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a b s t r a c t

Ultrafine Cu6Sn5 nanoalloys supported on porous N and S-doped carbons (Cu6Sn5@NeSeCs) were pre-
pared by annealing CueSn-contained covalent organic frameworks (COFs). The Cu6Sn5 alloys with par-
ticle size of about 2e10 nm were formed on the surface of NeSeCs in a high dispersion state. The
Cu6Sn5@NeSeCs were found to efficiently catalyze oxygen reduction reaction (ORR) in both alkaline and
acidic media, with half-wave ORR potential (E1/2) of 0.86 V in 0.1 M KOH and 0.67 V in 0.1 M HClO4. The
ORR performance of Cu6Sn5@NeSeC could be competitive to the best Fe (or Co)-based non-precious
metal electrocatalysts and commercial Pt/C. Cu6Sn5@NeSeC also showed better durability for ORR in
both media. Moreover, Cu6Sn5@NeSeC also possessed electrochemical lithium ion storage capacity of
905 mA h g�1 in an initial discharge at the current density of 50 mA g�1, with the outstanding coulomic
efficiency. The synergistic effects of ultrafine Cu6Sn5 nanoalloys and porous NeSeCs contributed to the
impressive ORR performance and lithium storage capacities. COFs-derived Cu6Sn5@SeNeC was
demonstrated to be a promising bifunctional electrode material for proton exchange membrane fuel cells
and lithium ion batteries.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

The ever-increasing environmental problems arising from
combustion of the nonrenewable fossil fuels have prompted global
efforts to exploit renewable and sustainable energy storage and
conversion techniques [1e3]. Among the developed energy con-
version and storage systems, low-temperature proton exchange
membrane fuel cells (PEMFCs) and lithium-ion batteries (LIBs) are
especially attracting [4,5]. Electrochemical fuel cells could effi-
ciently converse easily-transported small molecules like O2, H2,
H2O into powerful electrical energy [6]. Lithium-ion batteries with
high energy densities were commercially available energy storage
techniques in various devices including popular electronics vehi-
cles [7]. For outputting power with higher efficiency, the contin-
uous optimization of their structures and electrode materials was
still required. High-performance electrode materials for speeding
g).
up oxygen reduction reaction (ORR) in PEMFCs and efficiently
hosting lithium-ion storage in LIBs are the keys for enhancing the
capacities of these two techniques [8]. Recently, the strongly sup-
ported hybrid materials of alloys and carbon supports have
attracting more attention. The tight junction of alloys and carbons
might arouse charge redistributions between their interfaces and
produce new active catalytic species for ORR [9]. The alloy particles
supported on carbons also led to the controlled size of alloys [10],
which might facilitate the mass and electron exchanges of alloys
and substances in electrolytes of fuel cells and LIBs. More impor-
tantly, longer time durability and cycle performance for ORR and
lithium-ion storage in fuel cells and LIBs. The “so-called” synergistic
effects make alloy@carbon hybrid materials been the potential
electrode materials for ORR and lithium-ion storage.

The Pt-based alloys and non-precious Fe- or Co-based alloys
supported on specific carbon supports have testified the
outstanding ORR catalytic performance in wide pH electrolytes
[11e13]. However, CueSn-based alloys, manufacturing bronze in
ancient China, are very scarce for efficiently catalyzing ORR,
although they possess better affinity to O2 and electron transfer
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properties [14]. Owing to the redox activities of Cu and Sn in
electrolytes [15], Cu- and Sn-based electrode materials frequently
fall into trouble in the capacity degradation. In particular, the small-
size of CuSn alloys was often difficult to control, because the larger
liquid droplets of Sn at higher temperature easily resulted into
large-size particles of CuSn alloys [16]. This would lead to the weak
synergistic effects between CuSn alloys and carbon supports and
thus unsatisfactory ORR performance. On the other hand, CuSn
alloys such as Cu6Sn5 have been investigated as the efficient anode
materials in LIBs [17e19]. Cu6Sn5 possessed the large theoretical
capacity of 605mA h g�1 [20]. Althoughmetallic Cuwas inactive for
lithium-ion storage, the formation of CuSn alloys could decrease
the serious capacity decay from the volume expansion effect of Sn
and effectively improved cycle performance of Sn-based anodes
[21]. The smaller size of Cu6Sn5 alloys could further better accom-
modate the strain and relieve the pulverization of the active ma-
terials [22]. It also facilitated the lithation/de-lithation of Liþ in
intermetallic Cu6Sn5. The small-size Cu6Sn5 alloys strongly sup-
ported on special carbon supports could be utilized as the advanced
bifuntional electrode materials for fuel cells and LIBs.

