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ABSTRACT: Developing a facile route to access active
and well-defined single atom sites catalysts has been a
major area of focus for single atoms catalysts (SACs).
Herein, we demonstrate a simple approach to generate
atomically dispersed platinum via a thermal emitting
method using bulk Pt metal as a precursor, significantly
simplifying synthesis routes and minimizing synthesis
costs. The ammonia produced by pyrolysis of Dicyandia-
mide can coordinate with platinum atoms by strong
coordination effect. Then, the volatile Pt(NH3)x can be
anchored onto the surface of defective graphene. The as-
prepared Pt SAs/DG exhibits high activity for the
electrochemical hydrogen evolution reaction and selective
oxidation of various organosilanes. This viable thermal
emitting strategy can also be applied to other single metal
atoms, for example, gold and palladium. Our findings
provide an enabling and versatile platform for facile
accessing SACs toward many industrial important
reactions.

Single-atom catalysts (SACs) have become an area of
growing scientific interest owing to their maximum atom

efficiency and highly catalytic performance.1−9 Recently, some
synthetic strategies have been reported to fabricate SACs. In
particular, wet-chemical approaches, including coprecipitation
and impregnation methods etc., are widely employed because
of their low cost and ease of operation.10−12 However, these

approaches suffer from the drawbacks of fusion/aggregation of
metal species during the synthetic processes, which greatly
hinders their practical applications. Furthermore, other
synthetic strategies, such as atomic layer deposition (ALD)13

and mass-selected soft landing,14 commonly require expensive
equipment with low yields, which are not feasible for large-
scale production. Therefore, development of a facile and
practical strategy for the synthesis of SACs with high activity
and well-defined sites is particularly attractive in the field.
Recently, only a few top-down strategies have been reported

for preparing SACs using metal nanoparticles as the
precursor.15 These works involve the transformation from
nanoparticles to single atoms under thermal treatment,
simplifying the synthesis routes for SACs.16,17 Currently, our
group demonstrated that the Ni atoms of Ni foil could diffuse
into the melamine film, forming hierarchical carbon papers
with the existence of Ni SAs and Ni NPs.18 Nevertheless, direct
fabrication of SACs from bulk noble metal materials have been
rarely reported.
Herein, we demonstrate a facile thermal emitting strategy to

synthesize Pt single sites catalyst directly from bulk Pt net. The
preparation procedure and proposed formation mechanism are
shown in Figure 1a and Figure S1. Dicyandiamide (DCD), Pt
net and graphene oxidation (GO) were sequentially placed in a
porcelain boat with Ar flow and then the porcelain boat was
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heated to 1100 °C. Under high temperature, the DCD
underwent a pyrolysis process to generate ammonia gas.19,20

Based on strong coordination interaction between ammonia
and Pt atoms, the possible volatile Pt(NH3)x species were
formed. Meanwhile, the Pt0 species may be oxidized by

oxygen-containing functional group on the surface of GO,
forming Ptδ+ (0 < δ < 4) species. Subsequently, the most
oxygen-containing functional group on GO were removed
through the thermal treatment, generating defective graphene
(DG). Then, the Ptδ+ (0 < δ < 4) species were further trapped
by the DG, forming the isolated Pt SAs/DG catalysts.
As a control, the GO was reduced to DG in argon at 1100

°C without DCD. Scanning transmission electron microscopy
(STEM) (Figure 1b) and aberration-corrected HAADF STEM
(Figure 1c) reveal metal atoms cannot be observed on DG,
suggesting the argon is unable to haul the Pt atoms out of bulk
Pt. When DCD is introduced, isolated Pt atoms (bright spots)
on DG can be clearly identified according to aberration-
corrected HAADF STEM images (Figure 1d,e, Figures S2 and

Figure 1. (a) Proposed reaction mechanism for the preparation of Pt
SAs/DG. (b) HAADF STEM image and (c) magnified HAADF
STEM image of DG. (d) HAADF STEM image and (e) magnified
HAADF STEM image of Pt SAs/DG. (f) Corresponding EELS
element mapping of Pt SAs/DG and (g) SAED pattern of Pt SAs/
DG.

Figure 2. (a) XRD patterns of Pt SAs/DG, DG, and graphene
oxidation. (b) C−K-edge NEXAFS spectrum of Pt SAs/DG. (c) Pt 4f
XPS spectra of the Pt SAs/DG, DG, and Pt NPs/DG. (d) High-
resolution HADDF-STEM image of Pt SAs/DG. (e) Zoomed-in
image of the defective area marked with the yellow dashed frame in
panel d. (f) Corresponding EELS point spectrum from yellow dashed
frame atom in panel d. (g) R-space spectra from EXAFS. (h) Pt L-
edge XANES spectra. (i) Corresponding EXAFS fitting curve for Pt
SAs/DG. Inset is the proposed Pt−C coordination environment.

