized by dissolving K2PdCl4 (30.7 mg,
0.5 wt% Pd relative to the support) in aqueous HCl (0.5 mM,
333 mL). Then aqueous NaBH4 (1.9 mL, 0.1 M) followed by ECN
(2 g, 6 mg ml�1-solution) were added and stirred for 4 h. The mate-
rial was filtered and washed with water (300 mL) and then dried at
80 �C.
2.2. Analytical methods

Elemental analysis (CHN) was carried out by Mikrolab Kolbe,
Oberhausen.

Optical emission spectrometry with inductively coupled plasma
(ICP-OES) for the determination of the metal content was carried
out by Mikrolab Kolbe, Oberhausen.

Nitrogen physisorption isotherms were recorded at 77 K using a
Quadrasorb SI instrument. Before measurement, the samples were
degassed for at least 5 h at 150 �C with a FloVac degasser under
vacuum (0.35 mbar). The data were evaluated using the Quadra-
Win software package. The specific surfaces were determined
according to the BET model in the range 0.05 � p/p0 � 0.25.
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Infrared spectra were recorded using a Vertex70 spectrometer
(Bruker) equipped with a Praying Mantis High Temperature Reac-
tion Chamber (Harrick Scientific Products) in DRIFTS mode. Before
each measurement, the sample was baked in nitrogen
(50 mL min�1) at 50 �C for 1 h and then measured against a KBr
background. Then CO (50% CO/He, 30 mL min�1) was flown over
the sample for 10 min followed by desorption in nitrogen
(50 mLmin�1). Evaluation was carried out using the software OPUS
6.5 (Bruker).

X-ray diffraction (XRD) patterns were measured on a Stoe STADI
P transmission diffractometer (Debye-Scherrer geometry) using
0.7 mm borosilicate capillaries. The diffractometer was equipped
with a primary Ge(111) monochromator (MoKa1 radiation k = 0.
7093 Å) and a position-sensitive Mythen1K detector. Data were
collected in the range of 2h = 3-120�.

For the experimental verification of Pd single atoms and nano
particles, the specimens were investigated applying aberration-
corrected scanning transmission electron microscopy (AC-STEM).
The ECN-supported Pd-substrate was suspended in EtOH and pre-
pared on a holey carbon Cu TEM grid via drop-cast method. The
suspension was evaporated in air. Subsequently, the specimens
were cleaned by a UV-based sample cleaner (Hitachi HT ZONETEM
II). High-resolution imaging was conducted on a Hitachi HF5000
and a FEI TITAN ChemiSTEM, both, operating at 200 kV and
equipped with a spherical-aberration (Cs) probe corrector.

X-ray photoelectron spectroscopy (XPS) measurements were
performed with a SPECS GmbH spectrometer equipped with a
PHOIBOS 150 1D-DLD hemispherical energy analyzer. The
monochromatized Al Ka X-ray source (E = 1486.6 eV) was operated
at 15 kV and 200 W. For the narrow scans, a pass energy of 20 eV
was applied. The medium area mode was used as the lens mode.
The base pressure during the experiment in the analysis chamber
was 5 � 10�10 mbar. To account for charging effects, all spectra
were referred to the C–C/C–H contribution of the C1s signal
(284.5 eV). The program CasaXPS Version 2.3.22PR1.0 was used
for data evaluation.

An asymmetric peak shape function LA(1.9,7,2) was used for the
fitting of the metallic Pd species. For the Pd species with different
oxidation states symmetric profile functions, GL(30), were used for
fitting. The average peak position (Pa) was calculated by summing
the arithmetic products of the peak positions with their respective
relative contributions for the different contributions according to
equation (1):
Pa = PI AI + PII AII ð1Þ
Px: peak position of component x; Ax: relative peak intensity of

component x.
For the fitting of the sp3 carbon in the C1s spectrum the asym-

metric peak shape function LA(2,3,0) was applied. A symmetric
peak shape function GL(30) was used to fit the Carbon in the Tri-
azine rings while the satellite features were fitted using LA(1.3,
2.43).

The O1s spectrum was fitted using the symmetric peak shape
function GL(30).

The symmetric peak shape function GL(30) was applied for the
fitting of the three main species in the N1s spectrum. The satellite
features were fitted using LA(1.3, 2.43).

The assignment of signals was done based on a work by Mor-
gan.[32].

X-ray absorption spectroscopy at the Pd K edge (24350 eV) was
performed at the Diamond Light Source beamline I20-EDE.[33,34].
A bent SI (311) crystal was used to focus the polychromatic beam
on the sample. Data was collected in transmission mode using the
position dependent XH detector with an energy resolution of
0.5 eV.[35] Samples were either prepared as pellets (1.2 g) for



M. Vennewald, N.M. Sackers, A. Iemhoff et al. Journal of Catalysis 421 (2023) 134–144
ex-situ experiments or pelletized and sieved (125–200 lm) for in-
situ experiments. For in-situ experiments the samples with a Pd
content of 0.77 wt% were filled into a quartz tube with an inner
diameter of 5.5 mm. An identical tube filled with BN (88–
177 lm) was used as background. Samples were first pretreated
for 2 h in Ar (40 mL min�1) at 50 �C. Then the gas flow was
switched to a 2 % H2/2 % ethylene/Ar mixture. Then a temperature
program with 2 h at 50, 100 and 150 �C as well as 4 h at 200 �C
(10 �C min�1) was conducted. Spectra were taken at the beginning
and at the end of each temperature step as well as after 1.

