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The stability of single-atom catalysts is critical for their practical applications. Although a high temperature can promote the
bond formation between metal atoms and the substrate with an enhanced stability, it often causes atom agglomeration and is
incompatible with many temperature-sensitive substrates. Here, we report using controllable high-temperature shockwaves to
synthesize and stabilize single atoms at very high temperatures (1,500-2,000 K), achieved by a periodic on-off heating that
features a short on state (55 ms) and a ten-times longer off state. The high temperature provides the activation energy for atom
dispersion by forming thermodynamically favourable metal-defect bonds and the off-state critically ensures the overall stabil-
ity, especially for the substrate. The resultant high-temperature single atoms exhibit a superior thermal stability as durable
catalysts. The reported shockwave method is facile, ultrafast and universal (for example, Pt, Ru and Co single atoms, and car-
bon, C;N, and TiO, substrates), which opens a general route for single-atom manufacturing that is conventionally challenging.

ciency and unique coordination environments, are of great

interest for catalytic performance enhancements for many
reactions, including oxidation'~, hydrogenation*”, electrocataly-
sis*'* and so on"*~'*. However, the stability of single-atom catalysts
remains a great challenge due to the thermodynamically driven
atom aggregation, especially at high temperatures'’*'. In general,
atomic dispersions can be achieved by the confinement and coor-
dination of metal atoms to the substrate in wet chemical synthe-
sis to prevent such an aggregation at mild temperatures (<773 K)
(refs. 1+1922) Recent studies sought to improve the thermal stability
of single atoms by enhancing the metal-substrate absorption'”*-*¢
using kinetic or spatial confinement”’~*° or by forming strong metal-
substrate bonds by annealing at 800-900°C (refs. >>****"). The suc-
cessful synthesis of single-atom catalysts at higher temperatures
naturally grants a higher thermal stability, but high-temperature
synthesis (>1,000°C) is typically challenging to achieve and incom-
patible with many temperature-sensitive methods and materials.

In this work, we report the use of high-temperature shockwaves
to synthesize and stabilize single atoms at very high temperatures
(for example, 1,500-2,000K). The high-temperature shockwave is
achieved using a programmable, periodic on-off heating pattern
that features a short on state (for example, ~1,500K for <55ms) and
a ten-times longer off state (near room temperature). The on state
provides the activation energy for single-atom dispersion by form-
ing thermodynamically stable metal-defect bonds that can natu-
rally sustain high-temperature annealing, which we confirmed with
in situ microscopy as well as theoretical simulations. The longer off

f ingle-atom catalysts, which offer a maximized atom-use effi-

state critically ensures the overall dispersion stability by preventing
an extended heating-induced metal vaporization and particularly
substrate deterioration. The high-temperature-synthesized single
atoms (HT-SAs) demonstrate a superior stability in direct methane
conversion for 50hours and are also hydrothermally stable after
steam treatment at 973 K.

Shockwave synthesis of thermally stable single atoms. As a demon-
stration, we began with the synthesis of Pt HT-SAs on CO,-activated
carbon nanofibre (CA-CNF) substrates. As schematically shown in
Fig. 1a, ethanol-based salt precursors (H,PtCl) are loaded onto the
defective CA-CNFs (loading of 0.01 umolcm™, normalized to the
geometric area) with good wetting. The precursor-loaded CA-CNF
film was then subjected to shockwave heating via an electrical Joule
heating process that can be easily programmed in terms of tempera-
ture, on-off durations and repeated cycles (Supplementary Fig. 1).
The thermal images captured by a high-speed camera show a uni-
form spatial temperature distribution during the shock-heating
process (Supplementary Fig. 2). Figure 1b shows the temperature
evolution of a pulse heated to ~1,500K for 55ms and then rapidly
quenched by directly cutting off the input current for a ten times
longer period, which leads to an average temperature of ~400K for
the overall process. Figure 1c shows the temperature profile with
ten heating cycles over a 6 s period, which demonstrates the rela-
tively stable temperature that can be repeatedly achieved during the
heating process. In addition, we can achieve a temperature of up
to ~3,000K (Supplementary Fig. 2¢), which allows us to synthesize
thermally stable HT-SAs at very high temperatures.
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Fig. 1| Insitu high-temperature-shockwave synthesis of HT-SAs on defective carbon. a, The schematic diagram shows the HT-SA synthesis and
dispersion process (grey, carbon atoms; cyan, metal precursor; red, metallic atoms). b, Temperature evolution during the shockwave synthesis and a
detailed heating/cooling pattern. Inset: light emitted from the material at a high temperature. ¢, A ten-pulse shock heating pattern demonstrates the
uniform temperature in each cycle with a high-temperature on state and a low temperature off state. d,e, Typical HAADF images of Pt HT-SAs after one
(d) and ten (e) cycles of the thermal shock (0.0Tumol cm). f, EXAFS profiles (without phase correction) for Pt HT-SAs on CA-CNFs after one and ten

