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Single-atom catalysts show a promising future in many reactions even though great challenges still
remain such as facile synthesis and long stability. In this work, a single-atom Pd catalyst attached to a
designed N8 Lewis base species (Pd1-N8/CNT) is synthesized with cyclic voltammetry (CV) method. The
catalyst demonstrates long stability and enhanced C2H4 selectivity in selective hydrogenation of acety-
lene at 40 �C. CV is carried out in a three-electrode setup with PdO/CNT as the working electrode in
NaN3 solution. HAADF-STEM confirms single-atom Pd sites are successfully isolated. XPS measurements
and Bader charge calculations indicate N8 is effectively synthesized on CNT substrate after CV treatment
while single-atom Pd is stabilized by attaching to the end N of N8. Acetylene-temperature programed
desorption (C2H2-TPD) and density functional theory (DFT) calculations suggest C2H2 favors the p bond-
ing on single Pd atom, while H2 dissociates on the N atom (next to Pd) instead of conventionally on Pd.
The synergistic effect favors C2H4 formation but prevents full hydrogenation of acetylene to C2H6. This
work opens up a new perspective to design and synthesize more selective catalysts with isolated
single-atom sites.

� 2020 Elsevier Inc. All rights reserved.
1. Introduction

Active-site isolation is a promising solution for improving selec-
tivity of hydrogenation reactions such as selective hydrogenation
of acetylene, a common method for removing traces of acetylene
in ethylene feed streams for ethylene polymerization [1–4]. The
basic principle of the isolation is through eliminating the presence
of ensembles of active sites on the surface, which is palladium (Pd)
ensembles in acetylene case [5,6]. Adding another metal to cover
some Pd sites by forming an alloy or Pd intermetallic compounds
are two common approaches to eliminate Pd ensemble sites [7–
10]. Almost all industrial catalysts for selective hydrogenation of
acetylene are alloyed with Ag or Pb as a structural diluent [11].
However, alloys suffer from segregation of Pd to form large Pd par-
ticles with time on stream, resulting in limited selectivity and sta-
bility [12,13]. Intermetallic compound catalysts require operating
at elevated temperatures (200 �C) which restricts wide application
[14–16]. Another alternative approach developed in recent years to
make active-site isolated catalysts is using single-atom catalysts
(SACs) [17–21]. Although SACs have demonstrated attractive per-
formance, great challenges still remain, such as difficulty in sca-
leup, controllable and facile synthesis of SACs with fine and
dense dispersion, and the sacrifice of second noble metal, such as
gold or silver [22–24].

Cyclic voltammetry (CV) has become an important and widely
used electrochemical process in many areas [25]. Recently, CV is
also employed to prepare novel materials including catalysts
because of the least requirement of the additives and absence of
any interfering products generated, compared to chemical or
hydrothermal synthesis methods [26,27]. An N8

� polynitrogen
(PN) phase-based catalyst was successfully synthesized using CV
at ambient conditions for the oxygen reduction reaction (ORR).
The ORR results showed that lone pairs from PN are very active
as an electron donor [28], a novel Lewis base. The intrinsic
electron-donor nature of PN suggests it can be an adsorption site
for Lewis acid reactants, such as acetylene. Meanwhile, the elec-
tronic interactions between Pd and PN may change catalytic prop-
erty of Pd [29]. Herein, we use the CV process to synthesize a novel
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catalytic system with isolated single-atom Pd sites and novel Lewis
base species under ambient conditions for selective hydrogenation
of acetylene. The catalyst structure and reaction mechanism were
systematically investigated by both advanced experimental tech-
niques and theoretical computations. To the best of our knowledge,
there has no previous report on such a method to isolate single-
atom site and attach it to designed Lewis base sites for such a
reaction. This work opens up a new perspective of synthesizing
active-site isolated catalysts.
2. Experimental