The resulting spectra were background corrected and normal-
ized at the height of the edge step using the Athena program from
the Demeter software package. EXAFS fits were conducted employ-
ing the Artemis program.[36] The edge position was defined as the
first minimum of the first derivative. The pre-edge range was set to
�200 to �150 eV relative to the edge position and the normaliza-
tion range to 150 to 1140 eV. Forward fourier transform (FFT) was
performed in k space from 3 to 8 Å-1 for in-situ samples, 3 to 10 Å-1

for ex-situ samples and 3 to 12 Å-1 for references in accordance
with the respective data quality.

2.3. Catalytic studies

Reaction rates were measured in a gas phase reactor (made by
the institute). The gas flows were controlled with mass flow con-
trollers (Bronkhorst/MKS Instruments). For ethylene hydrogena-
tion, the concentrations of H2 (amu 2), ethylene (amu 28) and
ethane (amu 31) were measured using a Cirrus 2 mass spectrome-
ter (MKS Instruments) with He as internal reference. For the H2-D2

exchange reaction, the signals of H2 (amu 2), HD (amu 3) and D2

(amu 4) were measured without internal reference.
Samples were held on a porous quartz disc (4.2 mm diameter)

covered with 1 mm quartz wool in a U-shaped quartz reactor.
The temperature was measured inside the catalyst bed with a tem-
perature sensor.

For ethylene hydrogenation experiments, diluted samples
(99:1; dilutant: ECN) were heated in a 10 % He/Ar gas stream
(100 mL min�1) to 50 �C at 10 �C min�1 and held for 2 h before
reaction. Then the gas flow was switched to bypass and adjusted
to 2 % H2/ 2 % ethylene/ 10 % He/ Ar (100 mL min�1;
GHSV = 90000 h�1). After stabilization, the flow was switched to
the reactor. The point in time 1 min after this switching process
was defined as t = 0. In a typical experiment, the temperature
was kept at 50, 100 and 150 �C for 2 h each and at 200 �C for
14 h (10 �C min�1). Turnover and yield were calculated as the dif-
ference between bypass concentration (5 min average) and reactor
concentration for each data point (measured every 3 s). Conversion
is presented as a moving average of 200 data points.

For H2-D2 exchange experiments, diluted samples (99:1; dilu-
tant: ECN) were heated in a 10 % He/Ar gas stream (100 mL min�1)
to 50 �C at 10 �C min�1 and held for 2 h before reaction. Then the
gas flow was switched to bypass and adjusted to 2 % H2/ 2 % D2/ 10
% He/ Ar (100 mL min�1; GHSV = 90000 h�1). After stabilization,
the flow was switched to the reactor. The point in time 1 min after
this switching process was defined as t = 0. In a typical experiment,
the temperature was kept at 50, 100, 150 and 200 �C for 2 h each
(10 �C min�1). The signal for HD was normalized for each data
point (measurement every 3 s) with the bypass signal (5 min aver-
age). This normalized HD signal is presented as a moving average
of 200 data points.

2.4. Computational details

Periodic density functional theory calculations were performed
using the VASP program series (revision 5.4.4)[37,38] in combina-
tion with the PBE exchange–correlation functional[39] within the
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framework of the generalized-gradient approximation (GGA). The
dDsC correction was used to account for dispersion.[40] The elec-
tron–ion interactions were described by the PAW method.[41,42]
The energy cut-off of the plane wave basis was set to 600 eV to
ensure accurate energies. The ideal g–CN was modeled in AB stack-
ing of two corrugated g–CN layers in a hexagonal cell (a = b =
6.97 Å, c = 6.66 Å). The investigated slab consisted of a two-
layered (2 � 2) supercell with a 10 Å vacuum overlayer to avoid
interactions between the slabs. Defective g-CN was studied in the
same supercell. The Brillouin-zone was sampled by a C–centered
3 � 3 � 1 Monkhorst-Pack grid [43] together with a Gaussian
smearing of 0.05 eV. The geometry optimizations of local minima
were carried out with convergence criteria for the electronic self-
consistent energy and the ionic relaxation of 10–6 eV and
0.02 eV Å�1, respectively. Zero-point energy and thermal contribu-
tions to the electronic energy were determined from frequency cal-
culations of the free molecules as well as the metal and ligands
interacting with the g-CN support using statistical thermodynam-
ics at a temperature of 20 �C and atmospheric pressure [44]. For the
metal species adsorbed to the g-CN framework, the harmonic limit
was applied for the calculation of thermal contributions. In all
cases, low-frequency modes below 100 cm�1 were shifted to
100 cm�1 for the calculation of the vibrational entropy and
enthalpy. Formation energies DGform were calculated using Eq.
(2), where G denotes the Gibbs energies of the Pd precursor com-
plex (prec), the ideal or defective g–CN (g–CN), the Pd immobilized
on g–CN (Pd/g–CN) and the free ligands from the Pd precursor (lig).