cycles of the thermal shock treatment.

Figure 1d,e shows the high-angle annular dark-field (HAADF)
images of Pt dispersed on the CA-CNF substrate after one and ten
heat shocks at 1,500K. For a single heat shock, the surface of the
CA-CNFs was dispersed with high-density single atoms, although
Pt clusters were also visible (Fig. 1d and Supplementary Fig. 3a).
However, after ten shocks, the substrate displayed a mostly uniform
single-atom distribution (Fig. 1e and Supplementary Fig. 3b), which
indicates the stability of these HT-SAs and the further disassembly
of clusters into single atoms during the continuous shockwave heat-
ing. We further confirmed the single-atom dispersion by macro-
scopic extended X-ray absorption fine structure (EXAFS) (Fig. 1f)
and X-ray near-edge structure analysis (Supplementary Fig. 3c).
The EXAFS spectrum of the one-cycle sample shows a weak peak
at ~2.5A, which corresponds to the Pt-Pt bonding, and a domi-
nant peak at ~1.5A, which indicates the Pt-substrate bonds (the
Pt-C bond, as discussed later), to reveal a structure of Pt nano-
clusters mixed with single atoms. After ten cycles, nearly no Pt-Pt
bonds remained, which suggests the dominance of single-atom
dispersion by disassembling the remaining clusters. The CA-CNF
substrate had a surface area of ~56m?g™" and the Pt loading was
measured as ~0.24 wt%. We also varied the metal loading and found
that nanoclusters form at a higher (5 times and 10 times) loading
(Supplementary Fig. 4 shows the cases of 0.05 and 0.1 pmolcm™)
owing to limited stabilization sites.

852

To understand the dispersion mechanism, we designed con-
trol samples using different heating strategies (Supplementary
Fig. 5a-c). Low-temperature synthesis (573K, 1h) lacks the acti-
vation energy to effectively disperse and bond these atoms to the
substrate (that is, poor dispersion and stability), whereas high-
temperature annealing (1,500K, 10 min) leads to a serious particle
agglomeration due to overheating-induced (1) graphitization of the
carbon substrate (that is, the losing of defects)* and (2) long-range
atom diffusion. Therefore, the shockwave heating creatively utilized
high temperatures for HT-SAs synthesis but was short enough to
avoid the deterioration to the substrates, and thus maintained the
stability of the single-atom dispersion.

In addition, the defects are important to help bind these
mobile single atoms onto the substrate and improve their struc-
tural stability (Supplementary Fig. 5d-f). Experimentally, shock-
wave synthesis on the relatively crystalline CNF (without CO,
activation) yields nanoclusters mixed with single atoms due to the
limited defective sites. In contrast, after activation, the improved
defect concentration and presence of micropores (that is, car-
bon vacancies) on CA-CNFs (Supplementary Figs. 6 and 7) lead
to a high-density single-atom dispersion. Accordingly, a more
defective substrate can accommodate a high density of sin-
gle atoms. Therefore, these control experiments illustrate the
critical role of high-temperature shockwave heating and of
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Fig. 2 | Thermal stability of the HT-SAs. a, We evaluated the morphology of Pt HT-SAs on the CA-CNF substrate using in situ STEM from room
temperature up to 1,273 K, which demonstrated the superior thermal stability. b,c, A higher-temperature shockwave synthesis at 2,000K (loading of
0.005 umol cm™) also produced thermally stable HT-SAs (b), as shown by its corresponding EXAFS profiles (without phase correction) (€). d, Summary
of the results of single-atom synthesis temperatures and time by our shockwave method and other techniques in the literature (square brackets)#>1012:20,

rt., room temperature.

defects on the substrate for an effective single-atom dispersion
and stabilization.

