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Abstract: Two Pt single-atom catalysts (SACs) of Pt-GDY1
and Pt-GDY?2 were prepared on graphdiyne (GDY )supports.
The isolated Pt atoms are dispersed on GDY through the
coordination interactions between Pt atoms and alkynyl C
atoms in GDY, with the formation of five-coordinated C,;-Pt-
Cl, species in Pt-GDY1 and four-coordinated C,-Pt-Cl, species
in Pt-GDY2. Pt-GDY?2 shows exceptionally high catalytic
activity for the hydrogen evolution reaction (HER), with
a mass activity up to 3.3 and 26.9 times more active than Pt-
GDY1 and the state-of-the-art commercial Pt/C catalysts,
respectively. Pt-GDY2 possesses higher total unoccupied
density of states of Pt 5d orbital and close to zero value of
Gibbs free energy of the hydrogen adsorption (| AG"\x |) at the
Pt active sites, which are responsible for its excellent catalytic
performance. This work can help better understand the
structure—catalytic activity relationship in Pt SACs.

The hydrogen evolution reaction (HER) through electro-
catalytic water splitting is considered a promising approach
for the production of clean hydrogen, which has been
regarded as one of the most potential energy carriers in the
future.'*) Among the developed electrocatalysts, Pt-based
catalysts are the most effective electrocatalysts for HER.**l
However, the scarcity and high cost of noble-metal Pt limit
their large-scale applications. Notably, the platinum utiliza-
tion in traditional Pt-based catalysts is very low, as the active
sites only come from Pt atoms on the surface of the catalysts.
Therefore, great efforts have been devoted to increase the
platinum utilization as well as to improve the HER activity of
Pt-based catalysts.*! Compared with traditional Pt-based
catalysts, Pt single-atom catalysts (SACs) have great advant-
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age with utmost utilization of Pt atoms, which can dramat-
ically reduce the usage of noble metal Pt and decrease the cost
of catalysts. It has been shown that the isolated Pt atoms
anchored on the surfaces of FeO,, MoS,, TiN, g-C;N, and
graphene indeed exhibit much higher catalytic activity and
much lower usage of noble Pt than the traditional Pt-based
catalysts, such as Pt/C.’" More recently, Pt SACs with
individual Pt atoms anchored on the supports of carbon
nanotube and CoP have also been developed as efficient
HER electrocatalysts.'*]

For SACs, the coordination environments of metal atoms
will greatly influence their electronic structures, and sub-
sequently affect their catalytic activity.'"") For example, Zhang
et al. found that Fe™Nj species in Fe SACs displays the
highest catalytic activity for selective oxidation of the C—H
bond, which is one order magnitude more active than Fe™Nj
species and three times more active than Fe''N, species.'”l Wu
and co-workers constructed a series of Co SACs with different
nitrogen coordination numbers, and they found that atomi-
cally dispersed Co with two coordinate nitrogen atoms
displays the best CO, electroreduction catalytic perfor-
mance.'® Though the coordination environments of metal
atoms are closely related to their catalytic activity in SACs,
there is rare investigation for the influence of Pt atoms
coordination environments on their catalytic activity of HER
in Pt SACs. To better understand the structure—activity
relationship between the coordination environment of Pt
atoms and the corresponding HER catalytic activity in Pt
SAGs, it is imperative to disperse the individual Pt atoms on
a stable support with adjustable coordination environments.

Herein, we put forward a simple method for the synthesis
of two Pt SACs on the support of graphdiyne (GDY). As
anew man-made carbon allotrope, GDY possesses of uniform
18 C-hexagonal pores formed by three butadiyne linkages (—
C=C-C=C-) between the benzene rings (see Figure 1),1°2!
which can provide ideal anchoring sites for single Pt atoms
with high stability, as demonstrated by the results of
theoretical calculations.”” More recently, zero valence Ni
and Fe single atoms anchored on the pores of GDY for
hydrogen evolution has been reported.”” Based on the
unique structure of GDY, we constructed two Pt SACs simply
by the reaction of GDY with K,PtCl, aqueous solution at
273K for 8h (named as Pt-GDY1), and subsequently
annealing in Ar atmosphere at 473 K for 1 h (named as Pt-
GDY?2). The results of atomic resolution high-angle annular
dark-field scanning transmission electron microscopy
(HAADF-STEM) images and X-ray absorption fine structure
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Figure 1. lllustration for the synthesis of Pt-GDY1 and Pt-GDY2.