Covalent organic frameworks (COFs) emerged as a novel class of
covalent polymer networks, consisting of lightweight elements
(such as C, O, N, and S) [23,24]. The metallization of COFs could be
achieved by grafting or introducing a few metal species in their
porous frameworks [6]. Very recently, thermal conversion of these
metal-modified COFs has been developed as a unique strategy to
obtain carbon-based hybridmaterials [25]. The organic frameworks
easily derived the porous carbon skeletons with better mass-
transportation properties, together with abundant doping hetero-
atoms. The metal species could often be conversed to the nano-
particles with the controlled size, which tightly encased or
encapsulated by the derived carbon supports [26]. The strong
synergistic effects between small-size nanoparticle and carbon
supports enabled them to be the robust multifunctional electrode
materials in energy conversion and storage [27,28]. The carbon-
coupled FeNx, FeP, FeCx, FeS, CoNx, CuFe and CoNi from the pyro-
lyzation of specific COFs have been reported as highly active ORR
electrocatalysts [29e35]. The size of these nanoparticles could
usually be 10e50 nm at the optimizing conditions. Conversion of
the metal-modified COFs has shown their advantages in the pro-
duction of d-block metal@carbon hybrid materials [36]. This
strategy may be also feasible to synthesize small-size hybrid ma-
terials of ds- or p-block metal@carbons such as CuSn alloy@-
carbons, though few reports about it.

Herein, ultrafine Cu6Sn5 nanoalloys have been successfully
prepared by directly conversing CueSn-contained COFs at higher
temperature (Fig. 1). The formed Cu6Sn5 particles of about 2e10 nm
were strongly supported on organic frameworks-carbonized
porous N and S-doped carbons (NeSeCs). The Cu6Sn5@NeSeCs
efficiently catalyzed ORR in 0.1M KOHwith half-wave potential (E1/
2) of 0.86 V, competitive to the best Fe (or Co)-based electro-
catalysts. Cu6Sn5@SeNeC-900 also gave an initial discharge of
905 mA h g�1, with a high coulombic efficiency (about 99%).
Cu6Sn5@NeSeC hybrid materials testified the enhanced durability
for ORR in aqueous electrolytes and cycle performance in lithium
ions storage.

2. Experimental

2.1. Synthesis of CueSn-COFs and Cu6Sn5@SeNeC catalysts

The as-synthesized 5, 10, 15, 20-tetrakis (4-aminophenyl)
porphyrin (TAPP) containing Sn hydroxides (TAPP/Sn(OH)x) was
directly used as the raw regent (The synthesis details were given in
Electronic Supporting Information(ESI)). 1.1 g of TAPP/Sn(OH)x and
0.42 g of 2,6-pyridinedicarboxaldehyde (PCBA) were added in
dimethyl sulfoxide (DMSO, 50 mL) under N2 atmosphere, with 4 ml
of acetic acid in solution as the catalysts. An ethanol solution
(10 ml) containing 0.75 g of Cu chloride dihydrate was subse-
quently injected into the above solution. The reaction mixtures
were stirred and heated at 60 �C for 15 h in N2. The cooled mixtures
were filtered and washed with methanol. The CueSn-contained
porphyrin-based COFs (CueSn-COFs) were finally collected as red
powder. In addition, Cu-COFs and Sn-COFs were also prepared us-
ing the similar preparation procedures.

The as-prepared CueSn-COFs were heated at 800e1000 �C for
4 h with a heating rate of 2 �C min�1 in N2 atmosphere. The
carbonized samples were leached in 0.2 M potassium hydroxide
solution at room temperature for removing the excessive or
instable Sn-based species. The final samples were labeled as
Cu6Sn5@SeNeC-n (n is the pyrolyzation temperature). The single
metal catalysts named as Cu1.92S@SeNeC-900 and Sn@SeNeC-900
was also prepared using the same method.

