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Highly Loaded Independent Pt° Atoms on Graphdiyne for
pH-General Methanol Oxidation Reaction
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Bolong Huang,* and Yuliang Li*

The emergence of platinum-based catalysts promotes efficient methanol
oxidation reactions (MOR). However, the defects of such noble metal
catalysts are high cost, easy poisoning, and limited commercial applications.
The efficient utilization of a low-cost, anti-poisoning catalyst has been
expected. Here, it is skillfully used N-doped graphdiyne (NGDY) to prepare a
zero-valent platinum atomic catalyst (Pt/NGDY), which shows excellent
activity, high pH adaptability, and high CO tolerance for MOR. The Pt/NGDY
electrocatalysts for MOR with specific activity 154.2 mA cm—2

(1449.3 mA mgp, "), 29 mA cm~2 (296 mA mgp,~') and 22 mA cm~2

(110 mA mgp,~") in alkaline, acid, and neutral solutions. The specific activity
of Pt/NGDY is 9 times larger than Pt/C in alkaline solution. Density functional
theory (DFT) calculations confirm that the incorporation of electronegativity
nitrogen atoms can increase the high coverage of Pt to achieve a unique
atomic state, in which the shared contributions of different Pt sites reach the
balance between the electroactivity and the stability to guarantee the higher
performance of MOR and durability with superior anti-poisoning effect.

1. Introduction

Because of its unique and superior char-
acteristics, atomic catalyst (ACs) has be-
come one of the hottest research frontier
fields in renewable energy conversion. This
is mainly due to its #100% metal atom uti-
lization, infinitely distributed and uniform
active sites to achieve high catalytic selec-
tivity, activity and stability in various sus-
tainable energy technologies (e.g., fuel cells,
batteries, and hydrogen production devices,
etc.).11 Previous reports have shown that
the unique atomic environments of the ac-
tive sites (for example, geometric construc-
tion, coordination, and electronic structure)
in ACs are decisive in determining the cat-
alytic efficiency.[1*12] More importantly, the
special geometric and electronic structures
of ACs allow for the modulation of the
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binding behaviors of reaction intermedi-

ates, which can lead to different reaction

selectivity, activity, and stability in catalytic
processes.>*13] Accordingly, the configurations of ACs can be
further exploited to tune the catalytic performances toward tar-
get reactions. A very important issue is to rationally design
and synthesize ACs with desired atomic environments aim-
ing to enhance the conversion efficiencies toward practical
applications.

Direct methanol fuel cells (DMFC) have been considered one
of the most promising energy conversions with high energy
density,['*1%1 in which Platinum-based catalysts are employed as
the most promising electrocatalysts for efficient methanol oxida-
tion reaction.['”!8] Previously, great efforts have been devoted to
enhancing the MOR performance through (1) fabricating the Pt-
M (M = Ni, Pd, Co, Ru) alloying with special structurel7-2l; (2)
designing Pt-C (C = rGO, CNTs, NGO) catalysts dispersed on
carbon support'®*22l; (3) Anchoring single-atom on Pt nanos-
tructure or metal oxidation.!?3] These strategies exhibit enhanced
electrocatalytic activity and durability for MOR by tunning elec-
tronic structure, improving the dispersing on supports, or fabri-
cating the atomic vacancies.!'*1*2}] However, the low kinetic ac-
tivity and self-poisoning are due to the intermediate CO adsorp-
tion on Pt leads to the rapid decrease in the catalytic performance.
This is a difficult issue in the catalytic field. Well solved, it can
well guide us to develop new and general electrocatalysts with
high reaction efficiency and realize the rapid development of the
energy industry. Hence, the challenge we face is how to develop
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efficient and general electrocatalysts with high resistance to CO
poisoning, and high pH adaptability for MOR.