(XAFS) spectra in R space, as well as the first-principles
calculations verify that the isolated Pt atoms are anchored on
the surface of GDY by the coordination interactions of Pt
with the alkynyl C atoms in GDY, forming a five-coordinated
C,-Pt-Cl, species and a four-coordinated C,-Pt-Cl, species in
Pt-GDY1 and Pt-GDY?2, respectively. Interestingly, Pt-GDY2
shows much higher HER catalytic activity than Pt-GDY1 and
commercial Pt/C, with a mass activity up to 3.3 times and 26.9
times more active than Pt-GDY1 and Pt/C catalysts, respec-
tively. The higher HER catalytic activity of Pt-GDY2
originates from its higher total unoccupied density of states
of Pt 5d orbital and close to zero | AGLx | value.

Atomically dispersed Pt species were anchored on GDY
by a wet-chemical route as shown in Figure 1. First, graph-
diyne was synthesized and grown on the titanium foils by
a modified Hay—Glaser coupling reaction using hexaethynyl-
benzene as a precursor. The sp-hybridized alkynyl carbon
atoms in the 18 C-hexagonal pores in GDY provide ideal
anchoring sites for immobilizing the isolated Pt atoms into the
GDY framework. In the wet-chemical approach, K,PtCl, was
used as a precursor and reacted with GDY at 273 K for
8 hours to generate the Pt-GDY1 sample. The Pt-GDY2
sample was obtained by annealing Pt-GDY1 at 473 K under
Ar atmosphere for 1h. Notably, Pt-GDY1 and Pt-GDY2
maintain the morphology of GDY with no obvious Pt clusters
formed, as shown in the SEM and TEM images in the
Supporting Information, Figure S1. Furthermore, the XRD
patterns for Pt-GDY1 and Pt-GDY?2 also demonstrate that no
Pt nanoparticles formed in two Pt SACs (Supporting Infor-
mation, Figure S2).

The abundant isolated Pt atoms on GDY support can be
verified by the HADDF-STEM images. As shown in Figur-
es2a and b, the HADDF-STEM images for both Pt-GDY1
and Pt-GDY2 display isolated bright dots, which can be
attributable to the heavy Pt atoms. Furthermore, the ele-
mental mapping images for Pt-GDY2 reveal the homoge-
neous spatial distributions of carbon, platinum and chlorine
on GDY (Figure2c). The energy dispersive spectroscopy
(EDS) measurement (Figure 2d) confirms the presence of C,
Pt, and Cl elements in Pt-GDY2 (other elements derived from
Cu grid). The above results demonstrate that abundant single
Pt atoms are successfully dispersed on GDY support in Pt-
GDY1 and Pt-GDY?2. Furthermore, the Pt loading in both Pt-
GDY1 and Pt-GDY2 were measured using inductively
coupled plasma-atomic emission spectroscopy (ICP-AES),
with a Pt loading of 4.65 pgem ™ for both Pt-GDY1 and Pt-
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Figure 2. a),b) Atomic-resolution HAADF-STEM images for Pt-GDY1
(a) and Pt-GDY2 (b). c) Elemental mapping for Pt-GDY2. d) The EDS
for Pt-GDY2.

GDY2, indicating the Pt atoms anchored on GDY are not lost
during the annealing process.

The compositions of Pt-GDY1 and Pt-GDY?2 were inves-
tigated by Raman spectroscopy and X-ray photoelectron
spectroscopy (XPS). As shown in Figure 3a, the Raman
spectrum of as-synthesized GDY shows distinct four peaks at
1384.2, 1572.9, 1926.4, and 2181.4 cm ™, respectively, which is
consistent with the reported values,?! in which the peak at
1384.2 cm ™' is due to the breathing vibration of sp> carbon
domains in aromatic rings (D band), the peak at 1572.9 cm™'
corresponds to the first-order scattering of the E,, mode for
in-phase stretching vibration of sp? carbon domains in
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Figure 3. a) Raman spectra of GDY, Pt-GDY1, and Pt-GDY2. b) High-
resolution core level spectra of Pt 4f for Pt-GDY1, Pt-GDY2, and
K,PtCl,. c) Pt Ly-edge XANES spectra of Pt-GDY1, Pt-GDY2, and Pt foil.
Inset: enlarged spectra at Pt L;-edge. d) Pt L;-edge k*-weighted FT-
EXAFS spectra of Pt-GDY1, Pt-GDY2, and Pt foil (the EXAFS intensity
of Pt foil is shown at half value).
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aromatic rings (G band), and the peaks at 1926.4 and
2181.4 cm™! can be attributed to the vibration of conjugated
diyne linkers. After the formation of Pt-GDY1 and Pt-GDY2,
their G bands have a hypsochromic shift compared to that of
GDY, and the intensities belonging to the conjugated diyne
linkers become weaker (Figure 3a), indicating the formation
of coordination bonds between the single Pt species and the
carbon atoms of conjugated diyne linkers in GDY.)