2.2. Characterization

Solid 13C NMR of TAPP were acquired on German Bruker Avance
III 400 MHz nuclear magnetic resonance instrument. Powder X-ray
diffraction (XRD) was performed on a D8 Advance X-ray diffrac-
tometer (Bruker AXS, Germany, Cu Ka), with a 2q range of 10e80�.
N2 adsorption/desorption measurements were measured on the
Quadra orb Evo Analyser at 77 K. The surface species analysis was
investigated by X-ray photoelectron spectroscopy (XPS) with Al Ka
radiation (15 kV, 150 W) on Axis Ultra DLD. Fourier transform
infrared (FT-IR) spectra were recorded on infrared spectropho-
tometer of Bruker Tensor 27 in KBr pellets. The morphologies were
observed with Hitachi S-4800 scanning electron microscope (SEM).
The microstructures of all materials were observed with JEM-2100F
transmission electron microscope (TEM). The HAADF-STEM was
carried out using FEI-F30 TEM. Raman spectra were recorded using
a GX-PT-1500 (150) apparatus with a 532 nm excitation laser.
Supported plasma-atomic emission spectrometry (ICP-AES, IRIS
Intrepid II) was employed to determine the metal content.

2.3. ORR electrochemical experiment

The ORR and methanol resistance performance of
Cu6Sn5@SeNeCs were examined at CHIe800C electrochemical
working station in a three-electrode system. The Ag/AgCl (3 M)
electrode, Pt wire electrode and rotating ring disk electrode (RRDE,
5 mm, Pine) were used as the reference electrode, the counter
electrode and working electrode, respectively. The working elec-
trodewas prepared by dripping 10 mL ink on polished Glassy carbon
electrode, and the ink was prepared by dispersing 10 mg
Cu6Sn5@SeNeCs in 1.25 mL ethanol with 30 mL of 5 wt% Nafion-2-
propanol solution.

The ORR performance of Cu6Sn5@SeNeCs was evaluated using
cyclic voltammetry (CV) and rotated ring disk electrode (RRDE)
techniques, with a scan rate of 5 mV s�1. The electrolytes are O2-
saturated 0.1 M KOH and 0.1 M HClO4 solution. Like the reported
usage of Fe- or Co-based catalysts in literature [37,38], the catalyst
loading of Cu6Sn5@SeNeCs on the working electrodes was opti-
mized to be 0.30 mg cm�2 in 0.1 M KOH and 0.60 mg cm�2 in 0.1 M
HClO4. For Pt/C, the value is 0.1 mg cm�2 in both electrolytes. All
potentials were calibrated to the reversible hydrogen electrode
(RHE) potentials (Fig. S1). The Koutecky-Levich (K-L) equations
were used to calculate the kinetic parameters for the ORR. The
Linear sweep voltammetry (LSV) curves were re-plotted as over-
potential (s) versus log current (log j) to get Tafel plots for quan-
tification of ORR kinetics. By fitting the linear part of Tafel plots, the



Fig. 1. Schematic representation for the synthesis of Cu6Sn5@SeNeC-900 electrocatalysts.
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Tafel slope (b) and the exchange current density (J0) was got from
the Tafel equations (s ¼ aþblog(j), log J0 ¼ -a/b).

2.4. Li-ions battery

The Cu6Sn5@SeNeC-900 was assembled in a CR 2032-type coin
cell. Super P carbon and poly (vinylidene fluoride) (PVDF) binder
were mixed with Cu6Sn5@SeNeC-900 to form slurry at the weight
ratio of 10:10:80. The anode was prepared by casting the slurry
onto Cu foil using a doctor blade, and then dried in a vacuum oven
at 120 �C overnight. The anode was cut into circular pieces with
1.0 cm diameter and the loading content is about 1.0 mg cm�2 for
coin-cell testing. An ethylene carbonate-dimethyl carbonate (1:1 in
volume) solution of LiPF6 (1.0 M) soaking in a Whatman separator
was used as the electrolyte and a lithium-metal foil as the counter
electrode. The electrochemical tests were performed at various
current densities (50, 100, 200, 400, 800, and 1600 mA g�1) within
0.01e1.5 V voltage limit [39].