2.1. Catalysts preparation

All the materials and chemicals were commercially available
and were used without further purification. Round-shaped multi-
walled carbon nanotubes (CNT, purchased from Nanolab) sheet
was obtained following our previous work [28], Round-shaped
0.8%PdO/CNT sheet was prepared by the reported route [30], using
Pd(NH3)4(NO3)2 (Strem 99%) as palladium source and round-
shaped CNT sheet as support. To synthesize Pd1-N8/CNT catalysts,
PdO/CNT sheet was used as the working electrode. CV was carried
out using computer-controlled CH Instruments 832C in a three-
electrode setup. The PdO/CNT sheet was dipped in 40 mL 0.5–
2 M NaN3 (Aldrich) dissolved in a buffer solution (pH 4.0), which
was used as the electrolyte. Pt and Ag/AgCl were used as the coun-
ter electrode and standard reference electrode, respectively. The
CV scan rate was set to be 1 mV/s and the potential range was
set to be between + 0.8 V and �0.8 V. The sample was scanned
for 12 CV cycles and then dried overnight in the air. CV was also
carried out on PdO/CNT sheet without NaN3 in the solution to clar-
ify the oxidation peak from N3

�. The samples were labeled as 0 M,
Pd1-N8/CNT-0.5 M, Pd1-N8/CNT-1 M and Pd1-N8/CNT-2 M based
on NaN3 concentration (Table S1). Two references samples were
also synthesized. PdO/CNT sheet was dipped in the same kind of
electrolyte (1 M NaN3 inside) without CV scanning and was
denoted as 1 M*. The same CV was done with CNT sheet as working
electrode and labeled as PN/CNT.
2.2. Catalysts characterization

FTIR was carried out using a Nicolet ThermoElectron FTIR spec-
trometer combined with a MIRacle ATR platform assembly and a
ZnSe plate. Raman spectroscopy was performed with a Thermo Sci-
entific DXR Raman microscope. Atomic resolution high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) images were obtained on a FEI Titan STEM/TEM
equipped with a probe-corrector. X-ray photoelectron spec-
troscopy (XPS) measurements were performed with a Kratos Axis
Ultra DLD spectrometer using a monochromatic Al Ka X-ray
(1486.7 eV) source. The binding energy for all samples was cali-
brated by the reference C1s binding energy (285.0 eV). The samples
were dry dispersed onto a holey carbon film coated copper grid.
Elemental analysis of the samples was carried out by Inductively
Coupled Plasma Mass Spectrometry ICP-MS (Agilent, 7700X).
Temperature-programmed decompositon (TPD) was carried out
using a Micromeritics AutoChem II 2920 system. Samples were
heated in flowing helium from room temperature to 750 �C at a
heating rate of 10 �C/min. The effluent gas was analyzed with an
on-line mass spectrometer (QMS 200, Stanford Research Systems).
Acetylene-Temperature Programed Desorption (C2H2-TPD) was
carried out using the same apparatus described previously for
TPD test. Catalysts were pre-reduced and exposed to acetylene till
the sample was saturated before heated to 750 �C at a heating rate
of 10 �C/min in in a 50 mL/min flow of helium. Temperature-
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programmed oxidation (TPO) was carried out on fresh and used
catalysts. Catalyst was maintained in a stream of 10 vol% oxygen
and 90 vol% helium with flow rate of 30 mL/min and heating rate
10 �C/min to 500 �C. On-line mass spectrometer (QMS 200, Stan-
ford Research Systems) was used to detect the effluent gas. CO
chemisorption was measured by the AutoChem 2920 II
(Micromeritics) equipped with a thermal conductivity detector
(TCD).

2.3. Computational methods

Density functional theory calculations were performed using
the ORCA software package [31]. The geometric optimizations
and numerical frequencies were computed using the def2-TZVPP
basis set and B3LYP functional [32]. The carbon nanotube was cre-
ated in a (5,5) armchair configuration with the ends terminated by
H atoms, and modelled using the def-SVP basis set; the def2-TZVPP
basis set was maintained for PN and Pd in the CNT. All reported
energies contain zero point energy corrections. Relaxed surface
scans were performed to identify transition states; all transition
states were verified by the presence of a single imaginary fre-
quency in the vibrational spectrum. The atomic charges were com-
puted by the Mulliken approach [33].