The valence states of isolated Pt atoms in Pt-GDY1 and
Pt-GDY?2 were investigated by XPS. As shown in Figure 3b,
the high-resolution core level spectra of Pt 4f in Pt-GDY1, Pt-
GDY2 and K,PtCl, display 4f,, and 4f5, doublets owing to the
spin-orbital splitting. The Pt 41, and 4f{;,, of K,PtCl, locate at
73.0 and 76.3 eV, respectively, which are consistent with the
values of Pt*" as reported in the literatures.” While the peaks
of Pt4f;, and 4f5, in Pt-GDY1 and Pt-GDY?2 shift to lower
binding energy relative to those of K,PtCl,, indicating the
electron transfers from the alkynyl C atoms in GDY to Pt
atoms after the formation of Pt-GDY1 and Pt-GDY2.””
Furthermore, the Pt 4f,, and 4fs, peaks at 72.8 and 76.0 eV
in Pt-GDY?2 are slightly larger than the corresponding values
of 72.6 and 75.8 eV in Pt-GDY1, indicating the Pt atoms in Pt-
GDY?2 have a higher valence state than those in Pt-GDY1.
The above results further demonstrate the formation of
coordination bonds between the Pt atoms and the conjugated
alkynyl C atoms of GDY in Pt-GDY1 and Pt-GDY2, and the
Pt atoms in Pt-GDY?2 possess of more positive valence state
than those in Pt-GDY1.

To further investigate the electronic structure and coor-
dination environments of single Pt atoms in Pt-GDY1 and Pt-
GDY2, the Pt L;-edge X-ray absorption near edge structure
(XANES) and extended X-ray fine structure (EXAFS) were
studied. As shown in Figure 3¢, the XANES spectra of Pt-
GDY1 and Pt-GDY2 are much different from that of Pt foil,
as the Pt atoms in Pt-GDY1 and Pt-GDY2 are individually
dispersed on GDY.*! Furthermore, the L;-edge white-line
(WL) intensities increase in an order of Pt foil < Pt-GDY1 <
Pt-GDY2 (inset in Figure 3¢). The increase in the WL
intensity means a decrease in the number of electrons in the
d orbital.! To further understand the unoccupied density of
states of Pt 5d orbital, quantitative WL intensity of Pt-GDY2,
Pt-GDY1 and Pt foil were conducted by the reported
methods.””! As shown in the Supporting Information, Fig-
ure S3 and Table S1, Pt-GDY?2 has the highest total unoccu-
pied density states of Pt 5d character, while metal Pt has the
lowest. As is well known, the vacant d orbitals of the isolated
atoms play an important role during the catalytic process, and
are responsible for the outstanding catalytic activity of
SACs.¥