3. Results and discussion

3.1. Synthesis of CueSneCOF precursor

The organic frameworks of as-prepared COFs were confirmed by
solid-state 13C NMR spectroscopy (See details in ESI Fig. S2A). The
appearance state of Sn and Cu species in the CueSn-COFs was
detected with XPS and FT-IR (Fig. 2A). The Sn 3d spectra (Fig. 2B)
could be deconvoluted into a doublet peak at 488.1 (3d5/2) and
496.5 eV (3d3/2), attributing to Sn(OH)x species in the CueSn-COFs
[40]. SnCl2 was originally used as reduction agent in the synthesis
of TAPP, finally remaining COFs in the hydrolysis form of Sn(OH)x.
The Cu 2p XPS spectrum (Fig. 2C) showed obvious characteristic
peaks of Cu 2p3/2, satellite and Cu 2p1/2 at 930e960 eV [36], cor-
responding to Cu (II) and Cu (I) states. The strong adsorption peak at
1010 cm�1 in the FT-IR spectroscopy (Fig. 2A) suggested the exis-
tence of N-coordinated Cu-Nx in CueSn-COFs [41]. The N 1s spec-
trum (Fig. 2D) was deconvoluted into two distinctive peaks at 401
and 399 eV. The former was assigned to the generation of N species
bonded to Cu ions, and the later should be the pyrrole N of organic
frameworks [42]. There was a clear XPS signal at 168 eV corre-
sponding to S species in CueSn-COFs (Fig. 2E). These S species
should be left from the DMSO solvent, by coordinating with Cu and
Sn ions or trapping in COFs. These results demonstrated that Cu and
Snmetal-based species have been introduced into porphyrin-based
organic skeletons containing abundant N and S non-metal species.

The amorphous phase structure of the as-prepared CueSn-COFs
was confirmed by a broad diffraction peak in the corresponding
XRD patterns (Fig. S2B). The plate morphology of CueSn-COFs was
observed in SEM images (Fig. S3A). After looking carefully at these
particles by TEM images (Figs. S3B and C), some irregular particles
ascribing to Cu or Sn-contained particles were attached on the
surface of COF plates. CueSn-COFs showed a lower Bruauer-
Emmett-Teller specific surface area (SBET) of 162 m2 g�1 than the
COFs (394 m2 g�1) without Cu and Sn species (Fig. 2F). The
decreased surface area might result from the pore blockage in COFs
or the increased mass of COFs in unit volume after introducing Cu
and Sn species. N2 adsorption-desorption analysis also demon-
strated a hierarchical porosity of the prepared COFs. The synthe-
sized porous CueSn-COFs with abundant N and S components
served as the promising precursors to yield small-size Cu6Sn5
nanoalloys supported on N and S codoped carbons.
3.2. Structure and morphology of Cu6Sn5@SeNeC

After carbonizing CueSn-COFs, the unique Cu6Sn5@SeNeCs
were successfully obtained. The formation of Cu6Sn5 nanoalloys
(JSPDF No.45e1488) was firstly proved by the XRD pattern of
Cu6Sn5@SeNeC-900, judged from the diffraction peaks occurring
at 2q ¼ 31.5 (221), 42.9 (132), 43.2 (42e2), 53.3 (24e1), 56.6 (530),
60.0 (62e3), 62.6 (44e2), 70.8 (351), 74.3 (�733), 76.6 (64e3), and
78.8� (060) (Fig. 3A). Cu6Sn5@SeNeC displayed the stronger
diffraction signals of Cu6Sn5 as the temperature increased.
Cu6Sn5@SeNeC prepared at higher thermal-treatment tempera-
tures would possess higher crystallinity or larger particle size. The
content of Sn and Cu in Cu6Sn5@SeNeC-900 was about 18.7 and
8.3 wt%, determined by ICP-AES analysis. TEM images of
Cu6Sn5@SeNeC-900 revealed lots of ultrafine irregular nano-
particles, highly dispersing on porous carbon plates (Fig. 4a-c). A



Fig. 2. (A) FT-IR spectra of TAPP (a), COFs (b) and CueSn-COFs (c). The deconvoluted Sn 3d (B), Cu 2p (C), N 1s (D) and S 2p (E). (F) N2 adsorption-desorption isotherms of COFs, Sn-
COFs, and CueSn-COFs.

Fig. 3. (A) XRD patterns of Cu6Sn5@SeNeC-800, -900 and �1000. (B) XRD patterns of SeNeC-900, Sn@SeNeC-900 and Cu1.92S@SeNeC-900.
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clearer observation for Cu6Sn5 particles from high-resolution TEM
(HRTEM) images (Fig. 4d,e) further verified the average particle size
of about 2e10 nm, and the crystalline stripes corresponded to the
(021) plane of Cu6Sn5 alloys with the lattice spacing of 0.34 nm.
Element mapping and HADDF/STEM clearly illustrated the homo-
geneous distributions of Cu and Sn components on S, N-codoped
carbons for Cu6Sn5@SeNeC-900 (Fig. 4f-i and 4l-n), agreeing with
the results of XRD and TEM.