The HT-SAs naturally possess a superior structural stability
because they were synthesized at a high temperature of 1,500K,
which we confirmed by in situ scanning transmission electron
microscopy (STEM) from room temperature up to 1,273K (the
equipment limit). The sample was stabilized for at least 30 minutes
before taking images. As shown in Fig. 2a, the Pt HT-SAs displayed
a uniform and high-density single-atom dispersion at each tem-
perature up to 1,273 K after holding for 60 minutes. In addition, we
also confirmed the stability of the Pt HT-SAs by performing ex situ
thermal annealing at 1,073 K for 1 hour in a furnace with an Ar flow
(Supplementary Fig. 8). As the shockwave method can produce a
temperature of up to 3,000K (Supplementary Fig. 2c)*, this could
enable the synthesis of HT-SAs at an even higher temperature. As
an example, we synthesized HT-SAs at 1,800 and 2,000K (using a
lower (half) loading of 0.005umolcm™) and observed the stable
single-atom dispersion proved by both STEM and EXAFS measure-
ments (Fig. 2c and Supplementary Fig. 9).

For comparison, in Fig. 2d we summarize previous reports of
single atoms synthesized using various methods. Most wet chemical
approaches use a mild temperature (<773 K) and the resulting single
atoms are vulnerable under subsequent high-temperature anneal-
ing, especially when there is no proper bonding or coordination
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with the substrate'”'>?”?. Furnace heating or annealing at 1,073-
1,173K can substantially increase the thermal stability of single
atoms by creating strong and stable metal-substrate bonding
through atom trapping and substrate anchoring>***. However,
the much higher temperature of our shockwave method surpasses
furnace heating with the ability to synthesize single atoms up to
1,500-2,000 K. In addition, a higher-temperature synthesis provides
ultrafast kinetics for single-atom dispersion with extremely shorter
processing durations (<10s) and a higher efficiency compared to
low-temperature methods.

Analysis of the single-atom bond structure. The thermal stabil-
ity of HT-SAs comes from the Pt-substrate bond’s ability to resist
high-temperature annealing. Experimentally, we analysed the
bond structure by extracting the nearest-neighbour coordination
numbers and the local structure of the Pt HT-SAs from fitting the
EXAFS profiles with first-shell model (Table 1 and Supplementary
Fig. 10). Figure 3a shows a typical EXAFS fitting of Pt 1,500K
HT-SAs, which renders a bond distance of 1.931 A and a coordina-
tion number of 2.8 (indicating a Pt-X; bond configuration). The
experimentally derived bond length is considerably shorter than the
literature reported Pt-O (2.01-2.05 A) (refs. °*) and Pt-N bonds
(~2.3A) (ref. ), but it is in good agreement with a Pt-C bond that
has a calculated bond length of 1.93 A (ref. *). Moreover, based on
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Table 1| Fitting parameters of the Fourier transform of the first shell of the EXAFS spectra

Sample Scatter CN R (A) & (A E, (eV)
Pt 1,500K 1 cycle Pt-C 246+0.62 1.941+0.027 0.0063 +0.0038 3.40
Pt 1,500 K 10 cycles Pt-C 2.81+0.70 1.931+0.027 0.0075+0.0037 —-0.09
Pt HT-SAs 2,000 K Pt-C 2.85+0.65 1.950+0.026 0.0084 +0.0038 415
Pt-O (ref.**) Pt-O 6 2.017

Pt-N (ref. *) Pt-N 4 2.309

Pt-C, (DFT) Pt-C 3 1.940

Pt-N; (DFT) Pt-N 3 2188

Pt-0,C, (DFT) Pt-0 2 2.052

CN, coordination number; R, bond distance, ¢?, Debye-Waller factor; E,, edge energy shift (R-factor <0.009).

this Pt-X, bond model, we calculated the bond distance of Pt-C in
Pt-C;,, Pt-Nin Pt-N; and Pt-O in Pt-O,C, using density functional
theory (DFT)¥-*. The calculated Pt-C bond in the Pt-C, configu-
ration shows a bond distance of 1.940 A, which is very close to the
experimentally fitted result, whereas the Pt-N and Pt-O bonds all
have much larger bond distances (Fig. 3b), which confirms the Pt-C
bond structure in our samples.