DGads ¼ GPd=g�CN þ Glig � ðGg�CN þ GprecÞ ð2Þ
Initial-state calculations were performed to obtain the core-

level shifts with reference to a Pd surface atom of a Pd(111) slab.
3. Results and first discussion

3.1. Synthesis of ECN-Pd-SA and ECN-Pd-NP

Exfoliated graphitic carbon nitride (ECN) was synthesized
according to the procedure reported by Chen et al. with the modi-
fication of using melamine instead of dicyandiamide as the starting
substrate [22]. Analytical results (N2-physisorption, elemental
analysis, XRD, IR and XPS) can be found in the SI, are practically
identical to the results obtained by Chen et al. and confirm the suc-
cessful synthesis of ECN (Table S 1, Fig. S 1–6). With an elemental
formula of C3H2.22N4.55O0.26, there is a notable difference to the ide-
alized formula of C3N4. This opens the possibility of alternative
coordination sites for Pd, including N-Hx and oxygen functionali-
ties, the presence of which is confirmed by XPS and IR data
(Fig. S 2, S 5 and S 6).

Impregnation of ECN with Pd(NH3)4(NO3)2 and palladium
nanoparticles yields materials with palladium contents close to
the targeted 0.5 wt% (Table S 1). Analyses via aberration corrected
STEM, XPS and XAS were conducted to investigate the metal speci-
ation. AC-STEM reveals the presence of single-atoms for ECN-Pd-SA
(Fig. 1 a/b) and nanoparticles for ECN-Pd-NP (Fig. 1 c/d). Further
images confirming these results can be found in the SI (Fig. S 11
and S 12). Note however that we cannot fully exclude the presence
of sub-nanometer clusters for ECN-Pd-SA. Movement of the palla-
dium under the electron beam, the relatively low contrast and the
lack of resolution in z-direction make distinguishing single-atoms
and subnanometer clusters ambiguous. A clear picture therefore
only emerges if all analytical methods are considered together.
XPS shows two Pd 3d5/2 contributions for both samples at 335.1
and 337.6 eV (NP) and at 336.4 and 338.1 eV (SA) (Fig. 1 e). The
values for ECN-Pd-NP fit to a mixture of Pd0 (dominant) and
Pd2+, consistent with partly oxidized nanoparticles. The values



Fig. 1. (a,b) Dark field AC-STEM images of ECN-Pd-SA. As a guide to the eye, some single-atoms are marked with white circles. (c,d) Bright field AC-STEM images of ECN-Pd-
NP. (e) Pd 3d core level XPS spectra of ECN-Pd-NP (blue) and ECN-Pd-SA (red). With black lines showing fits to the raw data (crosses) and grey lines deconvolution into
components. Positions of Pd 3d 5/2 components are shown by vertical lines. (f) Normalized magnitudes of the k2-weighted Fourier transform (FT) of the extended X-ray
absorption fine structure spectra in radial distance (not phase corrected). (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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for ECN-Pd-SA lie in the range of different Pd2+ references
(336.3 eV for PdO[45] and 338.4 eV for PdCl2[46]) and will be dis-
cussed in more detail in section 3.1. XAS reveals edge positions
consistent with Pd0 (ECN-Pd-NP) and Pd2+ (ECN-Pd-SA) (Fig. S 7).
Not phase-corrected Fourier transform yields main peaks at
1.48 Å (ECN-Pd-SA) and 2.51 Å (ECN-Pd-NP), consistent with Pd-
N/O and Pd-Pd interactions, respectively (Fig. 1 f). In particular,
no signs for Pd-Pd interactions are found for ECN-Pd-SA. Overall,
comprehensive analyses indicate the presence of single-atoms for
ECN-Pd-SA and of nanoparticles for ECN–Pd-NP. The designations
ECN-Pd-SA and ECN-Pd-NP are therefore rightly attributed to these
two materials.

3.2. Comparison of the catalytic activity of ECN-Pd-SA and ECN-Pd-NP

To investigate the interrelationships between the properties of
the metal, catalytic activity and reaction conditions, ECN-Pd-SA
as well as ECN-Pd-NP were subjected to a temperature treatment
in ethylene hydrogenation consisting of subsequent periods of
2 h at 50 �C, 100 �C and 150 �C and at least 14 h at 200 �C after pre-
treatment in argon. During this treatment, highly differing profiles
in ethylene conversion of ECN-Pd-SA and ECN-Pd-NP become
apparent (Fig. 2 a). While ECN-Pd-NP shows instantaneous activity
at 50 �C and a further rapid increase of ethylene conversion over
the course of 2 h, the single-atom catalyst is inactive at 50 �C for
the entire 2 h. This changes when the temperature increases to
100 �C. At this temperature, ethylene conversion rises from 0 %
to 16 % over 2 h time on stream (TOS). This activation continues
when switching to 150 �C, but at a much slower rate (from 16 %
to 18 % in 2 h). At 200 �C, a sudden decrease in conversion occurs,
followed by slow activation (4 to 18 % conversion in 14 h).
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ECN-Pd-NP also shows activation during all temperature
steps. However, activity rises faster with increasing tempera-
ture. Another significant difference in comparison to ECN-Pd-
SA is the decrease in activity when the temperature rises from
100 to 150 �C, while it remains constant for the single-atom
catalyst.