Graphdiyne, a new carbon allotrope comprising of sp/sp?-
hybridized carbon atoms, affords unique opportunities for ra-
tional elemental doping,?! for instance, sp—for nitrogen!®l—
and sp?hybridized carbon atoms for hydrogen!?¢l—, fluorol?’I-,
chlorine!®l—, and boron.[?”! These new materials, developed on
the basis of graphdiyne, endow graphdiyne with special prop-
erties for various applications including catalysis,!?*3032] en-
ergy storage and conversion.[****] N-doped carbon supports have
made a great contribution to the development of ACs due to
their defect-engineering to stronger chemical bonds, offer and
stabilize more atomically sites.’¢-8] The N-doped carbon SACs
catalysts applied for different electrocatalytic including formic
acid oxidation reaction, hydrogen evolution reaction and oxygen
reduction reaction with high activity and stability in the near-
est reports.?~*!l The high electronegativity of N atoms induces
more charge transfer between GDY support and low coordina-
tion metal ACs in this process, which results in the ACs on
N-doped GDY supports more stable and active.[?’! In addition,
the N-doping induced intrinsic defects, large surface area and
abundant porous size of GDY supports favor anchoring more
metal sites.[*] Importantly, N-doped GDY supports can exhibit
high electric conductivity, excellent stability in acid and alkaline
electrolytes.[}] Encouraged by these excellent advantages of N-
doped GDY, we speculated the single atom Pt on NGDY with
notable properties can enhance catalyze the MOR. Although the
atomic catalysts have been widely applied in many other electro-
chemical reactions, Pt single-atom catalyst on N-doped GDY ap-
plied in the MOR have rarely been discussed.

Herein, we report the facile anchoring of zero-valent Pt atoms
on N-doped graphdiyne obtained by selective cycloaddition of sp-
hybridized carbon atoms in GDY with hydrazine (Pt/NGDY). Ex-
perimental results showed that the Pt/NGDY has excellent ac-
tivity, CO anti-poisoning ability and durability for efficient MOR
over a wide pH range from acidic to alkaline conditions. Our
results revealed that the inhomogeneous electronic distribution
induced by N dopants allows the dispersive and high coverage
of Pt atoms, which boosts up the electroactivity based on more
positively charged Pt to enhance the fixation of intermediates
and electron transfer for MOR. This work paves a new direction
for the atomic catalyst to achieve comparable performance with
nanoparticles in the MOR through the high-loading strategy.

2. Results and Discussion

Benefiting from the rich in diacetylene units, GDY allows for the
precise and controllable cycloaddition reaction, which can result
in a new type of pyrazole-nitrogen doped GDY with accurate N-
doping sites. The Cope-type hydroamination of diacetylenes in
GDY with hydrazine was performed to form NGDY, as shown in
Figure 1a. In brief, the NGDY was synthesized by the selective
cycloaddition of diacetylene in GDY with hydrazine, including
the Cope-type hydroamination of diacetylenes with hydrazine oc-
curred together with a proton-transfer, followed by a fast isomer-
ization and an intramolecular electrophilic addition.>! Electro-
chemical in situ anchoring was performed through a chronopo-
tentiometry method at the current density of 5 mA cm™ for
10 s by a three-electrode system, in which the self-supported
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three dimension (3D) NGDY nanosheets array was used as the
working electrode. The Pt atoms were seized and anchored on
the NGDY nanosheets, achieving the single Pt atom catalysts,
whereas longer deposition time (e.g., above 20 s) would dramati-
cally result in Pt nanoparticles on NGDY nanosheets (Figure S1,
Supporting Information).