The special CueSn-contained COF precursors played the
important roles in the formation of pony Cu6Sn5 embedding on
porous N and S-doped carbons. The large-angle XRD pattern of
SeNeC-900 without Cu6Sn5 showed a strong graphite peak at
around 2q ¼ 20� (Fig. 3B). The pyrolysis of COFs without Cu and Sn
at 900 �C only generated the low graphitization carbons. The single
Cu-contained COFs derived hexagonal Cu1.92S particles (JSPDF
No.30e0505) on SeNeC-900 after carbonization, affirmed by the
characteristic diffraction peaks of Cu1.92S located at 2q ¼ 30e80�.
After annealing COFs with Sn species, tetragonal Sn particles (JSPDF
No.89e2958) on SeNeC-900 were obtained. In particular, the
particle size of Sn and Cu1.92S even reached several micrometers
presenting on their TEM images (Fig. 4j and k). It is evident that
using Cu and Sn species in COFs together contributed to the gen-
eration of Cu6Sn5 nanoalloys with small particle size. Sn was often
reported as the “co-catalyst” in Cu-based catalysts, helping metallic
Cu to strong interacting with carbons [43]. The liquid Sn droplets
might easily contact and react with Cu species at higher tempera-
ture, which facilitated the formation of intermetallic Cu6Sn5 alloys,
other than Cu1.92S. The high melting points and low mobility of
Cu6Sn5 alloys made them become the smaller particles or encap-
sulated by carbon plates. Moreover, the porous organic frameworks
also resulted into the fabrication of carbons with abundant poros-
ities, which could separate or isolate liquid droplets of Sn or Cu6Sn5
and give small-size particles during cooling process. Combining
these interactions generated the hybrid particles of pony Cu6Sn5
alloys and porous NeSeCs.

The porosities of Cu6Sn5@SeNeCs were further detected by N2
adsorption-desorption measurement (Fig. 5AeC). The affluent po-
rosities were expected to increase the exposure of active sites and



Fig. 4. TEM images of Cu6Sn5@SeNeC-900 (aed). HRTEM images of Cu6Sn5@SeNeC-900 (e). STEM HADDF element mapping images of C (g), N (h),S (i) Cu (m), Sn (n). TEM images
of Sn@SeNeC-900 (j) and Cu1.92S@SeNeC-900 (k).
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promote the mass transportation properties of Cu6Sn5@SeNeC.
The isotherm curves of Cu6Sn5@SeNeCs could be classified as a
type I isotherm for microporous materials. There was an incon-
spicuous hysteresis loop at relative pressure (P/P0) of 0.2e0.8
(Fig. 5A). An abrupt adsorption increase at high relative pressure
above 0.95 P/P0 was also observed. This should be ascribed to N2

adsorption in the particles-stacking mesopores and macropores.
Cu6Sn5@SeNeC-900 owned the highest BET specific surface area
(SBET) of 602 m2 g�1 among the Cu6Sn5@SeNeCs prepared at
different temperatures. The micropores centred at 0.4e0.6 nm
accounted for 74% of total surface area (Table 1). Sn@SeNeC-900
prepared at the same temperature also revealed type I isotherm
with a BET surface area of 452 m2/g, 150 m2/g smaller than that of
Cu6Sn5@SeNeC-900. For Cu1.92S@SeNeC-900, it had its very lower
surface area (40 m2 g�1), owing to the formed large-size non-
porous Cu1.92S particles with higher molecular mass (Fig. 4k and
S4A). The pore analysis results demonstrated that Cu6Sn5@SeNeC-
900 possessed the optimized pore properties after introducing Cu
and Sn among these samples.
3.3. Surface ingredients and defects