2.4. Reaction performance testing

The selective hydrogenation of acetylene reactions were per-
formed in a continuous fixed-bed reactor. Catalyst was stabilized
on quartz wool which was supported by SiC (40–60 mesh average
grain size, Alfar Aesar). ~ 50 mg of catalyst was mixed with 500 mg
SiC to minimize temperature gradients. Before reaction, the sam-
ples were activated by 10% hydrogen/Argon with a flow rate of
30 mL min�1 at 220 �C for 1 h and then cooled to reaction temper-
ature (40 �C). A mixture of acetylene (2%), hydrogen (4%) and ethy-
lene (20%) in a balance of argon with flow rate of 10 mL min�1 was
passed through the reactor and the products were analyzed with
an online gas chromatograph (Agilent, model 6890 with FID) using
a HP-PLOT/Q column. C2H4 and C2H6 were the only gaseous prod-
ucts while no C3 or C4 products were detected by GC/FID. Carbon
balance determined from the effluent gas was 100% ± 0.5%. Acety-
lene conversion X and selectivity toward ethylene SC2H4 are defined
by Eqs. (1) and (2) [34,35], where Cf is the gas concentration in the
feed, Ce is the gas concentration in the effluent stream.

X ¼ CC2H2
f � CC2H2

e

CC2H2
f

� 100% ð1Þ

SC2H4 ¼
CC2H4
e � CC2H4

f

CC2H2
f � CC2H2

e

� 100% ð2Þ
3. Results and discussion

The catalyst preparation with CV process was demonstrated
(Fig. S1 and Table S1). There are two peaks detected during the
CV process as shown in Figs. 1 and S2. The weak oxidation peak
is from azide anion oxidation while the much stronger reduction
peak is due to the reduction of PdO to Pd. The oxidation reaction
pathway can be denoted as: N3

� ? N3*? [N-N-N]n, where the azide
ions are irreversibly oxidized to azide radicals which can form long
and well-ordered N8

� polynitrogen (PN) species on the CNT sheets
[28]. Fourier-transform infrared (FTIR) and Raman results further
confirm the formation of PN (Fig. 2a/b). The characteristic peak
at 2100 cm�1 from 1 M* (PdO/CNT sheet dipped in 1 M NaN3 with-
out CV) is the asymmetric stretching mode of azide ion; 2050 cm�1
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Fig. 1. One typical cycle of CV during the synthesis of isolated single-atom Pd with
designed PN over CNT sheet. See Fig. S1 for the whole 12 cycles of stable curves.
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from Pd1-N8/CNT-1 M (PdO/CNT sheet dipped in 1 M NaN3 with
CV) is the Bu symmetric stretching mode from the C2h structure
of N8 [28] (Fig. 2a). The 1080 cm�1 peak from Pd1-N8/CNT-1 M,
Fig. 2. FTIR (a) and Raman (b) results of 1 M* and Pd1-N8/CNT-1 M sample; Representat
CNT-1 M (d), atomically dispersed Pd atoms in image (d) are highlighted by the white a
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which is not detected from 1 M*, is ascribed to AG symmetric
stretching mode of the C2h structure of N8 [28](Fig. 2b). The evi-
dence for assigning the reduction peak to the reaction (PdO + 2H+

+ 2e = Pd + H2O) was from theoretical calculation results (Table S2).
Corresponding potentials for Pd1-N8/CNT-0.5, 1 and 2 M were cal-
culated to be 0.613 V, 0.591 and 0.581 V by the Nernst equation,
respectively, based on their pH values and standard potential
(0.917 V) of this reaction [36]. After subtracting the potential
(0.205 V) from 3.5 mol/L Ag/AgCl (standard reference electrode
during CV) [37], the derived potential values (0.408, 0.386 and
0.376 V) are consistent with the experimental findings shown in
Fig. 1 (0.410, 0.385 and 0.375 V).