Density functional theory (DFT) calculations were performed
to explore the origins of high coverage of Pt atoms on the NGDY
and their high performance in MOR. For the structure of NGDY,
we have constructed the model with N dopants of different
distributions in GDY. The bonding and antibonding orbitals
near the Fermi level (E;) are demonstrated for the NGDY, which
supports that the electron-rich feature of the C sites and the N
dopants on the chains of GDY (Figure 1b). This indicates both
the structural symmetry and the electronic distribution has been
affected by the N dopants, which creates more potential sites for
the anchoring of Pt atoms to achieve high coverage and loading.
With the sufficient coverage (~70%) of Pt atoms on the NGDY,
we notice the evident distortion of the local structure induced by
the substantial p-d couplings between the NGDY and Pt atoms
(Figure 1c). More importantly, the local electronic structure has
been further perturbed, leading to highly uneven electronic
distribution, where different Pt sites have displayed different
electronic contributions. For high coverage, we notice that the Pt
atoms preferred to distribute in the lattice to reach high stability
(Figure 1d). Regarding the energy cost for the anchoring, we have
classified the various Pt sites into three different types based on
the energy. Notably, the Pt atom anchored on the GDY chain
without N dopants still demonstrates the highest stability with
the lowest energy cost. As the neighboring N dopants become
more, the anchored Pt atoms are less stable with a high energy
barrier to be stabilized. To reveal the electronic structure induced
by the N dopants and Pt, we have compared the projected partial
density of states (PDOS) of NGDY and Pt/NGDY (Figure 1e). For
the NGDY, we notice the higher position of N-s,p orbitals than the
C-s,p orbitals. A minor gap is still noticed between the conduction
band (CB) and valence band (VB), indicating the barrier for elec-
tron transfer. With the high coverage of Pt atoms, the electronic
structure has been evidently changed (Figure 1f). The Pt-5d
orbitals dominate the electronic states near Ey.. Notably, the N-s,p
orbitals have been significantly suppressed from E,—1.94 eV in
NGDY to the slightly deeper position at E,—2.90 eV (E, = 0 V).
The s,p orbitals of GDY show the broadband feature and cross
the Fermi level, indicating the improved electronic conductivity.
This is attributed to the p-d coupling by the high coverage of
Pt. Since we have noticed different anchoring sites of Pt, the
corresponding site-dependent electronic structures of anchored
Pt atoms have been investigated (Figure 1g). For those highly
stable anchoring sites on the GDY chain without N dopants
involvement, the dominant peak of 5d orbital in Pt is located
near E,—1.94 eV. The consistent results with XPS data of ex-
periments confirm that the high coverage of Pt atoms in NGDY
consists of varied types of anchoring sites, which achieves the
balance between stability and electroactivity. To evaluate the
MOR performance, the PDOS of the key intermediates has
been demonstrated (Figure 1h). Owing to the contribution of
different Pt sites, the PDOS of the intermediates displays the
linear correlation, which supports the efficient electron transfer
during the MOR process. The much-increased active Pt sites on
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Figure 1. a) Schematic representation of the synthetic route for NGDY. b) Structural configurations and real spatial 3D orbital contour plots of NGDY.
c) Structural configurations and real spatial 3D orbital contour plots of high coverage Pt/NGDY. d) The mapping of high coverage Pt/GDY. e) PDOSs of
the high coverage NGDY. f) PDOSs of the high coverage Pt/NGDY. g) PDOSs of the Pt atom on different anchoring sites on NGDY. h) PDOSs of key

adsorbates of MOR in Pt/NGDY.

NGDY enable the intermediate transformations simultaneously
on varied neighboring Pt sites, which significantly boosts up the
MOR process and guarantees the high performance.

Scanning electron microscopy (SEM) images in Figure 2a—
d show that the GDY nanosheets array was uniformly grown
on carbon cloth with a smooth surface (Figure 2a,b), forming a
honeycomb-type porous structure. During the cycloaddition pro-
cess, the morphology of GDY was well maintained (Figure 2e,f)
and the N elements were distributed uniformly over the whole
nanosheets (Figure 2g—i). From SEM (Figure 2j,k) and transi-
tion electron microscopy (TEM, Figure S2, Supporting Infor-
mation) images, we can see that the Pt/NGDY still retains the
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honeycomb-type porous structure which is beneficial for the
catalytic reaction process. Energy-dispersive X-ray spectroscopy
(EDS) mapping (Figure 21) showed the homogeneous distribu-
tion of Pt, N and C elements. X-ray photoelectron spectroscopy
(XPS, Figure 2m) revealed the successful anchoring of Pt and on
NGDY.