Figure 3. (a) HER linear sweep voltammetry (LSV) curves of the
catalysts. (b) Corresponding Tafel plots and mass activity of Pt SAs/
DG, Pt NPs/DG, and commercial Pt/C. (d) Calculated Gibbs free
energy diagram of HER on Pt/C, Pt-SAs-graphene and Pt-SAs-C4 at
the equilibrium potential. The charge density difference of Pt SAs
supported on the (e) pristine graphene and (f) double-vacant
graphene (Pt-SAs-C4). Light blue and yellow isosurfaces denote a
decrease and increase of 0.01 e/Å3 for electronic density, respectively.

Figure 4. (a) HAADF STEM, (b) magnified HAADF STEM images
of Pd SAs/DG; (c) HAADF STEM, (d) magnified HAADF STEM
images of Au SAs/DG. Inset is the corresponding SAED pattern of Pd
SAs/DG and Au SAs/DG.
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S3). Additionally, low-magnified TEM image indicates that
there is no observable Pt NPs in Pt SAs/DG (Figure S4), in
line with the ring-like selected-area electron diffraction
(SAED) pattern (Figure 1f). Figure 1g shows the HADDF
STEM image and corresponding Pt, and C elemental mappings
of Pt SAs/DG by EELS, revealing the Pt was homogeneously
dispersed over the DG. The above results strongly support the
successful emitting of Pt atoms from the bulk metal and the
trapping by the DG. Note that a higher temperature (1200 °C)
lead to the formation of Pt NPs (Figures S5 and S6).
Correspondingly, the color of the samples was evolved from
yellow to black (Figure S7).
Obviously, GO exhibits a characteristic peak at 9° (Figure

2a). For Pt SAs/DG, the disappearance of the peak at 9°
indicates the reduction of GO. Moreover, no observable Pt
characteristic peaks are found, demonstrating the absence of
crystalline Pt. Due to the lack of N source, one cannot observe
the discernible peak of N 1s for DG (Figure S8a). Interestingly,
both Pt SAs/DG and Pt NPs/DG, as shown in Figures S9 and
S10, exhibit ultralow contents of N (∼1.0 at. %). This can be
attributed to the instable bonding configurations of N−C
under high temperature. Therefore, we assume that most of the
Pt single atoms were anchored on the defective carbon sites.
Noteworthy, the Pt SAs/DG show a higher ID/IG value
compared with the control sample in Raman measurement
(Figure S11). G band is assigned to the E2g phonon of C sp2

atoms, while D band is a breathing mode of k-point phonons
of A1g symmetry.21 The increased ID/IG shows a decrease in
the average size of the sp2 domains, indicating more carbon
defect sites. Thus, this implies the volatilization of N atoms
would create abundant defect sites of carbon. Near edge X-ray
absorption fine structure (NEXAFS) shows the C K-edge
spectrum of Pt SAs/DG exhibits the negligible peak B was
attributed to C−O−C or C−N−C,22,23 further indicating the
limited N sites in Pt SAs/DG. Furthermore, as shown in Figure
2c, the binding energy of the Pt 4f7/2 and 4f5/2 peak for Pt SAs/
DG is at 72.6 and 75.7 eV corresponding to the Ptδ+ (0 < δ <
4).24

High-resolution HADDF-STEM (Figure 2d) measurement
was employed to further confirm the anchored sites of Pt
atoms.25 The Divacancy with trapped Pt atom was clearly
observed in Figure 2e. The corresponding EELS point
spectrum show the N element was absent around Pt atom
(Figure 2f), further confirming that Pt single atoms were
anchored on the defective carbon sites. X-ray absorption of fine
structure (XAFS) show the Pt L3-edge of the as-prepared
samples (Pt SAs/DG, Pt NPs/DG) and reference (Pt foil and
PtO2). The R-space spectrum of the EXAFS, as shown in
Figure 2g, exhibits a main peak around 1.98 Å, which matches
the bond length of Pt−C. As a control, Pt foil show a
prominent peak at 2.78 Å which belongs to the Pt−Pt
coordination. Notably, Pt NPs/DG show a shorter bond length
of Pt−Pt (2.62 Å) compared with Pt foil, in line with the
theoretical predicted results.1,26 X-ray absorption near-edge
structure (XANES) spectra (Figure 2h) show the white-line
intensity of Pt SAs/DG located between Pt foil and PtO2,
demonstrating the oxidation state of Pt (Ptδ+, 0 < δ < 4)) in Pt
SAs/DG. The fitting results of R-space spectrum for Pt SAs/
DG depicts the proposed coordination structure of Pt−C4
(Figure 2i and Table S1).
The HER performance of the Pt SAs/DG, Pt NPs/DG, and

commercial Pt/C was investigated in N2-saturated 0.5 M
H2SO4. Electrochemical impedance spectroscopy (EIS) was