The dispersion and configuration of the Pd sites on the CNT
sheet after CV treatment were characterized by atomic resolution
high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM). Compared to the Pd/CNT sample (Pd
nanoparticles with non-uniform size of 1–8 nm, Fig. 2c), HAADF-
STEM displayed that Pd nanoparticles were barely present on
Pd1-N8/CNT-1 M while individual Pd atoms randomly disperse on
the outer-, intra-, and inter-layers of the nanotubes in the CNT
sheet (Fig. 2d). To clarify the completely different morphology of
Pd/CNT and Pd1-N8/CNT-1 M, ICP-MS was carried out (second col-
umn of Table S3). The nominal palladium loading of PdO/CNT sheet
was 0.8 wt%. The actual loading was determined to be close to it
(0.67 wt%). The slight difference can be attributed to the incom-
ive HAADF-STEM images of nanoparticles of Pd/CNT (c) and single atoms of Pd1-N8/
rrows, more single-atom images are available in Fig. S3.
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plete impregnation during the ethanol vaporization preparation
process [30]. After CV treatment in the electrolyte without NaN3,
the Pd loading of 0 M did not change much (0.65 wt%). However,
the Pd loading of 1 M* sample (dipped in electrolyte with NaN3

but without CV) decreased by more than one third (0.41 wt%).
These results indicated that azide would facilitate Pd removal as
a result of hydrazoic acid formation during NaN3 dissolution in
buffer solution [38]. Interesting results were found on samples
with CV treatment in NaN3 containing electrolyte. The final Pd
loadings in all three samples with CV and NaN3 containing elec-
trolyte are very low (0.00018–0.033 wt%). This extremely low
metal loading enables the possible atomic dispersion of Pd on
CNT as observed in Fig. 2d. We also calculated the integrated
charges that passed through the electrode for the reduction peak
in all 12 cycles and compared it with the value from the theoretical
derivation (Table S4) based on the assumption that the reduced Pd
(metallic Pd) by CV was mostly eliminated. The integrated result
from CV (0.557741C) is in a good agreement with the value derived
based on ICP-MS measurement (0.558084C). Therefore, it could be
concluded only Pd single atoms are left on the CNT support after
CV process. The eliminated Pd in the electrolyte can be recovered
by a room temperature electron reduction approach [39].

The interactions among the components of Pd1-N8/CNT were
first investigated by XPS (Figs. 3 and S4). In addition to the peak
at 285.0 eV ascribed to CAC bonds from CNT, the C1s spectrum
of Pd1-N8/CNT-1 M (Fig. 3a) shows a distinct peak at around
285.9 eV, which is absent in Pd/CNT and is different from C-N bond
in carbon nitride (with binding energy at 288.1 eV) [40]. Moreover,
in consideration of electronegativity order (Pd < C < N), this peak
should not be related to any Pd-C interactions. Thus, it’s reasonable
to attribute it to a C-N8 structure due to the attachment of N8 on
CNT surface. This unique structure would stabilize the synthesized
N8 as predicted by previous computational results [41]. The Pd
3d5/2 peak of PdO/CNT located at 338.2 eV (Fig. S4), is from the 2
+ valence state of Pd [1]. The Pd 3d5/2 peaks of Pd1-N8/CNT-1 M
and Pd1-N8/CNT-0.5 M samples systematically shift to higher bind-
ing energy 339.1 eV from Pd4+ [42]. The higher valence of Pd spe-
cies on Pd1-N8/CNT is likely due to a charge transfer from Pd to N8,
which can be attributed to the high electronegativity of N8 com-
pared to Pd, through a previously proposed exchange-transfer
mechanism [43,44]. It would decrease the electron density of the
Pd atoms. The interaction of a Pd atom with N8 was further inves-
tigated by DFT calculations (details are described in DFT section
below) (Fig. 3b). The adsorption energy of a single Pd atom on
the end of an N8 chain was determined to be Eads = �1.03 eV, indi-
cating this interaction is energetically favorable. Moreover, a Mul-
liken charge calculation indicates that there is a stabilizing charge
transfer of 0.23 e from the Pd atom to the PN chain, which is in
agreement with experimental XPS measurements. The interaction
between Pd and N8 facilitated the stabilization of single-atom Pd,
which was evidenced by HAADF-STEM image in Fig. 2. Further-
more, the electronic effect originating from the Pd-N8 will change
the catalyst reaction performance in selective hydrogenation of
acetylene.