To investigate the general ability of the two materials to acti-
vate hydrogen, H2-D2 exchange reactions were carried out using
the same procedure as for ethylene hydrogenation. In this case,
the differences between the two catalysts are even more
pronounced (Fig. 2 b). The normalized HD signal - defined as the
HD signal measured in the output stream divided by the HD
signal measured in the bypass - remains constant at about 1 for
ECN-Pd-SA over the entire period. This leads to the conclusion that
no H2-D2 exchange is catalyzed by ECN-Pd-SA and, in contrast to
ethylene hydrogenation, no activation takes place during the
reaction.

In contrast, the NP catalyst already showed a normalized HD
signal of 4.2 at the start, which increases to 4.8 within 20 min
and then remains constant. A change of the temperature to
100 �C leads to an increase to 5.0 - close to the equilibrium value
of 5.1 - and a subsequent drop to 4.9 over 2 h TOS. Increasing
the temperature to 150 �C causes the signal to rise again to 5.0
for a short time, only to drop to 4.9 in the following 2 h. A further
increase of the temperature to 200 �C results in a decrease to 4.7
with a further decline to 4.6 over 2 h.

This behavior in H2-D2 exchange is markedly different from
ethylene hydrogenation as ECN-Pd-NP deactivates over the course
of the reaction, whereas activation is observed for the latter reac-
tion. Together with the lack of activation of ECN-Pd-SA, this result
shows the crucial role that ethylene plays in the activation process.



Fig. 2. (a) Ethylene conversion with ECN-Pd-SA (red, lower line) and ECN-Pd-NP (blue, upper line) in ethylene hydrogenation (2 % ethylene/2 % hydrogen/20 % helium/76 %
argon; 100 mL min�1 GHSV = 90000 h�1). (b) Normalized HD signal in HD exchange reaction (2 % deuterium/2 % hydrogen/96 % argon; 100 mL min�1 GHSV = 90000 h�1).
Reaction temperature is indicated by vertical lines. Pretreatment: 20 % helium/80 % argon; 100 mL min�1 GHSV = 90000 h�1; T = 50 �C). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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3.3. Evolution of ECN-Pd-SA during ethylene hydrogenation

ECN-Pd-SA transformed from a catalytically inactive to an
active material in ethylene hydrogenation at 100 �C. In order to
correlate this activation with metal speciation and electronic
properties of Pd over the course of reaction, AC-STEM, XPS and
XAS measurements of the as-made sample (ECN-Pd-SA), after 2 h
at 50 �C in ethylene hydrogenation (ECN-Pd-SA-50 �C), after
further 2 h at 100 �C (ECN-Pd-SA-100 �C) and after another 2 h
at 150 �C plus 42 h at 200 �C (ECN-Pd-SA-200 �C) were conducted
(Fig. S 10).

As discussed in section 2.1, AC-STEM emphasizes the presence
of isolated metal species after impregnation. Isolated metal species
remain dominant in the other samples (Fig. 3). The term isolated
metal species refers herein to single-atoms as well as subnanome-
ter clusters due to the difficulties in distinguishing between these
two that were discussed in section 2.1. In addition to the possible
presence of clusters, nanoparticles of varying size are identified in
ECN-Pd-SA-50 �C, ECN-Pd-SA-100 �C and ECN-Pd-SA-200 �C (Fig. S
13). Due to their very irregular and low frequency of occurrence, no
statistically significant statement on the presence of nanoparticles
can be drawn from our AC-STEM dataset.

XPS results for ECN-Pd-SA show two Pd3d5/2 photopeaks at
336.4 and 338.1 eV with relative areas of 26 and 74 %. This is in
the range of Pd2+ species (336.3 eV for PdO [45] and 338.4 eV for
PdCl2 [46]) but clearly indicates the presence of at least two dis-
tinct palladium species with different electron densities. The aver-
age value (the sum of the peak positions weighted by their relative
intensities) is 337.6 eV. Although the peak positions and relative
intensities differ slightly for ECN-Pd-SA-50 �C, this average value
remains constant. For ECN-Pd-SA-100 �C the average value
decreases only slightly to 337.5 eV (Fig. 4, Table S 3). In contrast,
a significant change in relative peak intensities and peak positions
is visible for ECN-Pd-SA-200 �C. The photopeak at 336.0 eV con-
tributes about 36 % of the total Pd3d5/2 peak area, whereas the
higher energy contribution at 337.8 eV shrinks to 64 %. This results
in an average value of 337.2 eV.
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The XPS results indicate that no huge differences in terms of Pd
electron density exist between ECN-Pd-SA, ECN-Pd-SA-50 �C and
ECN-Pd-SA-100 �C suggesting that the nanoparticles observed in
STEM for the latter two samples represent only a small fraction
of the total palladium species. Interestingly, there is also only a
very small difference between ECN-Pd-SA and ECN-Pd-SA-50 �C
on the one hand and ECN-Pd-SA-100 �C on the other, although, sig-
nificant changes in catalytic activity are observed (Fig. 1 a). This
finding might be explained in two ways: (1) the change in catalytic
activity is not accompanied by a change in electron density or (2)
catalytic activity is driven by a very active species that is present
in minor amounts and therefore hardly detectable by XPS. In gen-
eral, it should be noted that the metal amounts employed here are
close to the detection limits for lab-based XPS analytics.