The DFT result also reveals that the bonding energy of Pt-C
bonds is surprisingly higher than that of Pt-N bonds under the
similar bond configurations (Pt-X, and Pt-X,) (Supplementary
Fig. 11a). In addition, the charge density difference diagrams fur-
ther illustrate the difference between Pt-C and Pt-N bonds: in Pt-C
bonds, a large amount of charge transfer appears between the Pt
and C atoms and the charge density is mainly concentrated in the
centre, which indicates a strong covalent bond nature; however, in
Pt-N bonds, the transferred electron is mainly circulated around
the Pt and N atoms, which denotes an ionic bond (Supplementary
Fig. 11b). Therefore, the Pt-C bonds demonstrate a higher binding
energy and a unique covalent nature compared with Pt-N bonds in
a similar bond configuration.

High-temperature dispersion and stabilization. To understand
the atomistic origin of the high-temperature-induced dispersion
and stabilization, we performed molecular dynamic (MD) simula-
tions using the reactive force field (ReaxFF) potential*"** (details in
Supplementary Methods). The defects on graphene contain ran-
domly etched carbon vacancies to mimic the surface of CA-CNFs.
Figure 3c clearly depicts the dispersion of Pt clusters into single
atoms with increasing heating cycles at 1,500 K (from (i) to (iii)), as
well as the dispersion stability on thermal annealing at 1,500K (iv).
We observed both the agglomeration and atomization of Pt atoms,
but the atomization can only be stabilized when energy-favourable
Pt-C bonds are formed (types 4-10 in Fig. 3d). Figure 3e shows
the evolution of bond structures before and after a shockwave at
1,500K, in which all the initial weak bonds (Pt-Pt cluster and types
1-3 Pt-C bonds) change into stronger Pt-C bonds (types 4-10)
with higher binding energies, which illustrates the atomic origin as
to why the HT-SAs are more thermally stable than Pt clusters. The
simulation clearly reproduced our synthesis process in which the
initial Pt clusters are weakly attached with the substrate, but with
more shockwave heating, the clusters are disassembled into single
atoms by forming thermodynamically stable Pt-C bonds that can
sustain high-temperature annealing. This also indicates defects on
the substrates are essential to stabilize HT-SAs and determine the
dispersion density.

In the process, high temperature is critical to provide sufficient
activation energy for atom diffusion and overcome the energy bar-
rier for bond formation. As an example, when a single Pt atom
deviates from a Pt-30 cluster to form a Pt-C bond, kinetically there
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is an energy barrier (for example, 1.48¢eV) that hinders the disper-
sion, which can only be overcome at a high temperature (Fig. 3f
and Supplementary Fig. 12). We also simulated the shockwave
dispersion at other temperatures: 500, 1,000, 2,000 and 2,500K
(Supplementary Fig. 13). Although similar shockwave patterns
(on/off ratio and cycle numbers) were applied, low temperatures
(500 and 1,000K) failed to fully disperse the Pt cluster within the
given repeated cycles. In contrast, higher shockwave temperatures
had improved kinetics and achieved single-atom dispersion much
faster, that is, gave a much higher dispersion efficiency (Fig. 3g).
Moreover, the Pt-C bond distribution in these HT-SAs shows an
increasing proportion of more stable type 5-10 bonds at higher
synthesis temperatures, which indicates an improved thermal sta-
bility (Fig. 3h). Therefore, high-temperature synthesis is critical for
single-atom dispersion and stabilization as it provides the essential
activation energy to accelerate the dispersion process and promote
the formation of bonds that are more stable.