Temperature-programmed decomposition was carried out to
test the thermal stability of the Pd1-N8/CNT catalysts. As shown
in Fig. 4a, nitrogen desorbed at 346 �C on dipped Pd/CNT (1 M*)
sample, which was attributed to azide decomposition [45]. A
higher desorption temperature was observed on samples with CV
treatment, indicating that Pd1-N8/CNT catalysts are thermally
stable [28]. It can be attributed to the stabilizing effect of C-N8

structure as revealed in the above XPS analysis. Moreover, the sta-
bility of three CV treated samples followed the trend of Pd1-N8/C
NT-0.5 M > Pd1-N8/CNT-1 M > Pd1-N8/CNT-2 M. During the CV pro-
cess, synthesized N8 first deposited on the CNT surface with C-N8

structure, which led to a relatively stable state (Pd1-N8/CNT-
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0.5 M case). When the azide concentration increased, the formed
N8 amount increased.11 More layers of N8 would form on the
CNT surface, but only the first layer has C-N8 interaction (Pd1-N8/
CNT-1 M and Pd1-N8/CNT-2 M case), which resulted in a relatively
lower decomposition temperature. The N8 decomposition temper-
ature on Pd1-N8/CNT is slightly lower than that on N8/CNT sample
(Table S5), which may indicate Pd species act as a catalyst for N8

decomposition. But 375 �C decomposition temperature is still
promising for practical application.

Based on the structure illustrated in Fig. 3b, Pd sites on Pd1-N8/
CNT are isolated as a result of the absence of neighboring Pd sites,
which further leads to the effective reduction of the number of
multiply coordinated sites of Pd (i.e., geometric effect). The
assumption is discreetly testified via C2H2-TPD by investigating
the acetylene adsorption property over catalysts before and after
CV treatment. The p-bonding system of acetylene can bond in
two important configurations on the Pd surface, the weak p-
bonding on a single Pd site (type I, i.e., isolated sites) and the rela-
tively strong r-bonding to two or more neighboring sites (type II,
i.e., multiply coordinated sites) [46,47]. It was suggested that only
type I adsorption can be hydrogenated in high selectivity to ethy-
lene. In contrast, r-bonded acetylene molecules lead to consider-
able formation of ethane by over-hydrogenation or green oil due
to the decomposition of multiply bound C2 species and further
polymerization on the catalyst under hydrogenation conditions
[48]. These two types of adsorption can be identified by C2H2-
TPD patterns via examining the desorption temperature. Figs. 4b
and S5 presents the desorption signals for different samples. The
obvious peaks were observed on all samples with three desorption
temperature ranges. The peaks of 0 M and Pd/CNT (both without
PN) appeared in Range 2 with temperature at around 200 �C, which
was attributed to the superior activity of Pd. The desorption peak
from PN/CNT (without Pd) is located in Range 3 at a temperature
of around 400 �C. Due to the fact that the CNT showed no affinity
to acetylene, this peak can be attributed to the existence of Lewis
base PN species, which are active and can play the role as electron
donors and tend to adsorb acetylene. The adsorbed acetylene was
released as a result of PN decomposition at this range based on the
above temperature-programmed decomposition results.

Interestingly, the samples containing both Pd and PN species
(i.e., Pd1-N8/CNT-0.5, 1, and 2 M) had two desorption peaks, one
located in the lower temperature (Range 1, ~100 �C) while the
other was at higher temperature (Range 3). The lower peaks orig-
inated from the weakly chemisorbed acetylene on Pd sites. The
shift to lower temperature (200 ? 100 �C) after CV treatment
can be attributed to the electronic effect between PN and Pd as
revealed in XPS analysis and Mulliken charge calculation (Fig. 3).
The decreased electron density of Pd atom would weaken its
adsorption intensity to acetylene and accordingly lower desorption
temperature. Therefore, the introduction of N8 into Pd/CNT makes
it an ‘‘electronic additive” in the Pd1-N8/CNT catalysts, a common
approach to improve the selectivity for acetylene hydrogenation
in industry [29]. The higher desorption peaks also came from N8

decomposition. To confirm the low temperature desorption of
acetylene originating from the CV treatment, two reference sam-
ples, 0.01Pd-N8/CNT and 0.01Pd/CNT, were prepared by wetness
impregnation using N8/CNT and CNT as support, respectively,
while the Pd loading percentage was close to Pd1-N8/CNT-1 M
sample(0.01% vs 0.0092%). Similar C2H2-TPD experiments over
these two samples were carried out (Fig. S6). No low temperature
desorption peak was observed, indicating that the CV process is
crucial to the formation of configurations (i.e., Pd1-N8 complex as
shown in Fig. 3b) for the weak adsorption of acetylene.