The significant change in the average value for ECN-Pd-SA-
200 �C compared to the previous samples is attributed to the
formation of significant amounts of Pd nanoparticles. A Pd0 contri-
bution is usually expected at around 335.1 eV (Pd foil) but is
shifted to higher values if the particles are small [47] (as can be
inferred from STEM) and have a strong interaction with an electron
withdrawing support [48]. In general, XPS alone is not sufficient to
differentiate between a change in ligand environment and redox
processes and consequently requires complementary methods to
investigate the chemical environment around the metal center.

Compared to laboratory-based XPS, synchrotron-based XAS
offers a lower detection limit while penetrating a larger portion
of the sample [49]. Consequently, employing XAS made it possible
to obtain more information about the chemical environment and
electronic state of palladium. Measurements yield edge positions
(first minimum of the first derivative) for all materials consistent
with an oxidation state of +2. However, subtle differences between
the materials emerge. While the edge position remains practically
unchanged between ECN-Pd-SA and ECN-Pd-SA-50 �C, it moves to
slightly lower values for ECN-Pd-SA-100 �C and further for ECN-Pd-
SA-200 �C (Fig. 5 a). Still, it does not reach the value of Pd0. Further-
more, a decrease in white line intensity occurs over the course of
reaction. The differences between the respective samples follow



Fig. 3. AC-STEM images of (a) ECN-Pd-SA, (b) ECN-Pd-SA-50 �C, (c) ECN-Pd-SA-100 �C and (d) ECN-Pd-SA-200 �C. As a guide to the eye, some single-atoms are marked with
white circles.
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the same trend as for the edge position. These results suggest that
the emergence of catalytic activity is linked to an increase in elec-
tron density for palladium.

Not phase-corrected Fourier transformation of the EXAFS of
ECN-Pd-SA shows a main peak at 1.48 Å in R space, corresponding
to a Pd-N or Pd-O interaction (see references in Fig. S 8). No
significant other contribution is identified. Especially no Pd-Pd
interaction at 2.51 Å is detected. Comparing ECN-Pd-SA with
ECN-Pd-SA-50 �C reveals no differences apart from a small
decrease in the main peak. This indicates that the metal retains a
single-atom nature at this temperature, which is associated with
inactivity in ethylene hydrogenation.

However, consistent with activation at 100 �C, significant
changes in the EXAFS spectrum of ECN-Pd-SA-100 �C are detect-
able: the main peak intensity decreases, while at the same time a
peak at about 2.51 Å gains in intensity. For ECN-Pd-SA-200 �C, this
trend continues and a peak with a maximum at 2.46 Å becomes
apparent. We attribute this peak to Pd-Pd interactions in accor-
dance with the STEM results that show formation of nanoparticles
and XPS results suggesting on average a more electron rich Pd. The
lower value of this peak compared to Pd-foil (2.51 Å) can be
explained by smaller domain size of the nanoparticles resulting
in smaller Pd-Pd bond distances [50]. We judge the increase in
intensity for the same peak in the ECN-Pd-SA-100 �C as significant
considering the quasi identity of the ECN-Pd-SA and ECN-Pd-SA-
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50 �C samples. In addition, these results are underlined by in-
operando XAS on a sample with 0.77 wt% Pd loading (Fig. S 17).
We therefore ascribe arising catalytic activity of ECN-Pd-SA in
ethylene hydrogenation at 100 �C to the formation of Pd clusters
and (small) nanoparticles.

3.4. Investigation of the role of gas atmosphere in the activation of
ECN-Pd-SA

To gain further insights into the role of gas atmosphere in the
activation process of ECN-Pd-SA, ethylene hydrogenation and
H2-D2 exchange experiments according to the procedure described
above were conducted after a pretreatment in different atmo-
spheres. For this, the regular pretreatment in argon and then the
first two temperature steps (2 h at 50 �C, 2 h at 100 �C) of the
known procedure were conducted with 2 % hydrogen, 2 % ethylene
or 2 % ethylene/hydrogen (Scheme S 1). The aim is to investigate
whether only one of the two gases can lead to the same activation
as observed for ethylene hydrogenation. In addition, the effect of
prior activation of the catalyst during ethylene hydrogenation at
100 �C on the activity during a re-run of the temperature program
is investigated.

After conducting ethylene hydrogenation as pretreatment, sig-
nificant and stable conversion (2 %) in ethylene hydrogenation
even at 50 �C is visible (Fig. 6 a). After switching to 100 �C, the



Fig. 4. Normalized Pd 3d core level XPS spectra of ECN-Pd-SA over the course of
reaction. Black lines show fits to the raw data (crosses), grey lines deconvolution
into components and blue lines the background. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version
of this article.)