Generality of the shockwave synthesis and catalytic study. The
simple shockwave synthesis method can generally be applied to
other metals and substrates in which a high temperature enables
the atom dispersion by forming stable metal-defect bonds while
the shockwave heating helps maintain the overall stability. As the
shockwave temperature is sufficiently high compared with the ther-
mal decomposition temperatures of most metal precursors, our
method can be used to produce single-atom dispersions of most
metals, as demonstrated of Ru and Co HT-SAs on CA-CNFs (Fig. 4a
and Supplementary Fig. 14).

In addition, the shockwave method can be extended to other
substrates, such as conductive reduced graphene oxide, semi-
conductor C;N, and oxides like TiO,, but with a different heat-
ing method (Supplementary Fig. 15) and forming different bonds
with the substrates (Supplementary Fig. 16). Radiative shockwave
heating can be used for powder samples by depositing precursor-
loaded powders beneath a carbon film that was Joule heated in a
shockwave pattern. The high temperature achieved in the film also
heated the C,N, powder and induced a high-density single-atom
dispersion (Fig. 4b). In addition, the shockwave heating main-
tained the structural integrity of C,N,, which otherwise would be
easily carbonized by prolonged heating (Supplementary Fig. 17).
The non-contact radiative heating can also be scaled up easily for
a continuous production (Supplementary Fig. 18). Alternatively,
as oxides have a poor thermal conductivity for effectively radiative
heating, we achieved Pt HT-SAs on TiO, substrates by depositing a
thin layer (~2.5nm) of TiO, on the nanofibres in a CA-CNF film via
atomic layer deposition (Supplementary Fig. 15¢). The shockwave
heating of the CA-CNF film also heated the TiO, layer through
conductive heating and induced the single-atom dispersion on
TiO, (Fig. 4c). These results demonstrate the generality of the
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high-temperature-shockwave method for synthesizing thermally
stable single-atom dispersions, which suggests a great potential for
scalable nanomanufacturing.

To test the stability of our HT-SAs, we first performed an in situ
hydrothermal test for Pt HT-SAs on CA-CNFs in an environmental
TEM (ETEM) at a partial H,O pressure of 10~ mbar from 300 to 773K
(the upper limit is to avoid equipment corrosion), with each studied
temperature held for at least 30 minutes. As shown in Supplementary
Fig. 19, no nanocluster emerged during the in situ measurement up
to 773 K, which proves the HT-SAs are stable. We further confirmed
the performance stability of the Pt HT-SAs in the CO oxidation reac-

NATURE NANOTECHNOLOGY | VOL 14 | SEPTEMBER 2019 | 851-857 | www.nature.com/naturenanotechnology

tion before and after hydrothermal treatment using 5% H,O at 973K
for four hours, which corroborates the hydrothermal stability of the
Pt HT-SAs (Fig. 4d). The Arrhenius plots measured by kinetic stud-
ies (Fig. 4e) also show that the apparent reaction energies of the Pt
single-atom catalysts before and after the steam pretreatment are very
close (50.7kJmol™ versus 53.2kJ mol™). In addition, we performed
multiple cycles of the CO oxidation measurements (Supplementary
Fig. 20), as well as a stability test at 493 K for 50 hours, and both con-
firmed the high stability of the Pt HT-SAs (Fig. 4f).

Additionally, we demonstrated that the HT-SAs have a reduc-
tive catalytic application in direct methane conversion, in which
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value for nanocluster Pt/SiO, (ref. +3).

