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ABSTRACT: We reported that atomically dispersed Pd
on graphene can be fabricated using the atomic layer
deposition technique. Aberration-corrected high-angle
annular dark-field scanning transmission electron micros-
copy and X-ray absorption fine structure spectroscopy
both confirmed that isolated Pd single atoms dominantly
existed on the graphene support. In selective hydro-
genation of 1,3-butadiene, the single-atom Pd1/graphene
catalyst showed about 100% butenes selectivity at 95%
conversion at a mild reaction condition of about 50 °C,
which is likely due to the changes of 1,3-butadiene
adsorption mode and enhanced steric effect on the isolated
Pd atoms. More importantly, excellent durability against
deactivation via either aggregation of metal atoms or
carbonaceous deposits during a total 100 h of reaction
time on stream was achieved. Therefore, the single-atom
catalysts may open up more opportunities to optimize the
activity, selectivity, and durability in selective hydro-
genation reactions.

Atomically dispersed noble metal catalyst has attracted
rapidly increasing attention due to its unique catalytic

properties and maximized atom efficiency for low-cost.1−8

However, synthesis of such single-atom catalyst (SAC) is not
trivial because metal single atoms are often very mobile on
surface and tend to aggregate to form clusters or nanoparticles
due to high surface free energy, especially under reaction
conditions.2,4,9,10 Synthesis of SACs from gas phase could be an
even greater challenge since it is usually carried out at elevated
temperatures, which would significantly accelerate metal atom
aggregations during synthesis. Indeed, Sun et al., observed the
formation of a mixture of atoms, clusters, and nanoparticles of Pt
on graphene using atomic layer deposition (ALD),11 a thin film
growth technique through self-limiting binary reactions between
gaseous precursors and the substrate.12,13 Botton et al. also
reported the formation of a mixture of Pt atoms and clusters on
the N-doped graphene support using Pt ALD.14

Selective hydrogenation of 1,3-butadiene in an excess of
alkenes is an important industrial process to purify the alkene
streams from petroleum cracking.15 The critical requirements in
this process are (i) to achieve high selectivity to butenes,

especially to 1-butene (the most desirable product) at high
conversions; (ii) to minimize hydrogenation of the alkene
streams at high conversions; and (iii) to achieve long durability
against deactivation via carbonaceous deposits formation.16 Pd-
based catalysts are often used due to its high hydrogenation
activity, while the selectivity to butenes, especially to 1-butene at
high conversions, is still poor.17−20 Moreover, the gradual
catalyst deactivation with time via the formation of carbonaceous
deposits on catalyst surface remains as an insuperable issue, by
showing a short catalyst lifetime of just a few hours or even
less.17,21,22 Recently, we have demonstrated that porous alumina
overcoating on Pd catalyst can considerably enhance the
selectivity to butenes.23 Nevertheless, the improvement of 1-
butene selectivity is still limited.
On atomically dispersed Pd atoms, the adsorption mode of

1,3-butadiene is expected to be a single carbon−carbon double
bond involved mono-π-adsorption, in sharp contrast with the
one on Pd nanoparticle surface; thus, it might provide a new
opportunity to further improve the selectivity to butenes,
especially to 1-butene. To confirm this idea, here we first
fabricated a single-atom Pd catalyst on graphene using the ALD
technique because the type and amount of oxygen functional
groups on carbon-based materials for anchoring the Pd ALD
precursor, palladium hexafluoroacetylacetate (Pd(hfac)2), can be
carefully controlled to ensure that the selected anchor sites can
not only react with Pd(hfac)2, but also immobilize the Pd atom
after removal of the hfac ligands under the ALD conditions.24

The dominant presence of isolated Pd atoms on graphene was
confirmed by aberration-corrected high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM)
and X-ray absorption fine structure spectroscopy (XAFS).
Indeed, in selective hydrogenation of 1,3-butadiene, the resulted
single-atom Pd1/graphene catalyst demonstrated superior
catalytic performance, by achieving 100% butenes selectivity,
particularly the highest ever 1-butene selectivity of ∼70% at 95%
conversion at about 50 °C, and excellent durability during a total
100 h of reaction time on stream.
Before Pd ALD, anchor sites creation on pristine graphene

nanosheets was first carried out by oxidation using the procedure
described previously (Figure 1a).25 Then, the obtained graphene
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oxide powder was carefully reduced via thermal deoxygenation to
precisely tune the type and amount of surface oxygen functional
groups (anchor sites selection). After annealing at 1050 °C for
about 2 min under helium, X-ray photoemission spectroscopy
(XPS) measurements revealed that the dominated oxygen
species remaining on the graphene support was phenolic oxygen
(O 1s binding energy of 533.4 eV, Figure S1), consistent very
well with the previous literature.24 Next, Pd ALD was performed
on the reduced graphene support to synthesize single-atom Pd
catalyst by alternately exposing Pd(hfac)2 and formalin at 150
°C.26,27 Inductively coupled plasma-atomic emission spectros-
copy (ICP-AES) showed that the Pd loading was 0.25 wt % after
performing one Pd ALD cycle (designated as Pd1/graphene,
shown in Table S1). Compared with the naked graphene (Figure
S2), HAADF-STEM illustrated that Pd clusters were barely
present on Pd1/graphene at both low and high magnifications
(Figures 1 and S3); meanwhile, it clearly shows that individual Pd
atoms were randomly dispersed on the graphene support.
However, when the graphene oxide powder was annealed at