The Fourier transformations (FT) of k’-weighted for
EXAFS oscillations for Pt-GDY1, Pt-GDY?2, and Pt foil are
shown in Figure 3d. The Pt foil exhibits a strong peak at about
2.8 A, which is ascribed to the Pt—Pt bond. In the FI-EXAFS
of Pt-GDY1 and Pt-GDY?2, only the peaks in the distances of
1.9-23 A were observed, while no Pt—Pt contribution was
found, further confirming that Pt has been atomically
dispersed on the surface of GDY in Pt-GDY1 and Pt-GDY2
from macroscopic view, being consistent with the observa-
tions of HADDF-STEM images in microdomain. The two
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peaks at about 1.9 and 2.3 A in the FT-EXAFS curves for Pt-
GDY1 and Pt-GDY2 are associated with Pt—C and Pt—Cl
bonds, respectively, and the corresponding intensities of Pt—C
and Pt—Cl in R-space for Pt-GDY1 and Pt-GDY?2 are given in
the Supporting Information, Figure S4. To obtain the coordi-
nation environment around Pt, the FT-EXAFS curves of Pt-
GDY1 and Pt-GDY2 were fitted in R space. The fitting results
indicate that the Pt atoms anchored on GDY by coordinating
with one carbon and four chlorine atoms in Pt-GDY1, and
two carbon and two chlorine atoms in Pt-GDY2 (Supporting
Information, Table S2). The fitting curves accord well with the
experimental curves in R and k space, respectively (Support-
ing Information, Figures S5 and S6), demonstrating the
accurate simulation for the coordination environments of Pt
atoms in Pt-GDY1 (C,-Pt-Cl,) and Pt-GDY2 (C,-Pt-Cl,).
Furthermore, the adsorption energy (AE,s) of these two
kinds of isolated Pt species on the surface of GDY was
calculated by the first-principles calculations. As shown in the
Supporting Information, Figure S7, the AE, 4 is —0.183 eV for
Pt-GDY1 and —1.142 eV for Pt-GDY2, indicating both the
reactions of [PtCL]>~ and PtCl, species with the alkynyl
carbons of GDY are thermal favorable, and Pt-GDY2 is more
stable than Pt-GDY1.

To understand the effect of coordination environments of
Pt in SACs on their HER catalytic activity, we investigated
the electrocatalytic performance of Pt-GDY1 and Pt-GDY2
in 0.5M H,SO, solution with a three-electrode setup. In the
meanwhile, commercial Pt/C catalyst was used to evaluate the
HER catalytic activity of Pt-GDY1 and Pt-GDY2. As shown
in the Supporting Information, Figure S8a, Pt-GDY?2 shows
much better HER catalytic activity than Pt-GDY1 and
commercial Pt/C catalyst at an overpotential larger than
—0.05 V. To rationally compare the catalytic performance,
their HER catalytic activity was normalized to the current/Pt
loading mass (Amg'). As shown in Figure 4a, the polar-
ization curves for Pt-GDY1, Pt-GDY2, and commercial Pt/C
were recorded from linear sweep voltammetry (LSV) meas-
urements, with a scan rate of 5mVs™! at room temperature.
Notably, Pt-GDY2 displays much higher HER catalytic
activity than Pt-GDY1 and commercial Pt/C catalysts. As
shown in Figure 4b, the mass activities for Pt-GDY2, Pt-
GDY1, and Pt/C at an overpotential of 100 mV are 23.64, 7.26,
and 0.88 Amg ™, respectively, in which Pt-GDY2 shows 26.9
and 3.3 times more active than Pt/C and Pt-GDY1 catalysts,
respectively. Moreover, Pt-GDY?2 catalyst achieved a Tafel
slope of 46.6 mV/dec, much smaller than those of Pt-GDY1
(52.0mV/dec) and Pt/C (127.5mV/dec), as exhibited in
Figure 4c.

The long-term CV cycling test and time-dependent
current density curve were tested to examine the stability of
Pt-GDY?2 catalyst. The polarization curve of Pt-GDY?2 after
1000 cycles maintains similar as the initial curve (Figure 4d).
The time-dependent current density curve at —95mV for
10000 s also confirms the superior stability of Pt-GDY?2 (inset
in Figure 4d). The platinum contents in Pt-GDY2 before and
after HER test are almost the same (Supporting Information,
Table S3), indicating no Pt atoms lost during the catalytic
process. Furthermore, the results of atomic-resolution
HAADF-STEM image (Supporting Information, Figure S9),
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(Inset: the time-dependent current density curve at —95 mV vs. RHE
for 10000 s).