single-atom catalysts exhibit good performances due to the coke
resistance by preventing catalytic C-C coupling’>"". A control
sample was synthesized via a conventional impregnation (that is,
IMP) method by using the same material but thermally reducing
it at 573K for onehour (Supplementary Fig. 21). Figure 4g and
Supplementary Fig. 22 display the performance of Pt IMP and
Pt HT-SAs for the direct CH, conversion at 973K to give various
products, such as ethylene, ethane, propylene, propane, butene and
benzene among others. The product distribution shows a high selec-
tivity for C,H,, C,H; and C;H, (>90%) for Pt HT-SAs and no coke
formation for extended 50 h. In contrast, the Pt IMP sample shows
severe coke formation even during the first hour of reaction, which
could be ascribed to the continuous ensembles and aggregation of
Pt sites at a high temperature (973 K). Figure 4h shows the superior
stability of the Pt HT-SAs in CH, conversion with a stable turnover
frequency (TOF) for 50h, in contrast to the quick drop of TOF for
the Pt IMP sample due to its dispersion instability at a high tem-
perature and aggregation into nanoclusters. Note that our HT-SAs
demonstrate a roughly 1,000-times higher TOF than the Pt nanoclu-
ster supported on SiO, catalysts reported in the literature under simi-

856

lar conditions®, which manifests the criticalness and great efficiency
of single-atom catalysts. These practical results demonstrate the
superior thermal stabilities of HT-SAs synthesized by high-temper-
ature shockwaves and their great potential for catalytic applications.

Conclusion

We report a high-temperature-shockwave method to synthesize and
stabilize high-density single atoms at very high temperatures with a
great efficiency. The shockwave design enables a high-temperature
(1,500-2,000K) synthesis during the on state; however, the average
temperature is significantly lower (for example, 400K) as a result of
the extended off times, which makes the method compatible with
various substrates and manufacturing. Control experiments and
simulation results revealed the critical roles of high-temperature
synthesis, which provides the activation energy and ultrafast kinetics
for single-atom dispersion and promotes a more-stable bond forma-
tion with the defects on the substrates. We confirmed the high-tem-
perature stability of the HT-SAs by in situ (stable up to 1,273 K) and
ex situ STEM (shockwave stability up to 1,500-2,000 K). We also
demonstrated the stability of HT-SAs in CO oxidation and in direct
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methane conversion over 50 hours. The shockwave method is facile
and general for synthesizing various thermally stable single atoms on
different substrates, which provides a route for single-atom manu-
facturing to give high-temperature catalytic reactions.

Online content

Any methods, additional references, Nature Research reporting
summaries, source data, statements of code and data availability and
associated accession codes are available at https://doi.org/10.1038/
$41565-019-0518-7.
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Methods

Materials and substrates. All the salt precursors, H,PtCl hydrate (99.995%),
RuCl,:xH,0 (>98%) and CoCl,-6H,0 (98%), were purchased from Sigma-
Aldrich without further purification. CNF substrates were derived from
polyacrylonitrile (Sigma-Aldrich) by electrospinning an 8 wt% polyacrylonitrile
in dimethylformamide (Sigma-Aldrich) solution at a voltage of 15-20kV, a
spinning distance of 10 cm and a feed rate of 1 mlh'. The nanofibre mat was first
stabilized in air at 533K for 5h and carbonized at 1,273 K for 2h in Ar to create
the CNF sample. The CNF material was then thermally annealed under a CO,
atmosphere (80 mlmin™') at 1,023 K for 3h (CA-CNF). Reduced graphene oxide
was synthesized according to a modified Hummer’s method* and then thermally
reduced at 300°C for 2h in an Ar-protected tube furnace. The C;N, powder
substrate was synthesized by pyrolysis of melamine powder at 550°C for 2h in

a muffle furnace. The TiO,-coated CA-CNFs were fabricated using atomic layer
deposition (Beneq TFS 500 ALD) of alternating a Ti precursor and H,O for

50 cycles (estimated TiO, thickness of 2.5nm).

Shockwave synthesis. The salt precursors were dissolved in ethanol-based
solutions at a dilute concentration (0.0001-0.0005 moll™), and the solutions were
directly dropped onto the suspended CNF films with a loading of 20-100 pLem
(in total ~0.01 pmol cm) and left to dry (room temperature, 30 min). The
precursor-loaded CNF films were then subjected to the shockwave synthesis in
an Ar-filled glovebox using a programmable electrical pulse (Keithley 2425).

The pulse temperature, duration and on-off ratio were easily adjusted by the
programming in the Keithley 2425 system (the sweep function) or by an external
control software. A high-power d.c. source (Volteq, 1,200 W) was also used when a
high input power was needed. The programmable pulse heating o the high-power
electric source was controlled by Keithely through a relay.