lower temperatures, the Pd loading was high (Table S1), and a
considerable fraction of Pd nanoparticles along with atomically
dispersed Pd atoms were observed by STEM (Figure S4,
designated as Pd-NPs/graphene). On the other hand, annealing
at 1050 °C for a longer time would cause a dramatic decrease in
the amount of phenolic oxygen, and thus the Pd loading became
negligible (Table S1), which is undesired for practical
applications. Taken together, we propose that isolated phenol

groups are the active sites for anchoring the Pd(hfac)2 precursor,
by forming −O−Pd−hfac surface species and Hhfac gaseous
product, similar to the reaction between Pd(hfac)2 and hydroxyls
on oxide surfaces;27 next, isolated Pd single atoms are formed
after removing the rest hfac ligand by formalin exposure.27

Figure 2a shows the X-ray absorption near-edge structure
(XANES) spectra of Pd1/graphene, Pd-hfac/graphene, and Pd-

NPs/graphene, and the reference spectra of Pd(hfac)2, Pd foil,
and PdO for comparison. The shape characteristic peaks A
(24367 eV) andB (24390 eV) of Pd-NPs/graphene are similar to
those of Pd foil, indicating the Pd atoms are in the zero-valence
state. However, the XANES spectrum of Pd1/graphene is close to
those of Pd(hfac)2 and PdO, which implies that the isolated Pd
atoms on graphene surface were mostly present in a +2 valence
state.
More structural information could be provided by the

measurements of extended X-ray absorption fine structure
(EXAFS) at the Pd K-edge, as shown in Figure 2b. It can be
found that the intensity of the first peak at about 1.6 Å for Pd1/
graphene is significantly lower than that of PdO and Pd(hfac)2,
implying a high distorted structure around the nearest
coordination of Pd atoms. Moreover, the STEM images in
Figures 1 and S3 revealed nearly all Pd were present as isolated
atoms on graphene support. Hence, different from PdO and
Pd(hfac)2, the first shell peak for Pd1/graphene is contributed to
the mixture of Pd−O and Pd−C coordination: Pd−C1 with the
carbon atom from the graphene support, Pd−O1 with the oxygen
atom bridging the Pd atom and the graphene support, and Pd−
O2 with the oxygen atoms on the side away from graphene
support, as shown in the model in Figure 2d. The bond lengths
for Pd−C1, Pd−O1, and Pd−O2 are 2.00, 2.05, and 2.07 Å,
respectively (Table S2, the fitting curves can be found in Figures
S5 and S6). Meanwhile, the second peak at about 2.5 Å for the
Pd1/graphene is much weaker and similar to the Pd-hfac/
graphene. The EXAFS analysis indicates that the second peak can
be ascribed to the Pd−C2 and Pd−Pd coordinations, where the

Figure 1. (a) Schematic illustration of single-atom Pd1/graphene
catalyst synthesis via a process of anchor sites creation and selection and
Pd ALD on pristine graphene. Representive HAADF-STEM images of
Pd1/graphene at low (b,c) and high (d) magnifications. Atomically
dispersed Pd atoms in image (d) are highlighted by the white circles.

Figure 2. XANES spectra at the Pd K-edge (a) and the K2-weighted
Fourier transform spectra (b) of Pd1/graphene, Pd-NPs/graphene,
Pd(hfac)2, PdO, and Pd foil. Schematic models of (c) Pd-hfac/graphene
and (d) Pd1/graphene, where the balls in gray, red, dark cyan, light blue,
and white represent carbon, oxygen, palladium, fluorine, and hydrogen
atoms, respectively. The Pd−C2 coordination was indicated by the black
dash line in (c,d).
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carbon atoms are from the graphene support (Figure 2d) and
Pd−Pd coordination is likely from the existence of Pd
nanoclusters (Figures S7 and S8). However, the content of Pd
nanoclusters is in a quite low level as revealed by the low Pd−Pd
coordination number (Table S2) and STEM images (Figures 1
and S3); hence, they would not influence and contribute to the
overall catalytic properties of the catalyst.
Next, the catalytic performance of the single-atom Pd1/

graphene catalyst was evaluated and compared to three different
Pd nanoparticle catalysts in selective hydrogenation of 1,3-
butadiene, as shown in Figures 3a and S9. On a commercial Pd/

carbon catalyst (Figure S10), the selectivity to all butenes
decreased dramatically when conversion was above 70%. Pd-
NPs/graphene showed a better performance, retaining ∼100%
butenes selectivity up to 90% conversion. However, when it was
annealed at 500 °C in Ar for 1 h (designated as Pd-NPs/
graphene-500C, Figure S11) to largely reduce the contributions
from the isolated Pd atoms observed by STEM in Figure S4, the
butenes selectivity started decreasing at a lower conversion of
70%, similar to Pd/carbon. Compared to these Pd nanoparticle
catalysts, Pd1/graphene clearly demonstrated a superior catalytic
performance by preserving 100% butenes selectivity up to 95%
conversion; therein, the selectivity to 1-butene, the most
desirable product, was nearly constant at as high as 71% (Figures
3b and S12), which is the highest ever value at such high
conversion so far, seen in Table S3. Even under the practical
conditions required for purification of industrial alkene streams