Fig. 5 and Table S3 summarizes the results of selective hydro-
genation of acetylene with different catalysts. Three reference cat-
alysts showed different activities. Pd/CNT was very active for the



Fig. 3. C1s XPS spectra (a) of Pd1-N8/CNT-1 M and PdO/CNT; Small, open circles in black are the measured experiment points. The solid lines in cyan and blue are the sum of
all the peak fittings and background, respectively. All the data analysis was accomplished using the commercial software Casa XPS, supplied by Casa Software Ltd; Interaction
of Pd atom with PN within Pd1-N8 complex (b) using DFT calculations and Bader charge calculations.

Fig. 4. (a) N14 signals normalized by sample weight from the temperature programmed decomposition results for dipped Pd/CNT and Pd1-N8/CNT sheets with different NaN3

concentrations after CV synthesis; (b) MS signal (m/e = 26) for each C2H2-TPD measurement obtained from different catalysts where signals were normalized by samples
weight.
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hydrogenation reaction with 91.6% conversion, but negative selec-
tivity for ethylene was achieved. A negative value indicated a net
loss of ethylene due to the excessive hydrogenation of ethylene
contained in the feed to produce ethane. Similar results were
observed on 0 M except that the conversion was slightly lower
than Pd/CNT. The positive selectivity value was collected on the
third reference (1 M*) which may be attributed to the partial cov-
50
erage of Pd by azide to promote the type I adsorption for acetylene.
As expected, very high ethylene selectivity was obtained on sam-
ples with CV treatment in NaN3 containing electrolyte. It could
be attributed to single-atom Pd sites isolation, the electronic effect
between Pd1 and N8, and a decrease of multiple sites. Isolation of
single-atom Pd sites on the surface results in the absence of neigh-
boring Pd sites, which would suppress the formation of di-r-
bonded alkene and alkyne species (type II adsorption) and lead
to preferentially weakly p-bonded acetylene molecules on the cat-
alyst surface (type I adsorption), thus promote the selectivity to
ethylene. The decreased electron density of Pd1 due to the presence
of N8 further weakens adsorption intensity to acetylene, providing
extra force to improve the selectivity. Very limited conversions (0.1
and 1%, see Table S6) were achieved over 0.01Pd- N8/CNT and
0.01Pd/CNT (both possess similar Pd loading with Pd1-N8/CNT-
1 M), which are much lower than that of Pd1-N8/CNT-1 M
(83.1%). Therefore, single atom Pd attached to N8 (Fig. 3b) formed
only during the CV is the active site for acetylene adsorption and
selective hydrogenation. Turnover frequency (TOF) calculation
results showed that Pd1-N8/CNT-1 M had the highest TOF
(0.5528 s�1) for selective hydrogenation of acetylene among all
the samples, almost three times higher than that of pure Pd/CNT
(0.217 s�1). This confirms the Pd1-N8 (in Fig. 3b) is more active
and selective to ethylene production.

To further confirm the experimental results, DFT was used to
investigate this Pd1-N8/CNT system. The most energetically favor-
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able attachment position of Pd was determined by placing a single
Pd atom at numerous sites around the PN chain and performing
full geometric optimizations and calculating the absorption energy
(Eads). The lowest adsorption energy occurred when the Pd atom
adsorbed to the outermost N atom (Fig. 3b) with Eads = �1.03 eV,
indicating that adsorption of Pd is favorable on N8 or N8

�. The fre-
quency calculation indicates that Pd1-N8 is more stable with a
charge transfer of 0.23 e from the Pd atom to the N8 chain, which
is in agreement with experimental XPS measurements. When
Pd1-N8 is attached to the inside or outside CNT surface, the calcu-
lation results show the CNT is necessary for the stabilization of the
single atom Pd complex. Following a full relaxation of the Pd1-N8

system inside and outside a CNT (Fig. S7), a natural bond orbital
calculation was performed. This showed that the complex has a
charge of �0.50 e (when inside) and �0.15 e (when outside) net
charge. The electric field generated by this negative complex and
positive CNT is what stabilizes the Pd1-N8/CNT system [49].