High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) was employed to characterize the
atomic structure of the catalysts. The HAADF-STEM images
display large numbers of bright dots isolatedly and highly dis-
persed on the substrate surface and no peak of Pt was observed
in XRD (Figure 3a-h, Figure S3, Supporting Information),

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

www.advancedscience.com

—— Pt’/PzGDY
PzGDY

O1s

Pt 4f

Intensity (a.u.)

100 200 300 400 500 600
Binding energy (eV)

Figure 2. Morphological characterizations. Low- and high-magnification SEM images of a,b) pure CC, c,d) GDY, and e,f) NGDY, respectively. g) SEM
images and elemental mapping images of h) C and i) N. j) Low- and k) high-magnification images of Pt/NGDY, I) SEM and corresponding elemental
mapping images of C, N, and Pt, respectively. m) XPS survey spectra of NGDY (black line) and Pt/NGDY (red line).

which confirmed the atomic dispersion of Pt atoms on NGDY
nanosheets. HAADF-STEM (Figure 3) and High-resolution TEM
(HRTEM, Figure S4, Supporting Information) images verified
no obvious Pt clusters and nanoparticles existed on the NGDY
surface. Inductively coupled plasma mass spectrometry (ICP-
MS) analysis showed the Pt mass loading is 0.02 mg cm™. The
HAADF-STEM-EDS elemental mapping results (Figure 3e-h)
of C, N, and Pt reveal the uniform dispersion of the Pt atoms.
X-ray absorption near-edge structure (XANES), extended X-ray
absorption fine structure spectroscopy (EXAFS) and XPS analysis
provide the information of the electronic states of Pt atoms in the
catalysts. Figure 3i displays the XANES spectra of Pt/NGDY and
Pt foil at Pt L3 edge. Compared with Pt foil, Pt/NGDY gives an
obvious negative shift in the energy, indicating that Pt atoms in
Pt/NGDY are zero-valent. This was also confirmed by the deriva-
tive XANES results (Figure S5, Supporting Information). The lo-
cal structure environment and atomic dispersion of Pt was ex-
amined by EXAFS Fourier transforms (Figure 3j). For Pt foil,
the peak at ~2.6 A was observed in Fourier-transformed EXAFS
(FT-EXAFS), which attributed to the Pt-Pt bonding and were not
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detected in Pt/NGDY. This corresponds to HAADF-STEM re-
sults and verifying the isolated existence of Pt single atoms in
Pt/NGDY. While, in Pt/NGDY sample, the two peaks at around
1.5 A correspond to the scattering interaction between Pt atoms
and the first coordination shell of Pt-N. The peak appears at 2.0 A
for Pt/NGDY, which is larger than Pt-N distance, corresponds
to the Pt-C bond length. The subsequent quantitative EXAFS
curve-fitting analysis shows that the coordination number of N
atoms in the first coordination sphere was estimated to be 3 at
the distance of 1.6 A, indicating a square-pyramidal configuration
for the Pt-N/O bonding. In addition, the coordination sphere of
C atoms exhibits the coordination number of 7 at 2.2 A (Table
S1, Supporting Information). These results solidly demonstrate
the success fully anchoring of isolated zero-valent Pt atoms on
NGDY.[®?]

The chemical states of N and C in Pt/NGDY were studied by
XPS spectra. Pt 4f spectrum of Pt/NGDY (Figure 3k) located at
71.6 (Pt 4f,,) and 74.9 eV (Pt 4f;),), respectively, confirm that
the Pt atoms on NGDY are mainly in zero-valence,®l consistent
with the XANES results (Figure 3i). In N 1s spectra of NGDY