(adding 70% propene into the feed gas), Pd1/graphene again
illustrated remarkably high catalytic performance by suppressing
the propene conversion to only 0.1%, much more sufficiently
than other catalysts (Figure 3c), and preserving high selectivity to
butenes (100%) and especially to 1-butene (69%) at 98%
conversion (Figure 3d).
The temperature effect on the butenes selectivity seems to be

minor (Figures S13 and S14, and Table S3). We speculate that
butadiene adsorbs on the isolated Pd atoms very likely via the
mono-π-adsorption mode, rather than the di-π-adsorption, since
the later one usually requires a large ensemble of Pd surface
(Figure 3e).28,29 The mono-π-adsorption mode disfavors
simultaneously hydrogenating the two carbon−carbon double
bonds of the butadiene molecule for butane formation but
encourages 1,2-hydrogen addition to form 1-butene, explaining
the extraordinarily high 1-butene selectivity. Moreover, the Pd
geometric effect induced higher packing density of butadiene on
isolated Pd atoms than on Pd nanoparticles will further enhance
the steric effect and thus more effectively inhibit the secondary
hydrogenation reactions (Figure 3e). Nevertheless, the reaction
mechanism, including the factors of the charging effect and the
role of the Pd−carbon interaction30,31 on the catalytic perform-
ance of Pd1/graphene remains to be further investigated.
Meanwhile, we noticed that the TOF of Pd single atoms was
0.35 s−1 at 47 °C, slightly lower than the two Pd nanoparticle
catalysts measured in this work (Table S4). Therefore, Pd SAC
provides another promising way to improve selectivity in
hydrogenation reactions besides the conventional meth-
ods.17−20,32,33

The durability of Pd1/graphene was further tested first in the
absence of propene for 50 h at 95% conversion and then in the
presence of an excess of propene for another 50 h at a conversion
near 100%. As shown in Figure 4, Pd1/graphene showed

excellent durability against deactivation during a total 100 h of
reaction time on stream (TOS) without any visible activity
decline or selectivity change (also seen in Figure S15). To the
best of our knowledge, this is the best ever durability at near
ambient temperatures among all the metal catalysts reported in
the literature so far (Table S5). It is worthy to note that no visible
metal atom aggregation was observed by STEM on the spent
catalyst after either a total 100 h of reaction time on stream
(Figure S16) or annealing at 400 °C in Ar for 1 h (Figure S17).
In conclusion, we have successfully demonstrated that

atomically dispersed Pd on graphene can be achieved using
ALD by a careful control over the oxygen functional groups on
the graphene surface. HAADF-STEM and XAFS both confirmed
the dominant presence of isolated Pd atoms. When the single-

Figure 3. Catalytic performances of Pd1/graphene, Pd-NPs/graphene,
Pd-NPs/graphene-500C, and Pd/carbon samples in selective hydro-
genation of 1,3-butadiene. (a) Butenes selectivity as a function of
conversion by changing the reaction temperatures; (b) the distribution
of butenes at 95% conversion. Propene conversion (c) and the
distribution of butenes (d) at 98% 1,3-butadiene conversion in
hydrogenation of 1,3-butadiene in the presence of propene. (e)
Schematic illustration of improvement of butenes selectivity on single-
atom Pd1/graphene catalyst. Note: the figure legend in (b) also applies
to (d). Figure 4. Durability test on Pd1/graphene first in the absence of

propene for 50 h (a) and then in the presence of 70% propene for
another 50 h (b) at about 50 °C.
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atom Pd1/graphene catalyst was evaluated in selective hydro-
genation of 1,3-butadiene, it revealed superior catalytic perform-
ance, showing about 100% butenes selectivity, especially the
highest ever 1-butene selectivity of ∼70% at a conversion of 95%
at a mild reaction condition of about 50 °C. In the presence of an
excess of propene, the propene stream was greatly preserved by
sufficiently suppressing its conversion to only 0.1%.We speculate
that the mono-π-adsorption mode of 1,3-butadiene and the
enhanced steric effect induced by 1,3-butadiene adsorption on
isolated Pd atoms both play important roles in the improvement
of butenes selectivity. More importantly, Pd1/graphene showed
excellent durability against deactivation via either metal atom
aggregation or coking during a total 100 h of reaction time on
stream. Finally, our work suggests that SACs might open up new
opportunities in selective hydrogenation reactions for improved
selectivity and durability besides water−gas shift (WGS)3 and
oxidation reactions.1
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