XANES and FT-EXAFS spectra (Supporting Information,
Figure S10) measurements for Pt-GDY?2 after the HER test
indicate the Pt atoms still keep individual dispersion as those
in pristine Pt-GDY2, suggesting its excellent stability. To
eliminate the effect from the Pt counter electrode, graphite
rod was also used to instead of Pt wire as the counter
electrode for the HER test. As shown in the Supporting
Information, Figures S8d,e, the polarization curves and the
time-dependent current density curves for Pt-GDY2 by using
the graphite rod as the counter electrode are the similar to
those of Pt-GDY2 by using the Pt wire as the counter
electrode. The above results suggest that Pt SACs dispersed
on GDY can efficiently enhance the Pt utilization as well as
the catalytic activity for HER, compared with Pt nano-
particles counterpart of commercial Pt/C. And the Pt atoms in
Pt-GDY2 with a G,-Pt-Cl, coordination environment show
much higher HER catalytic activity than the Pt atoms in Pt-
GDY1 with a C;-Pt-Cl, coordination environment.

To better understand the origin of the enhanced HER
catalytic activity of Pt-GDY2, the Gibbs free energy for
hydrogen adsorption (AGy:) on GDY, Pt-GDY1 and Pt-
GDY2 were calculated (Figure 5; Supporting Information,
Figure S11). As is well-known, AGys. is an important descrip-
tor for the HER catalytic activity of different catalysts, which
is usually proposed to have an optimal value being close to
zero.’”l On the one hand, the AG. for pure GDY
(0.801 eV) is too positive, implying that H cannot be
efficiently adsorbed on the surface of GDY, and its HER
catalytic activity is impeded. On the other hand, the AG}« for
Pt-GDY1 (—0.653 eV) is too negative, indicating the adsorp-
tion of H on the Pt active site in Pt-GDY1 is too strong, which
is also unfavorable for HER process. For Pt-GDY2, the AG}
is 0.092 eV, which is close to that on the surface of Pt metal
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GDY with a C,-Pt-Cl, coordination environment. Addition-
ally, the total unoccupied density of states of Pt 5d orbital has
been proven to be closely related to the hydride formation,™
as Pt 5d orbital could interact with the 1s orbital of H atom,
benefiting to transfer electrons to H atom. The total
unoccupied density of states of Pt 5d character increases in
an order of Pt metal < Pt-GDY1 < Pt-GDY2, as obtained
from the results of XANES analysis (Supporting Information,
Table S2). This brings about the exclusive electronic structure
of the isolated Pt atoms with a C,-Pt-Cl, coordination
environment on GDY, which contributes to its excellent
HER activity. Though Pt-GDY1 has a large negative AGhx
value of —0.653 eV, it still has a higher mass activity than
commercial Pt/C due to its utmost Pt utilization. Overall, the
appropriate | AGHx| value and higher unoccupied 5d den-
sities of states of Pt atoms in Pt-GDY?2 are responsible for its
optimal HER catalytic activity.

In conclusion, a facile method was reported for the
synthesis of two Pt SACs of Pt-GDY1 and Pt-GDY2 with
different Pt coordination environments. It has shown that the
coordination environments of Pt atoms in Pt SACs greatly
affect their HER catalytic activity, in which Pt-GDY2 SAC
with four coordinated Pt atoms of C,-Pt-Cl, shows the highest
HER catalytic performance. The outstanding HER catalytic
activity of Pt-GDY?2 originates from its near to zero | AGhx |
value of 0.092 eV on four-coordinated Pt atom, as well as its
higher unoccupied density of states of Pt5d orbital. Our
results demonstrate that GDY may serve as an ideal support
for the design and synthesis of other stable noble metal SACs
due to its unique structure, in which the isolated noble metal
such as Pt can be easily anchored on the surface of GDY by
the strong coordination interactions of noble metal with the
alkynyl C atoms in GDY. In the next step, we will try to
construct other noble metal SACs using GDY as a support and
investigate their unique catalytic properties.

Acknowledgements
This work was supported by National Key R&D Program of

China (2017YFA0700104) and the NSFC (21790052,
21331007, and 21773288).

www.angewandte.org

An dte

Chemie

9385


http://www.angewandte.org

GDCh
~—

9386

Conflict of interest
The authors declare no conflict of interest.

Keywords: electrocatalysis - graphdiyne - hydrogen evolution -
platinum - single-atom catalysts

How to cite: Angew. Chem. Int. Ed. 2018, 57, 9382-9386
Angew. Chem. 2018, 130, 9526—-9530

[1] T. E. Mallouk, Nat. Chem. 2013, 5, 362 —363.