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 3. HAADF and structure characterizations of the sample. a,c) The HAADF images and b,d) enlarged images of the Pt/NGDY recorded from
different areas (Bright dots are single Pt atoms). The e) STEM image and f) EDS elemental mapping images of overlapping, g) C and h) Pt, respectively.
i) Fourier transform (FT) of the Pt L3 edge EXAFS spectra of Pt/NGDY and Pt foil. j) Pt L3-edge spectra for Pt/NGDY and Pt foil. k) Pt 4f, 1) N 1s and

XPS spectra of the samples.

shows two different peaks (Figure 31), at 400.28 and 399.05 eV, in-
dicating the formation of aromatic pyrazole units in GDY. These
types of N offer new anchoring sites for Pt atoms.[1*11] After the
Pt atom anchoring, the N 1s binding energy shifts positively by
0.15 eV and the C 1s binding energy of Pt/NGDY shows a neg-
ative shift by 0.3 eV (Figure S6, Supporting Information). The
D/G band ratio value of Pt/NGDY in Raman increased from 0.77
to 0.85, indicating the Pt/NGDY have more defects (Figure S7,
Supporting Information). These results confirm the presence of
interactions between NGDY and Pt atoms, as well as the obvious
electron transfer between Pt atoms and C/N atoms, which are
critical and beneficial for enhancing the catalytic activity, long-
term stability, and carbon monoxide resistance.

2.1. MOR Performances of Pt/NGDY

The electrocatalytic MOR performances of the Pt/NGDY, NGDY
and commercial 20 wt% Pt/C were evaluated by using the
cyclic voltammetry (CV) method at a sweep rate of 50 mV s
on a typical three-electrode system at room temperatures. The
electrochemical surface area (ECSA) with respect to the charge
involved in hydrogen desorption for Pt/NGDY was determined
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to be 69.5 m? gy, 7!, much larger than reported electrocatalysts!'4]
(Figure S8, Supporting Information). The MOR tests were first
performed in an aqueous solution of 1 M methanol and 1 M
KOH. The specific activity curves normalized by corresponding
surface area (Figure 4a) reveal that Pt/NGDY has better MOR
activity, with the larger current densities over the whole oxidation
potentials, than that of Pt/C. For example, Pt/NGDY exhibits the
largest current density of 154.2 mA cm~2, which is about 67 and
9 times larger than that of NGDY (2.3 mA cm~2) and commercial
20 wt% Pt/C (17.1 mA cm™2), respectively. Besides, Pt/NGDY
exhibited a more negative onset potential (—0.6 V), as compared
to Pt/C (—0.4 V), indicating that Pt/NGDY needs lower energy
to drive the MOR than Pt/C. These results demonstrate the high
intrinsic activity of Pt/NGDY. Such excellent specific activity is
even better than previously reported Pt-based electrocatalysts and
other ones (Figure 4b, Table S2, Supporting Information). The
mass activities (MOR current normalized by loading mass of Pt)
of the samples were further obtained and shown in Figure 4c. As
expected, Pt/NGDY possesses a significantly higher mass activity
1449 mA mg,,~! than commercial 20 wt% Pt/C (300 mA mgp, ™)
and previously reported Pt-based electrocatalysts in alkaline
conditions (Figure 4d). The operation stability of the Pt/NGDY
is determined by the chronoamperometry test (CAT) at room

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 4. Electrocatalytic performances of Pt/NGDY for MOR. a) The CV curves of Pt/NGDY and commercial 20 wt% Pt/C. b) The current densities of
Pt/NGDY and previously reported electrocatalysts. c,d) The mass activities of Pt/NGDY and previously reported electrocatalysts in alkaline conditions.
e) The Pt/NGDY of long-term durability measurements at 1 M methanol/1 m KOH. f) The current densities of these samples at 1 m methanol/1 m
H,SO,. g) The Pt/NGDY of long-term durability measurements at 1 M methanol/1 m H,SO,. h) The CV curves of these samples at 1 m methanol/1 m
Na,SO,. i) The Pt/NGDY of long-term durability measurements at 1 M methanol/1 M Na,SO,.