To understand the improved C2H4 selectivity of the Pd1-N8/CNT
system, the preferred C2H2 hydrogenation mechanism is explored.
When C2H2, C2H3, C2H4, C2H5, or C2H6 molecules were placed in dif-
ferent positions on the Pd1-N8 complex, the most energetically
favorable position from the full geometric relaxations in each case
is when the molecule is adsorbed to the single Pd atom (Fig. S8).
C2H2 and C2H4 bind in a p-bonded fashion in which the CAC bond
is located on top of the single Pd atom (i.e., the efficient type I
adsorption configuration, Fig. S8a and c). Eads for each species is
negative (Table S11), indicting favorable adsorption. The DFT pre-
dicted stable chemisorption geometric structures are consistent
with the experimental observations. It is well known that H2 disso-
ciates on metal sites on conventional supported metal catalysts
including Pd/C. Interestingly, on the Pd1-N8/CNT system, the H2

molecule adsorbs to the neighboring N atom (Eads = �1.04 eV,
Fig. S9a) instead of Pd1; this configuration is significantly more
favorable than co-adsorption of C2H2 and H2 to the Pd atom by
1.05 eV. Moreover, H2 adsorption is more favorable on N than
Pd1 (�0.98 eV versus �0.89 eV) in the absence of C2H2 on Pd. In
both cases, the H2 molecule dissociates to two adsorbed H atoms
spontaneously (Fig. S9b). However, the adsorption of H2 or an H
atom leads to the further relaxation of the Pd1-N8 geometric struc-
ture; the chain spontaneously reorients such the Pd is bound to the
first and fifth N atom, a configuration which allows for one of the
adsorbed H atoms to migrate to the Pd atom through a transition
state (TS 1, Fig. S8f) and form the C2H3 intermediate with a small
energy barrier of 0.34 eV. The adsorption energy of C2H3 is much
stronger than C2H2 (Eads[C2H2] = �1.37 eV, Eads[C2H3] = �2.56 eV),
so the reaction continues to proceed. The second H atom migrates
and forms C2H4 through TS 2 (Fig. S8g), with an energy barrier of
0.97 eV. At this point, the adsorption of C2H4 becomes less favor-
able than C2H2 (Eads[C2H2) = �1.04 eV, Eads[C2H4] = �0.91 eV].
Given this, it is therefore more favorable for C2H4 to desorb and a
new C2H2 molecule to adsorb to the Pd site at this point, leading
to the enhanced selection of ethylene by this Pd1-N8 system.

The hydrogenation of C2H4 to C2H6 was also investigated. The
adsorption of another H2 molecule to the Pd1-N8/C2H4 complex is
again favorable, with an energy gain of �0.24 eV (Fig. S10a). How-
ever, even after H2 adsorption it is still more favorable for C2H4 to
desorb and C2H2 to adsorb (Eads of �1.36 and�1.16 eV for C2H2 and
C2H4 in the presence of H2, respectively). Regardless, the migration
of an H atom and subsequent formation of C2H5 would have to
overcome an energy barrier of 0.95 eV through TS 3 (Fig. S8h). In
addition to the preferred adsorption of C2H2 over C2H4, the fact that
the desorption energy of C2H4 is lower than this TS 3 activation
energy also leads to the observed C2H4 selectivity of this system.
However, if the reaction continues to proceed, the second H atom
goes through TS 4 (activation barrier of 0.98 eV) to form C2H6. As
51
in other systems, C2H6 desorbs nearly spontaneously with Eads[C2-
H6] = �0.12 eV.

Moreover, a possible competing mechanism in which an H atom
adsorbs to the Pd atom instead of the first N atom in the N8 chain
(Fig. S10b) was investigated. In this case the Pd1-N8 chain remains
straight throughout the process, but the initial conversion to the
C2H3 intermediate occurs through a transition state that is
1.36 eV higher than the starting adsorbed C2H2 reactant, making
this first step significantly unfavorable when compared to the pre-
viously described mechanism, which further confirms the selective
hydrogenation process occurs via H2 and H atom adsorption to the
neighboring N atom rather than the Pd single atom; the presence
of the N8 is therefore the reason for the improved C2H4 selectivity
(Fig. 6).