employed to correct the solution resistance (Figure S12). The
contents in Pt SAs/DG and Pt NPs/DG are measured to be
2.1 and 8.6 wt % (Table S2), as identified by inductively
coupled plasma atomic emission spectroscopy (ICP-AES). The
bare CP and DG display a poor HER activity (Figure 3a).
Impressively, the Pt SAs/DG achieved the highest electro-
catalytic activity when the reaction time was 5 h (Figure S13).
The overpotential (at 10 mA cm−2) for Pt SAs/DG is 23 mV,
which is lower than Pt/C (30 mV) and Pt NPs/DG (38 mV).
Figure 3b reveals the Tafel slope of the Pt SAs/DG is 25 mV
decade−1, indicating that even faster electron-transfer process
than commercial Pt/C (30 mV decade−1). Moreover, the HER
activity at a −0.05 V for the Pt SAs/DG is 26.2 A mg−1Pt, 31.5
times greater than that of the commercial Pt/C (0.83 A
mg−1Pt) (Figure 3c). Furthermore, Pt SAs/DG also out-
performed the Pt SACs prepared by ALD or impregnation
method and most previously reported HER catalysts (Table
S3). Specially, Pt SAs/DG has also show higher HER activity
compared with Pt/C in alkaline media (Figure S14).
Additionally, an essentially identical catalytic performance

can be observed for Pt SAs/DG despite the different amounts
of precursors were used (Figure S15). After 5000 CV cycles,
the Pt SAs/DG shows an insignificant attenuation compared
with the obvious degradation for commercial Pt/C (Figure
S16a,b). Next, the current density displays a negligible
decrease at a −0.023 V after 24 h (Figure S16c). Examination
of HAADF STEM images and EXAFS result confirmed the
atomically isolated Pt atoms retained after the durability tests
(Figure S17). Together, these results imply a strong electro-
catalytic stability of the Pt SAs/DG catalyst due to the robust
Pt−C4 coordination structure.
Considering the Pt−C coordination environment of the Pt

SAs, the model of Pt-SAs-C4 is constructed (Figure S18). The
Pt−C bond distance of the Pt-SAs-C4 is 1.98 Å, in accordance
with the EXAFS observation (Table S1). The models of the Pt
(111) surface and Pt SAs supported on the pristine graphene
are also constructed. The Pt SAs prefers to anchor on the DG
compared to the pristine graphene based on the much negative
binding energy over the Pt-SAs-C4 (Table S4). The Gibbs free
energies for H adsorption (ΔGH*) are calculated over the
three models as shown in Figure 3d.27,28 Interestingly, the
calculated ΔGH* value of the Pt-SAs-C4 was close to zero, i.e.,
0.03 eV, strongly indicating the enhanced HER activity over Pt
SAs/DG. Furthermore, charge analysis show that much larger
charge transfer appears between the Pt SAs and the DG
compared to the pristine graphene (Figure 3e and f, Table S4).
This leads to more mediate ΔGH* to promote the overall HER
performance for Pt SAs/DG. PtNx (x = 1−4) models have also
been established in Figure S19. The PtNx show either too
negative or positive ΔGH* (Table S5) compared with Pt(111)
and thus poor HER activity.
In addition, the as-prepared Pt SAs/DG was demonstrated

to be a highly active and selective catalyst in the oxidation of
various organosilanes (Figure S20). Dimethylphenylsilane was
transformed to dimethylphenylsilanol within 75 min without
byproduct except H2. In the reaction, the turn over frequency
(TOF) was 4367 h−1 for the Pt SAs/DG. Moreover, the Pt
SAs/DG catalyst retained high activity and selectivity after five
cycles. The Pt SAs/DG also show excellent selectivity and
conversion efficiency in the oxidation of other types of silanes.
Other bulk metal precursors (Au and Pd) were also

employed to test the generality of this thermal emitting
method. HAADF STEM images clearly show individual bright
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dots in Pd SAs/DG (Figure 4a,b and Figures S21−S23) and
Au SAs/DG (Figure 4c,d and Figures S24−S26). The XRD
pattern (Figure S27) and SAED (Figure 4a,c inset) further
demonstrate the atomically dispersed gold and palladium
atoms can be successfully stabilized on DG.
In summary, an efficient and simple thermal emitting

strategy that transforms bulk noble metals into metal SA
catalysts was developed and validated. Importantly, the
introduction of ammonia molecules engenders an advantages
approach to effectively haul out Pt atoms from bulk form and
anchor them onto the DG. The resultant Pt SAs/DG catalyst
has shown superior performance for HER and the oxidation of
various organosilanes. These new findings provide valuable
guidance for the direct/facile preparation of SACs from bulk
metals, showing great potential to scale up the production of
SACs toward various industrial applications.
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