[2] Y. Zheng, Y.Jiao, Y. Zhu, L. H. Li, Y. Han, Y. Chen, M. Jaroniec,
S.-Z. Qiao, J. Am. Chem. Soc. 2016, 138, 16174—16181.

[3] a) J. Xie, J. Zhang, S. Li, F. Grote, X. Zhang, H. Zhang, R. Wang,
Y. Lei, B. Pan, Y. Xie, J. Am. Chem. Soc. 2013, 135, 17881 -
17888; b) L. Fan, P. F. Liu, X. Yan, L. Gu, Z.Z. Yang, H. G.
Yang, S. Qiu, X. Yao, Nat. Commun. 2016, 7, 10667; ¢) Y. Jia, L.
Zhang, G. Gao, H. Chen, B. Wang, J. Zhou, M. T. Soo, M. Hong,
X. Yan, G. Qian, J. Zou, A. Du, X. Yao, Adv. Mater. 2017, 29,
1700017.

[4] H. Yin, S. Zhao, K. Zhao, A. Mugsit, H. Tang, L. Chang, H.
Zhao, Y. Gao, Z. Tang, Nat. Commun. 20185, 6, 6430.

[5] X. Huang, Z. Zeng, S. Bao, M. Wang, X. Qi, Z. Fan, H. Zhang,
Nat. Commun. 2013, 4, 1444.

[6] R. Subbaraman, D. Tripkovic, D. Strmcnik, K.-C. Chang, M.
Uchimura, A.P. Paulikas, V. Stamenkovic, N. M. Markovic,
Science 2011, 334, 1256 -1260.

[7] S. Wang, X. Gao, X. Hang, X. Zhu, H. Han, W. Liao, W. Chen, J.
Am. Chem. Soc. 2016, 138, 16236-16239.

[8] D. V. Esposito, S.T. Hunt, A.L. Stottlemyer, K. D. Dobson,
B. E. McCandless, R. W. Birkmire, J. G. Chen, Angew. Chem. Int.
Ed. 2010, 49, 9859-9862; Angew. Chem. 2010, 122, 10055—
10058.

[9] H. Wei, X. Liu, A. Wang, L. Zhang, B. Qiao, X. Yang, Y. Huang,
S. Miao, J. Liu, T. Zhang, Nat. Commun. 2014, 5, 5634.

[10] J. Deng, H. Li, J. Xiao, Y. Tu, D. Deng, H. Yang, H. Tian, J. Li, P.
Ren, X. Bao, Energy Environ. Sci. 2015, 8, 1594-1601.

[11] S. Yang, J. Kim, Y.J. Tak, A. Soon, H. Lee, Angew. Chem. Int.
Ed. 2016, 55, 2058 -2062; Angew. Chem. 2016, 128, 2098 -2102.

[12] X.Li, W. Bi, L. Zhang, S. Tao, W. Chu, Q. Zhang, Y. Luo, C. Wu,
Y. Xie, Adv. Mater. 2016, 28, 2427 —2431.

[13] N. Cheng, S. Stambula, D. Wang, M. N. Banis, J. Liu, A. Riese, B.
Xiao, R. Li, T.-K. Sham, L.-M. Liu, Nat. Commun. 2016, 7,
13638.

[14] L. Zhang, L. Han, H. Liu, X. Liu, J. Luo, Angew. Chem. Int. Ed.
2017, 56, 13694 - 13698; Angew. Chem. 2017, 129, 13882 —13886.

[15] M. Tavakkoli, N. Holmberg, R. Kronberg, H. Jiang, J. Sainio,
E. 1. Kauppinen, T. Kallio, K. Laasonen, ACS Catal. 2017, 7,
3121-3130.

[16] a) Y. Chen, S.Ji, Y. Wang, J. Dong, W. Chen, Z. Li, R. Shen, L.
Zheng, Z. Zhuang, D. Wang, Y. Li, Angew. Chem. Int. Ed. 2017,
56, 6937-6941; Angew. Chem. 2017, 129, 7041-7045; b) X.
Wang, W. Chen, L. Zhang, T. Yao, W. Liu, Y. Lin, H. Ju, J. Dong,
L. Zheng, W. Yan, X. Zheng, Z. Li, X. Wang, J. Yang, D. He, Y.
Wang, Z. Deng, Y. Wu, Y. Li, J. Am. Chem. Soc. 2017, 139, 9419 -
9422; c)H. Fei, J. Dong, Y. Feng, C.S. Allen, C. Wan, B.