To estimate the temperature evolution during the shockwave process, a
homemade colour ratio pyrometer measurement was performed using a Vision
Research Phantom Miro M110 high-speed camera. Detailed temperature
calculations are given in a previous paper*. MATLAB was used to extract the
raw pixel values to calculate the temperatures. For the figures that show the
temperature of a single sample as a function of time, only unsaturated pixels
above the black level and within the error threshold were used to report the mean
and median temperature of the frame for a contiguous area of at least
ten acceptable pixels.

Characterizations. The microstructure was characterized by SEM (Hitachi SU-70
FEG-SEM at 10kV) and TEM (JEOL 2100F FEG TEM and JEOL TEM/STEM
ARM 200CF equipped with HAADF and annular bright-field detectors). The
HAADF images were acquired using the JEOL ARM 200CF with a 90 mrad inner-
detector angle. The in situ TEM thermal stability study was performed using a
Protochips Fusing holder with the sample loading on the corresponding heating
E-Chip. In situ ETEM observations were performed on a FEI Titan 80-300 ETEM
using a HAADF detector. The water vapour pressure was controlled at ~10~> mbar
by a lab-developed gas-delivery system. The sample was held in the controlled
environment for 30 min at each measurement temperature; the electron beam
was blanked during the heating intervals and was only opened instantaneously
for imaging. Raman spectroscopy data were obtained on a Horiba Jobin-Yvon
using a 532 nm laser and an integration time of 4s (repeated four times). The
surface area and pore size distribution were measured by a Tristar II 3020 gas-
adsorption analyser (Micromeritics). The surface area and pore size distribution
were measured by a Micromeritics ASAP 2020 Porosimeter Test Station
(Micromeritics). The metal loading was performed by inductively coupled plasma
mass spectroscopy (Thermo Scientific Element 2 ICP-MS) by first dissolving our
samples in aqua regia and then diluting with 2% HCI.

The X-ray absorption spectroscopy measurement at the Pt L, edge (11,564 eV)
was performed on the bending-magnet beamline of the X-ray Science Division
(9-BM-B) at the Advanced Photon Source, Argonne National Laboratory. The
radiation was monochromatized by a Si(111) double-crystal monochromator.
Harmonic rejection was accomplished with a rhodium-coated flat mirror. The
energy was calibrated with Pt foil at the Pt L, edge. All the spectra were collected
in fluorescence mode by a four-element silicon drift detector (Vortex-ME4, SII
NanoTechnology USA, Inc.). Standard procedures based on Athena and Artimas
software were used to fit the X-ray absorption spectroscopy data. The EXAFS
coordination parameters were obtained by a least-squares fit in k space of the
k*-weighted Fourier transform data from 3.0 to 12.0 A, and the first shell fit of the
magnitude and imaginary parts were performed between 1.2 and 2.0 A.

MD simulations. We used the large-scale atomic/molecular massively parallel
simulator to perform MD simulations*. To consider the bond interactions between
the Pt and C atoms, the ReaxFF potential was used to describe the interaction
between atoms in the Pt/graphene system*'. The simulation was performed on a
canonical ensemble (NVT) using the Nosé-Hoover thermostat with a 0.25 fs time
step. We first equilibrated the Pt/graphene system at 300K for 2.5 ps. Then, we
performed repeated heating to 1,500K for 25 ps and cooling to 300K for 12.5ps

for a total of 50 times (which mimics the shockwave process). Finally, we slowly
increased the temperature of the system to 1,500 K for 100 ps after the single Pt
atoms formed to observe the stability of these atoms on the graphene sheet (which

mimics the thermal annealing process). In the simulation, the graphene sheet was
10nm X 10nm in size, and the defects were created by removing C atoms randomly.
Also, 80 Pt atoms on the graphene sheet were located randomly. The binding
energy of the Pt atom to graphene was defined as:

Ep = EPl/graphene — Ep — Egraphene (1)
in which Ep(/graphenes Epi a0d gy phene are the average potential energies of the
Pt/graphene system, isolated Pt atom and graphene sheet with a fixed geometry,
respectively. Under this definition, a more-negative binding energy indicates a
stronger interaction between the graphene and Pt. Before calculating the potential
energies, the energy of the system was first minimized using the conjugate gradient
algorithm until either the total energy change between successive iterations divided
by the energy magnitude was less than or equal to 107° or the total force was less
than 106eV A

The reaction energy barrier was calculated by:

AE = Efinal — Einitial (2)

in which Ej,, and E, ;, are the potential energies of the corresponding initial state
and final state, respectively. AE >0 means the reaction is an endothermic reaction
(not thermodynamically favourable) and AE < 0 indicates that the reaction is an
exothermic process and is thermodynamically favourable.

DFT simulations. DFT implemented in the Vienna ab initio simulation
package’*” was performed to determine the atomic interaction between platium
and graphene. The generalized gradient approximation of the Perdew-Burke-
Ernzerhof functional® was used for exchange and correlation interaction. The
Brillouin zone was sampled by a 22 x 1 Monkhorst and Pack’ grid. The cutoff
energy in our calculation was 400 eV. All the calculations were relaxed to minimize
the total energy of the system until the atomic forces converged to 0.01eV A-".
Period boundary conditions were applied in both in-plane and interlayer
directions. To eliminate the interaction between periodic images of atoms, a

12.75 Ax 12.49 A cubic supercell was used to investigate the interaction of Pt atoms
with graphene and a vacuum space of 15 A perpendicular to the graphene plane.
Given the existence of a suspending bond, all our calculations were added the

spin polarization. For single-atom dispersion on C;N, and TiO,, the simulation
(boundary and convergent conditions) was set using similar but adaptive rules.

Catalytic studies. Catalytic CO conversion was conducted in a fixed-bed flow
reactor at atmospheric pressure. Typically, 15 mg of catalyst (Pt HT-SAs on CA-
CNFs) was loaded into a quartz tube reactor (7 mm inner diameter). Prior to the
reaction, the catalyst was pretreated in He (50 mlmin) for 2h, and then cooled

to 50°C. At 50°C, the gas flow was switched to the reactant gas feed (50 mlmin-'),
which contained 1% CO and 4% O,, balanced by He. The reaction was then carried
out at various temperatures, which were increased stepwise from 50°C to 300°C.
We allowed the system to reach a steady state before product analysis. To determine
the conversion of the reactants and the product yields, a Fourier transform infrared
spectrometer (Nicolet 6700, Thermo Scientific) equipped with a long path (5m)
gas cell and an mercury-cadmium-telluride detector (with a resolution of 8 cm™)
was used to analyse CO (2,173 cm™). The kinetic measurements were carried out
below 200 °C and with gas hourly space velocity of 4001g_,~'h™ to ensure that the
reaction condition was within the kinetic zone. The long-term stability test was
measured at 220°C.

The catalytic non-oxidative conversion of CH, was conducted in a fixed-bed
flow reactor at atmospheric pressure. Before the reaction, a pretreatment was
applied: 50 mg of catalyst (Pt HT-SAs on an ALD CA-CNF) (40-60 mesh) was
loaded into a microflow quartz reactor (7 mm inner diameter), heated to 110°C
at a rate of 5°Cmin' under He (50 mmin™) and held at 110°C for 1 h. After
pretreatment, the temperature was increased to 700 °C under He and the gas flow
was then switched to 90% CH,/He (20 mlmin~', space velocity=241g_,'h™).

The reaction temperature was kept at 700 °C and the reaction was run for 20 h.

To determine the conversion of the reactants and the formation of products, a

gas chromatograph (GC-2010 plus, Shimadzu) equipped with a SH-Rt-Q-BOND
column and a BID detector were employed. All the lines between the reactor outlet
and gas chromatograph sampling loop inlet were heat traced to 90°C to prevent
product condensation. The methane conversion, hydrocarbon product selectivity
and coke deposition selectivity were calculated according to the mass balance.

Data availability
The data that support the plots within this paper and other findings of this study
are available from the corresponding authors upon reasonable request.
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