Fig. 5. (a) XANES spectra of ECN-Pd-SA samples over the course of reaction. Inset: Zoom in
Fourier transform (FT) of the extended X-ray absorption fine structure spectra in radial
region (b).
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conversion abruptly increases to 11 % instead of showing the slow
activation behavior of the untreated material. In agreement with
the behavior of the catalysts without prior ethylene hydrogenation
pretreatment, further activation is then observed at 100, 150 and
200 �C. This resembles the behavior of ECN-Pd-NP, further under-
lining the assumption that clusters/nanoparticles are the active
species in ethylene hydrogenation.

A pretreatment in only hydrogen or ethylene at 100 �C results in
markedly different results. No conversion is observed at 50 �C after
such treatments (Fig. 6 a). This illustrates that a pretreatment in
only one of these gases is not able to induce the formation of clus-
ters/nanoparticles. Interestingly, this pretreatment even has a neg-
ative effect on activation in ethylene hydrogenation at 100 �C.
Whereas ECN-Pd-SA reaches 16 % conversion in ethylene hydro-
genation after 2 h at 100 �C without prior treatment, only 5 %
and 2 % are reached after treatment in either ethylene or hydrogen.
However, this retained activation is reversed at 150 �C where faster
activation compared to the case of no pretreatment or pretreat-
ment in ethylene and hydrogen occurs. After 2 further hours at
150 �C the samples pretreated in hydrogen or ethylene reach about
19 % conversion, whereas the untreated sample reaches 18 % and
the sample pretreated in ethylene and hydrogen reaches 25 %. This
trend continues at 200 �C with the hydrogen pretreated sample
allowing highest conversion with 40 % after 20 h TOS.

These results emphasize that pretreatment in hydrogen or ethy-
lene formed metal species that are slower to agglomerate to clus-
ters at 100 �C and therefore can be assumed to be more stable. On
the other hand, these species are still prone to agglomeration at
higher temperature (150 and 200 �C). Activation at these higher
temperatures is therefore faster, as metal species that would have
already agglomerated at lower temperature without pretreatment
now undergo fast agglomeration together with species that only
agglomerate at higher temperatures.

For H2-D2 exchange, the different pretreatments have even
greater effects on catalytic activity. The normalized HD signal is
between 0.9 and 1.1 at 50, 100 and 150 �C after pretreatment in
either only hydrogen or ethylene; essentially revealing an inactive
to the 24,360 to 24390 eV region (a). (b) Normalized magnitudes of the k2-weighted
distance (not phase corrected) of the same samples. Inset: Zoom into the 2 to 3 Å



Fig. 6. (a) Ethylene conversion in ethylene hydrogenation (2 % ethylene/2 % hydrogen/ 20 % helium/76 % argon; 100 mL min�1 GHSV = 90000 h�1) and (b) normalized HD
signal in HD exchange reaction (2 % deuterium/2 % hydrogen/96 % argon; 100 mL min�1 GHSV = 90000 h�1) after pretreatment for 2 h at 50 �C in Ar (black) and 2 h at 50 �C
and 100 �C in 2 % ethylene/2 % hydrogen/96 % argon (red), 2 % ethylene/98 % argon (blue) or 2 % hydrogen/98 % argon (green). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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catalyst within the margin of error. At 200 �C, slow activation in
H2-D2 exchange can be inferred.

After conducting ethylene hydrogenation as pretreatment, a dif-
ferent behavior is observed. The normalized HD signal stabilizes
around 1.6 at 50 �C after an initially higher value. Raising the tem-
perature to 100 �C causes the signal to jump to 2.7, decreasing to
2.0 over the course of 2 h. A similar process is observed when
switching to 150 �C albeit with faster deactivation. When switch-
ing to 200 �C the activity first drops and then increases slowly.

These results underline the need for both ethylene AND hydro-
gen for the activation process. Furthermore, treatment in an atmo-
sphere that only contains hydrogen leads to deactivation instead of
activation at lower temperatures (100 and 150 �C), whereas slow
activation at 200 �C can occur. In contrast, treatment of the acti-
vated catalyst in an ethylene atmosphere has no effect on the activ-
ity (Fig. S. 20). This further highlights the complex influence of gas
composition and temperature on the agglomeration process.
3.5. DFT calculations

In order to gain insight into the structure of palladium species,
we calculated Pd core level binding energies and formation Gibbs
energies for different types of binding environments. A Pd2+ species
coordinating to two L and two X-type ligands in a square-planar
geometry was assumed. For the X ligand, we chose NO3

– which is
present in the precursor complex Pd(NH3)4(NO3)2 and OH–, which
might replace NO3

– in water. As a reference, the core level shift for
Cl-, that might be present when K2PdCl4 instead of Pd(NH3)4(NO3)2
is employed as a precursor, is also calculated. For all these calcula-
tions, we assumed two pyridinic nitrogen sites of the support as L
ligands (Fig. 7 a),b),c); for sideview see Fig. S 19), which are the
dominant N species according to XPS.