temperature in 1 m CH;OH+1 M KOH aqueous solution. As
shown in Figure 4e, Pt/NGDY shows much better stability with
the current density retention of >74% for a 50 000 s continuous
operation than that of 20 wt% Pt/C only 43% retention (Figure
S9, Supporting Information), higher than that of 20 wt% Pt/C
(43%). The current loss of Pt/NGDY may be due to the adsorp-
tion of methanol molecules which lead to the poisoning of the
catalysts. HAADF characterizations on the Pt/NGDY samples
after the long-term stability test show that the Pt atoms remain
isolated dispersion on the surface of NGDY without any aggrega-
tion and all elements are uniformly dispersed in NGDY (Figure
S10 and S11, Supporting Information). The specific activity of
Pt/NGDY was found to change with the variation of the Pt load-
ings. As the deposition time was further increased, Pt clusters
and Pt nanoparticles could be observed, and the specific activity
of Pt/NGDY decreased (Figure S12, Supporting Information).
These results reveal that the suitable loading Pt in Pt/NGDY can
lead to greater enhancement of activity and durability.

The MOR activities of Pt/NGDY were determined in 0.5 M
H,SO, and 1 M methanol electrolytes. As shown in Figure 4f,
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the Pt/NGDY displays the highest peak current density of
29 mA cm™ than that of Pt/C, NGDY and CC. The stability of
Pt/NGDY was examined Pt/NGDY at —0.65V. It was observed
that the highest peak current density still retains 21 mA mg,,™!
even after 7600 s (Figure 4g). The mass activity of Pt/NGDY
(296 mA mg,, ") is larger than Pt/C (10 mA mg,, ') (Figure S13,
Supporting Information). We next investigated the MOR perfor-
mance and long-term stability of the samples in 1 M Na,SO,
and 1 M methanol electrolytes. As expected, the Pt/NGDY still
possesses a higher MOR activity with a current density of
22 mA cm™ (110 mA mgp, ') than that of the Pt/C (current den-
sity of 11 mA ¢cm™, and mass activity of 14 mA mg,, ") (Fig-
ure 4h and Figure S14, Supporting Information). After a con-
tinuous electrocatalysis, the mass activity of Pt/NGDY retained
48 mA mg,, " (Figure 4i). These findings demonstrate that the
N doped GDY-based zero-valent Pt atomic catalysts can not only
maximize the catalytic activity but also improve the long-term sta-
bility.

The anti-CO poisoning ability is another important indicator
for evaluating the performance of a catalyst. The anti-poisoning

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Pt coverage and the ratio of the most stable Pt anchoring sites for Pt/NGDY. c)The energetic pathway of MOR on Pt/NGDY. d) The energetic pathway

of CO poisoning during the MOR on Pt/NGDY.

ability to carbonaceous species of the catalysts could be evalu-
ated by quantitatively comparing the ratio of the peak current
densities in the forward scan (j;) to backward scan (j,), the anti-
poisoning ability to carbonaceous species of the catalysts could
be assessed.'>"*] As expected, the j;/j, ratio values of Pt/NGDY
are 4.2, 1.63 and 1.26-fold larger than the commercial 20 wt%
Pt/Cin acidic, alkaline and neutral solutions, revealing the better
anti-CO poisoning ability of Pt/NGDY than commercial 20 wt%
Pt/C and implied the methanol would be effectively oxidized.
This was also confirmed by the CO stripping voltammetry ex-
periments. As shown in Figure S15 (Supporting Information),
commercial 20 wt% Pt/C presents the oxidation peak at —0.51 V
(vs SCE) due to the electrooxidation of CO on Pt/C.'*] Remark-
ably, Pt/NGDY shows the oxidation peak started at a more neg-
ative potential of around —0.64 V (Figure 5j), giving a 130 mV
decrease in the onset potential compared to Pt/C. These results
demonstrate the excellent MOR performance of Pt/NGDY in a
wide pH range could be corresponding to the catalysts can effi-
ciently reduce the CO binding strength, inconsistent with DFT
calculations.