This analysis reveals why selective hydrogenation of acetylene
is better on the Pd1-N8 complex compared to a Pd(111) surface
[50]. The activation barrier (TS 1) for the initial transformation of
C2H2 to C2H3 is much lower on Pd1-N8 (0.34 eV) than Pd(111)
(0.68 eV), while TS 2 and C2H4 desorption are roughly equivalent.
Finally, the activation energy of TS 3, which prevents further
hydrogenation of C2H4 to C2H5, is much higher on Pd1-N8

(0.95 eV) than on Pd(111) (0.75 eV). Moreover, Pd1-N8 preforms
comparatively well with single atom Pd stabilized on other 2D
materials, such as g-C3N4, albeit in a different manner [51]. Again,
the initial conversion of C2H2 to C2H3 is lower on Pd1-N8 (0.34 eV)
than g-C3H4 (0.93 eV). However, transformation of C2H to C2H4 is
easier on g-C3N4 (0.26 versus 0.97 eV on Pd1-N8). Moreover,
although it is easier for C2H4 to desorb from Pd1-N8 than g-C3N4

(Eads[C2H4] = 0.91 eV versus 1.02 eV, respectively), the TS 3 activa-
tion energy is higher on g-C3N4 (1.68 eV) than Pd1-N8 (0.95 eV).

A conventional isolation method like alloys reveals segregation
of Pd to larger Pd ensembles with time on stream, resulting in lim-
ited selectivity and stability. In the present work, Pd1-N8/CNT-1 M
was selected for the stability test. Fig. S11a shows that Pd1-N8/
CNT-1 M exhibited long-term stability with a conversion of 83%
and a selectivity of ~98% throughout 60 h on stream. To further
investigate the stability of Pd1-N8/CNT-1 M sample, temperature-
programmed oxidation (TPO) was carried out on a Pd1-N8/CNT-
1 M catalyst after reaction and the data are shown in Fig. S11b.
Fresh Pd1-N8/CNT-1 M catalyst was also tested with TPO as a refer-
ence under the same condition. A small amount of CO2 was
detected at low temperatures due to the adsorption of carbona-
ceous species over the catalyst [52–54]. The results illustrated that
very little carbon species was deposited on the used samples.
Therefore, no side reactions for oligomer formation or coke deposi-
tion occurred on Pd1-N8/CNT-1 M, which could explain its superior
stability. HAADF-STEM images of used Pd1-N8/CNT-1 M (Fig. S12)
also demonstrated clear single-atom structure, which further con-
firmed the high stability of Pd1-N8/CNT catalysts. Without CV
treatment, acetylene is adsorbed mostly on multiple sites, which
results into poor selectivity to ethylene as well as the mass produc-
tion of ethane and green oil. With CV treatment, Pd ensembles are
eliminated, which leads to isolated single-atom sites dominating
on the surface and further promotes selectivity to desired ethylene
as well as suppresses the side reactions.
4. Conclusion

In conclusion, distinct from conventional annealing methods to
establish covalent interactions between metals or making alloys
with harsh condition, we have presented a facile electrochemical
treatment method to synthesize an isolated single-atom catalyst
with high performance for selective hydrogenation of acetylene
under ambient condition. Single atom Pd attached to a designed



Fig. 6. Reaction free energy diagram of selective hydrogenation of C2H2 to C2H4 by
Pd1-N8.
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Lewis base N8 on CNT substrate (Pd1-N8/CNT) was successfully
synthesized with the CV method. Both experimental and DFT the-
oretical work confirmed that Pd1-N8 was more active and selective
towards ethylene production. Different from the conventional
metal catalysts that H2 dissociated on metal site, here H2 dissoci-
ated on N site. Moreover, the charge transfer between Pd and N8

prevented Pd agglomeration, made Pd1-N8/CNT superior to the
conventional systems. Thus the optimized Pd1-N8/CNT exhibited
long term stability with a conversion of 83%, an ethylene selectivity
of ~98%.
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