Communications

An dte

Chemie

Internatic

Volosskiy, M. Li, Z. Zhao, Y. Wang, H. Sun, P. An, W. Chen, Z.
Guo, C. Lee, D. Chen, I. Shakir, M. Liu, T. Hu, Y. Li, A. L.
Kirkland, X. Duan, Y. Huang, Nat. Catal. 2018, 1, 63-72.

[17] W. Liu, L. Zhang, X. Liu, X. Liu, X. Yang, S. Miao, W. Wang, A.
Wang, T. Zhang, J. Am. Chem. Soc. 2017, 139, 10790-10798.

[18] X. Wang, Z. Chen, X. Zhao, T. Yao, W. Chen, R. You, C. Zhao,
G. Wu, J. Wang, W. Huang, J. Yang, X. Hong, S. Wei, Y. Wu, Y.
Li, Angew. Chem. Int. Ed. 2018, 57, 1944-1948; Angew. Chem.
2018, 730, 1962 —1966.

[19] a) G. Li, Y. Li, H. Liu, Y. Guo, Y. Li, D. Zhu, Chem. Commun.
2010, 46, 3256-3258; b) Y. Li, Y. Li, Acta Phys.-Chim. Sin. 2018,
34, 992-1013; ¢) X. Lu, Y. Han, T. Lu, Acta Phys.-Chim. Sin.
2018, 34,1014-1028; d) C. Li, X. Lu, Y. Han, S. Tang, Y. Ding, R.
Liu, Y. Li, J. Luo, T. Lu, Nano Res. 2018, 11, 1714-1721; ¢) Y.
Han, X. Lu, S. Tang, X. Yin, Z. Wei, T. Lu, Adv. Energy Mater.
2018, https://doi.org/10.1002/aenm.201702992.

[20] J. Zhou, X. Gao, R. Liu, Z. Xie, J. Yang, S. Zhang, G. Zhang, H.
Liu, Y. Li, J. Zhang, J. Am. Chem. Soc. 2015, 137, 7596 —7599.

[21] J. Li, X. Gao, B. Liu, Q. Feng, X.-B. Li, M.-Y. Huang, Z. Liu, J.
Zhang, C.-H. Tung, L.-Z. Wu, J. Am. Chem. Soc. 2016, 138,
3954 -3957.

[22] a) Z.Lu,S.Li, P. Lv, C. He, D. Ma, Z. Yang, Appl. Surf. Sci. 2016,
360, 1-17;b) Y. Xue, B. Huang, Y. Yi, Y. Guo, Z. Zuo, Y. Li, Z.
Jia, H. Liu, Y. Li, Nat. Commun. 2018, 9, 1460.

[23] X. Gao, J. Li, R. Du, J. Zhou, M. Y. Huang, R. Liu, J. Li, Z. Xie,
L.Z. Wu, Z. Liu, Adv. Mater. 2017, 29, 1605308.

[24] R.Matsuoka, R. Sakamoto, K. Hoshiko, S. Sasaki, H. Masunaga,
K. Nagashio, H. Nishihara, J. Am. Chem. Soc. 2017, 139, 3145—
3152.

[25] H.Ren, H. Shao, L. Zhang, D. Guo, Q. Jin, R. Yu, L. Wang, Y. Li,
Y. Wang, H. Zhao, Adv. Energy Mater. 2015, 5, 1500296.

[26] D. Skomski, C. D. Tempas, K. A. Smith, S. L. Tait, J. Am. Chem.
Soc. 2014, 136, 9862 —9865.

[27] Z. Qiu, H. Huang, J. Du, X. Tao, Y. Xia, T. Feng, Y. Gan, W.
Zhang, J. Mater. Chem. A 2014, 2, 8003 —8008.

[28] J. Liu, M. Jiao, L. Lu, H. M. Barkholtz, Y. Li, Y. Wang, L. Jiang,
Z. Wu, D.-j. Liu, L. Zhuang, Nat. Commun. 2017, 8, 15938.

[29] S. Sun, G. Zhang, N. Gauquelin, N. Chen, J. Zhou, S. Yang, W.
Chen, X. Meng, D. Geng, M. N. Banis, Sci. Rep. 2013, 3, 1775.