We further study the high coverage of Pt/NGDY from the en-
ergetic mapping. For the initial coverage of Pt on NGDY, the en-
ergy variation is very large due to the distinct energy cost of sub-
stantial potential anchoring sites (Figure 5a). As the coverage in-
creases, the energy variation becomes more stable and reaches
the smallest point at the coverage of ~#70%, indicating the lim-
its for the most stable structures of high Pt coverage. This is due
to the higher coverage that leads to the more even distribution
of Pt atoms, lowering the overall energy. When the coverage fur-
ther increases to larger than 70%, the additional Pt atoms occupy
the more unstable, leading to the holistically unstable structure
of Pt/NGDY. For the different Pt coverage structures, the ratio of
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the most energetically preferred anchoring sites also correlates
with the stability of the catalyst (Figure 5b). As the Pt atoms start
covering the NGDY, Pt atoms prefer to occupy the most stable an-
choring site first. When the most stable positions are occupied,
the occupation of Pt on other less stable anchoring sites results
in the overall increases of the structure. Thus, the high coverage
of the Pt on NGDY is achieved based on the balance between the
Pt atoms distribution and stability. In addition, the energetic re-
action pathways have been demonstrated for both MOR and CO
poisoning (Figure 5c). For the MOR process, the overall reaction
process exhibits the exothermal trend with an energy release of
3.52 eV, which supports a much stronger thermodynamic trend
than the pristine Pt (111) surface. Such an energetically favorable
trend is ascribed to the enhanced Pt coverage with high electroac-
tivity to facilitate the electron transfer efficiency and intermediate
reactions. Meanwhile, the Pt (111) surface demonstrates an evi-
dent barrier of 0.52 eV for the initial cleavage of the C-H bond,
which significantly lowers the MOR efficiency. Meanwhile, the
pristine Pt catalyst usually suffers from CO poisoning, which is a
key factor to influencing the MOR performances (Figure 5d). Al-
though the initial dehydrogenation of methanol requires a subtle
barrier of 0.13 eV, the Pt (111) surface display an energetically
favorable trend for the CO formation, leading to the inevitable
occurrence of catalyst poisoning. In comparison, the high cov-
erage of Pt atom on NGDY substantially suppresses the CO poi-
soning effect. Attributed to the varied Pt active sites on Pt/NGDY,
the multi-Pt sites are able to display stronger suppression effect
to prevent the CO poisoning than the mono Pt atom anchoring
on GDY or the pristine Pt catalyst. Such an integrated structure
causes a high energy barrier of 0.74 eV to form CO from dehy-
drogenation of CHO* on Pt/NGDY, determining the high perfor-
mance of MOR and durability of the Pt/NGDY.

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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3. Conclusion

In summary, we have demonstrated the atomic catalyst of
Pt/NGDY is an almost perfect catalyst, especially as an efficient
catalyst in MOR reaction. The dependent Pt/NGDY catalyst ex-
hibits superior performance both high specific activity and mass
activity in wide pH conditions. For example, the mass activity
(specific activity) of Pt/NGDY toward MOR in alkaline, acidic,
and neutral conditions are 1449 mA mg,,~! (154 mA cm™?),
296 mA mg,, ! (29 mA cm~2) and 110 mA mg,, ! (22 mA cm™?),
which are 5, 29, and 8 times higher than Pt/C, respectively. And
the Pt/NGDY catalysts also exhibited robust stability and resis-
tant CO poisoning in MOR. Experimental and theoretical re-
sults reveal that the high Pt loading on NGDY is achieved due
to the loss of symmetry and electronic homogenous in NGDY,
which allows more Pt anchoring on different sites. The synergis-
tic contributions of different Pt sites with varied electroactivity
not only promote the electron transfer towards intermediates for
MOR but also improve the suppression of the CO poisoning for
enhanced durability. This strategy provides an effective way for
the synthesis of robust atom catalysts with high catalytic perfor-
mance for MOR.
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the author.
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