The shift in core level binding energy relative to a surface Pd in a
Pd(111) slab is 5 eV for NO3

– as X ligand, 4.6 eV in case of Cl- and
3.6 eV in case of OH–. This underlines the huge influence of the
ligand sphere and consequently the precursor complex on the elec-
tronic properties of Pd. Interestingly, the XPS spectrum of ECN that
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was impregnated with K2PdCl4 is quasi identical to the spectrum
obtained from Pd(NH3)4(NO3)2 but shifted 0.35 eV to lower binding
energies (Fig. S 18). This is in very good agreement with the pres-
ence of Cl- and NO3

–, respectively, as X ligands.
Apart from pyridinic nitrogen groups, elemental analysis and

XPS also reveal the presence of N-Hx and oxygen functionalities
on the support (section 2.1). In order to investigate the influence
of such functionalities, we replaced one pyridinic nitrogen in the
complex Pd(NPy)2(NO3)2 with an imine or an carbonyl function
(Fig. 7 d) and e)). Core level binding energies lower by 0.4 eV and
0.3 eV, respectively, are found. Furthermore, clear effects on forma-
tion energy are observed. Relative to the relaxed scaffold and Pd
(NH3)4(NO3)2, the formation of c) and e) is endergonic with
9 kJ mol�1 and 41 kJ mol�1, while the formation of d) is slightly
exergonic with �6 kJ mol�1. This suggests an energetically unfa-
vorable coordination to oxygen compared to nitrogen functionali-
ties and that there is a small energetic advantage for
coordination of Pd to N-Hx functionalities compared to pyridinic
nitrogen.
4. Discussion

4.1. Structure of ECN-Pd-SA

The structure of the Pd species in ECN-Pd-SA after impregnation
is of high interest as it is the starting point for all transformations
under reaction conditions. In this chapter, we summarize and dis-
cuss the information that leads to the identification of a coordina-
tion environment for Pd.

XPS investigations clearly show the presence of Pd species with
different electron densities (Fig. 1 e). At least two distinct species
are present. The measured binding energies indicate the presence
of Pd2+ species. Furthermore, XAS and STEM exclude the presence
of significant amounts of Pd clusters or nanoparticles in ECN–Pd-
SA (Fig. 1 a,b,f). We therefore assume that the presence of Pd spe-
cies with different electron densities is caused by Pd coordinated in
distinctly different configurations and not by differences in formal



Fig. 7. Top view of DFT-optimized structures of palladium coordinated to two pyridinic nitrogen and two Cl- (a), OH– (b) or NO3
– (c) as well as coordinated to two NO3

–, one
pyridinic nitrogen and one imine group (d) or one carbonyl group (e). Calculated core-level binding energies relative to a surface Pd on a Pd(111) slab are given under the
respective structure. Color code: blue: nitrogen, gray: carbon, red: oxygen, green: chlorine, white: hydrogen, teal: palladium. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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oxidation state. If K2PdCl4 is used as a precursor instead of Pd
(NH3)4(NO3)2, a quasi-identical XPS spectrum is obtained, albeit
with a shift of 0.4 eV to lower binding energies (Fig. S 18). This
indicates that the observed splitting in different coordination envi-
ronments most likely arises from the support structure. A similar
observation has been made for Pt coordinated to a structurally
similar covalent triazine framework [51].

Calculating Pd core-level binding energies reveals a difference
of 0.4 eV between coordination to two pyridinic nitrogen sites
and one pyridinic nitrogen and one imine nitrogen. This is less than
the difference observed experimentally for the two identified spe-
cies (1.7 eV, (Fig. 1 e)) but underlines, that differences in coordina-
tion geometry that arise from functional groups on the support
have the potential to cause the observed shifts in Pd binding
energy.

Due to heterogeneity of the support caused by a multitude of
functional groups, it is not possible to assign one structure to Pd
after impregnation. Nevertheless, some statements about the
chemical environment of Pd can be made. EXAFS fits support the
assumption that Pd is coordinated to four ligands (Table S 2). For
a palladium in oxidation state 2, which is suggested by XPS and
XAS measurements, two L and two X- ligands would have to be
present. XAS results do not allow differentiating between the two
types of ligands. Accordingly, both types of ligands are N or O spe-
cies. Calculation of core level binding energies and comparison to
ECN impregnated with K2PdCl4 suggest that NO3

– groups are the
X ligands. Non-uniformity of coordination environment is caused
by different functional groups on the support. However, DFT calcu-
lations suggest that coordinating to N species is energetically more
favorable than to O species. Therefore, a formula of Pd(NECN)2(-
NO3)2 can be assigned to the Pd single-atoms coordinated to the
graphitic carbon nitride.

4.2. Nature of the active species

The nature of the active site is a hotly disputed topic in the area
of supposedly single-atom catalysis. We observed that catalytic
activity in ethylene hydrogenation as well as in the H2-D2

exchange reaction of Pd in g-CN is accompanied by formation of
palladium clusters/nanoparticles. That leads to the conclusion that
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these clusters/nanoparticles and not single-atoms are the active
species in hydrogenation. This is in agreement with the results of
Liu et al. [52], Rossell et al. [53] and Perez-Aguilar et al. [54] who
found that in oxidic support small clusters are the active species
in hydrogenation reactions and H2-D2 exchange. They are also in
agreement with the results of Gates’ group, which found that Ir
clusters and Rh pairs on MgO significantly increase catalytic activ-
ity in ethylene hydrogenation compared to single atoms.[5,7] How-
ever, this conclusion contrasts with the findings of Perez Ramirez’s
group, who used metal single-atoms on g-CN for alkyne hydro-
genations. On the other hand, this group has also demonstrated
that ensembles of multiple palladium atoms significantly increase
reactivity in alkyne hydrogenation [26].