[30] Y. Zheng, Y. Jiao, L. H. Li, T. Xing, Y. Chen, M. Jaroniec, S. Z.
Qiao, ACS Nano 2014, 8, 5290 -5296.

[31] Y. Zheng, Y. Jiao, Y. Zhu, L. H. Li, Y. Han, Y. Chen, A. Du, M.
Jaroniec, S. Z. Qiao, Nat. Commun. 2014, 5, 3783.

[32] a) J. K. Ngrskov, T. Bligaard, A. Logadottir, J. R. Kitchin, J. G.
Chen, S. Pandelov, U. Stimming, J. Electrochem. Soc. 2005, 152,
J23; b) B. Hinnemann, P. G. Moses, J. Bonde, K. P. Jorgensen,
J. H. Nielsen, S. Horch, 1. Chorkendorff, J. K. Norskov, J. Am.
Chem. Soc. 2005, 127, 5308 -5309; c) H. J. Qiu, Y. Ito, W. Cong,
Y. Tan, P. Liu, A. Hirata, T. Fujita, Z. Tang, M. Chen, Angew.
Chem. Int. Ed. 2015, 54, 14031 -14035; Angew. Chem. 2015, 127,
14237 -14241.

Manuscript received: April 25, 2018
Accepted manuscript online: June 9, 2018
Version of record online: June 28, 2018

www.angewandte.org

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2018, 57, 9382-9386


https://doi.org/10.1038/nchem.1634
https://doi.org/10.1021/jacs.6b11291
https://doi.org/10.1021/ja408329q
https://doi.org/10.1021/ja408329q
https://doi.org/10.1038/ncomms10667
https://doi.org/10.1002/adma.201700017
https://doi.org/10.1002/adma.201700017
https://doi.org/10.1126/science.1211934
https://doi.org/10.1021/jacs.6b11218
https://doi.org/10.1021/jacs.6b11218
https://doi.org/10.1039/C5EE00751H
https://doi.org/10.1002/anie.201509241
https://doi.org/10.1002/anie.201509241
https://doi.org/10.1002/ange.201509241
https://doi.org/10.1002/adma.201505281
https://doi.org/10.1038/ncomms13638
https://doi.org/10.1038/ncomms13638
https://doi.org/10.1002/anie.201706921
https://doi.org/10.1002/anie.201706921
https://doi.org/10.1002/ange.201706921
https://doi.org/10.1021/acscatal.7b00199
https://doi.org/10.1021/acscatal.7b00199
https://doi.org/10.1002/anie.201702473
https://doi.org/10.1002/anie.201702473
https://doi.org/10.1002/ange.201702473
https://doi.org/10.1021/jacs.7b01686
https://doi.org/10.1021/jacs.7b01686
https://doi.org/10.1038/s41929-017-0008-y
https://doi.org/10.1021/jacs.7b05130
https://doi.org/10.1002/anie.201712451
https://doi.org/10.1002/ange.201712451
https://doi.org/10.1002/ange.201712451
https://doi.org/10.1039/b922733d
https://doi.org/10.1039/b922733d
https://doi.org/10.1007/s12274-017-1789-7
https://doi.org/10.1002/aenm.201702992
https://doi.org/10.1021/jacs.5b04057
https://doi.org/10.1021/jacs.5b12758
https://doi.org/10.1021/jacs.5b12758
https://doi.org/10.1016/j.apsusc.2015.10.219
https://doi.org/10.1016/j.apsusc.2015.10.219
https://doi.org/10.1002/adma.201605308
https://doi.org/10.1021/jacs.6b12776
https://doi.org/10.1021/jacs.6b12776
https://doi.org/10.1002/aenm.201500296
https://doi.org/10.1021/ja504850f
https://doi.org/10.1021/ja504850f
https://doi.org/10.1039/C4TA00277F
https://doi.org/10.1038/ncomms15938
https://doi.org/10.1021/nn501434a
https://doi.org/10.1149/1.1856988
https://doi.org/10.1149/1.1856988
https://doi.org/10.1021/ja0504690
https://doi.org/10.1021/ja0504690
https://doi.org/10.1002/anie.201507381
https://doi.org/10.1002/anie.201507381
https://doi.org/10.1002/ange.201507381
https://doi.org/10.1002/ange.201507381
http://www.angewandte.org