Taking into account the difficulties in distinguishing between
single-atoms and clusters that are also described in this work,
we do not consider it impossible that small amounts of Pd clus-
ters which nevertheless dominate the catalytic activity also exist
in other literature systems. An impressive example from our
study is the significantly higher activity in the H2-D2 exchange
reaction after activation in ethylene hydrogenation with simulta-
neously minimal changes in XPS and XAS. There is a risk that
these minimal changes will be dismissed as insignificant or
within the margin of error. In fact, these changes gained signifi-
cance in this work only as data points in a trend, underscoring
the power of material analysis at several points in the course of
the reaction.

The activation of hydrogen is a crucial intermediate step in any
kind of hydrogenation reaction. The lack of activity of ECN-Pd-SA in
H2-D2 exchange therefore casts doubt on the activity of palladium
single-atoms on g-CN in hydrogenation reactions in general. How-
ever, we cannot rule out the possibility that hydrogenation of some
species (e.g. alkynes) is mechanistically different to alkenes and
the H2-D2 exchange in such a way that it enables hydrogenation
catalysis by single-atoms. Further research should focus on in-
operando XAS studies (in order to prevent falsification of results
through contact with air as it was observed by Liu et al. [52]) of
the same catalytic system in hydrogenation of alkenes as well as
alkynes. This approach can answer the question of whether the
activity of single atoms in hydrogenation catalysis depends on
the reactant.
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4.3. Agglomeration

Agglomeration to clusters and therefore activation of the metal
for the catalytic reactions only takes place in presence of both
hydrogen and ethylene. This raises the question about the role of
each gas in the agglomeration process.

The formation of metal hydrides is considered to play a crucial
role in the destabilization of metal single-atoms on oxide supports
[6]. The significant decrease of the main peak at 1.48 Å in the
EXAFS for ECN-Pd-SA-100 �C (Fig. 5 b) could be an indication for
the formation of palladium hydride. However, for the nitrogen-
containing support studied here, the presence of ethylene is also
required for agglomeration. This is in contrast to oxide supports
where ethylene induces dispersion of metal species [55,56].
Indeed, no decrease in activity is observed in an ethylene atmo-
sphere, which generally argues against a dispersive function of this
gas for the system studied here. This underlines that the carrier
plays a crucial role in determining the metal dynamics.

We speculate that substitution of ethylene for the nitrogen
ligands from the support is required to achieve sufficiently high
mobility. Unfortunately, IR studies that would allow identifying
such intermediate species are very challenging with amorphous
carbon–nitrogen polymers. XAS is not able to differentiate
between O and N ligands and has further difficulty in detecting
the low concentrated intermediate species. Combining XAS with
X-ray emission spectroscopy might allow differentiating
individual ligands in the future [57,58]. Together with ever
decreasing requirements for metal concentration in modern
beamlines, this opens interesting avenues for investigating
single-atom dynamics.

Apart from activating the material for catalytic hydrogenation
and H2-D2 exchange, ethylene also plays a crucial role in retaining
the activity. Whether no deactivation is observed in ethylene
hydrogenation, fast deactivation is observed in H2-D2 exchange
after prior activation in ethylene hydrogenation. This deactivation
is probably associated with a loss in Pd surface area. This indicates
that once formed clusters further agglomerate in an atmosphere
that only contains hydrogen. Thus, the stabilizing effect of ethylene
on catalytic performance could be caused in two ways: (1) ethy-
lene induces redispersion of larger Pd aggregates and therefore
establishes particle size equilibrium (2) ethylene and hydrogen
constantly form new clusters by mobilizing single-atoms and
therefore compensating for the surface loss that results from the
formation of larger aggregates from these clusters.

On another note, the results presented herein show the influ-
ence of support on the stability of metal single-atoms. While
agglomeration of Pt on SAPO-37 is already observed at 30 �C and
of Ir on zeolite HY already at room temperature, it requires a tem-
perature of 100 �C for agglomeration of Pd on g-CN. Single-atoms
therefore undergo higher stabilization on nitrogen containing car-
bons than on oxides. This is consistent with recent results from our
group demonstrating the stability of Ir single atoms on a covalent
triazine framework (a related C-N material) in a hydrogen stream
up to 400 �C [59].
5. Conclusion

By using AC-STEM, XPS and XAS over the course of the reaction,
it was shown that a single-atom palladium catalyst agglomerates
during ethylene hydrogenation at 100 �C. This agglomeration coin-
cides with the appearance of catalytic activity, suggesting that
small clusters, rather than single atoms, are the active species.
The agglomeration process requires both ethylene and hydrogen
and is a necessary prerequisite for hydrogen activation, as was
demonstrated by H2-D2 exchange experiments. This raises general
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questions regarding the activity of palladium single-atoms on g-CN
in hydrogenation reactions.

The results show the usefulness of studying the metal dynamics
over the course of reaction in order to identify the active species.
Understanding this dynamic behavior, and in particular the influ-
ence of gas atmosphere and temperature, opens up new ways to
influence metal speciation and thus the possibility of a more
rational design of catalysts.
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