The heteroatom-doping in carbon lattices often adjusted the
electronic and chemical properties of carbons, and served as active
sites for ORR. The defect level of SeNeC-900, Sn@SeNeC-900,
Cu1.92S@SeNeC-900 and Cu6Sn5@SeNeC-900 (Fig. 5D) have been
detected by Raman spectroscopy. All Raman spectra exhibited two
clear CeC adsorption signals at 1340 and 1579 cm�1, corresponding
to disordered sp3 carbon (D band) and graphite sp2 carbon (G
band). The ratio (ID/IG) of peak intensity was 1.02 for
Cu6Sn5@SeNeC-900, much higher than 0.99 of Sn@SeNeC-900,
0.96 of Cu1.92S@SeNeC-900 and 0.93 of SeNeC-900. Introducing
Cu and Sn into the COF precursors might contribute to the raising of
O, N and S content on carbon surface and thus the improved doping
levels of heteroatoms. Moreover, the electron conductivity of the
as-prepared Cu6Sn5@SeNeC-900 was also investigated by the
electrochemical impedance spectroscopy (EIS). On the basis of the
equivalent circuit models, the Rct values are 27.2, 35.6 and 40.3 for
Cu6Sn5@SeNeC-900, Sn@SeNeC-900 and Cu1.92S@SeNeC-900,
respectively (Fig. S4B). Cu6Sn5@SeNeC-900 represented the lowest
Rct value, indicating its higher electron transportation abilities. The
higher conductivity of highly dispersed Cu6Sn5 nanoparticles could
increase the electron transportation in carbon-based catalysts.
Moreover, like the catalytic behavior of Fe and Co species in the
carbonization of organic materials [49,50], Cu and Sn species might
facilitate the graphitization of organic frameworks at higher py-
rolysis temperature.

Chemical composition and elemental states on the surface of
Cu6Sn5@SeNeC-900 were probed with XPS techniques. As shown
in Fig. S2D, the XPS survey spectrum of Cu6Sn5@SeNeC-900
revealed distinctive peaks of Cu, Sn, S, N, O and C. It confirmed the
successful introduction of Cu, Sn, N and S in the surface of
Cu6Sn5@SeNeC-900. Two Cu (II) characteristic peaks of Cu 2p1/2
and 2p3/2 were found at binding energies of 954 and 934 eV
(Fig. 5E), originating from Cu-Nx or SnOx shells at the outside of
Cu6Sn5 [44]. The additional signal locating at 932.9 eV was attrib-
uted to the appearance of Cu (0) [44], assigning to Cu (0) in Cu6Sn5
alloys. The high-resolution spectrum for Sn 3d in Cu6Sn5@SeNeC-
900 could be deconvoluted into two peaks at 486.9 and 495.3 eV of
Sn 3d5/2 and Sn 3d3/2, manifesting the formation of SnOx on surface
of Cu6Sn5 particles. The oxytropic properties made Sn easily
oxidized to SnOx layers at the surface of metal nanoparticles
(Fig. 5F) [45], and the appearance of SneO signals could be also
verified in O1s spectrum (Fig. 5G). There were two XPS signals of Sn
(0) species at 485.1 and 493.5 eV, corresponding to Sn(0) in Cu6Sn5
alloys.



Fig. 5. N2 adsorption-desorption isotherms (A) and corresponding HK (B) and BJH (C) pore distribution curves of Cu6Sn5@SeNeC-800, -900 and �1000. (D) Raman spectrum of
SeNeC-900, Cu1.92S@SeNeC-900, Sn@SeNeC-900 and Cu6Sn5@SeNeC-900. The deconvoluted Cu 2p (E), Sn 3d (F), O 1s (G), S 2p (H) and N 1s (I) of Cu6Sn5@SeNeC-900 XPS
spectra.

Table 1
The textural parameters of CueSn-COFs and Cu6Sn5@SeNeCs

Samples SBET [m2/g] Smicropore [m2/g] Sexteral [m2/g] Vtotal [cc/g] Vmicropore [m2/g] dHK [nm] dBJH [nm]

CueSn-COFs 162 74.5 87.5 0.192 0.060 0.490 3.80
Cu6Sn5@SeNeC-800 325 283 43.0 0.290 0.128 0.500 4.00
Cu6Sn5@SeNeC-900 602 448 154 0.720 0.242 0.450 4.00
Cu6Sn5@SeNeC-1000 230 194 36.0 0.160 0.095 0.550 4.00
Sn@SeNeC-900 452 280 172 0.60 0.19 0.44 3.40
Cu1.92S@SeNeC-900 40 25 15 0.16 0.04 0.49 4.50
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DMSO solvent left in CueSn-COFs acts as S source of the as-
prepared hybrid carbons, which led to the doping of S in carbon
matrixes. The high-resolution S 2p peaks locating at t 163.7, 164.6
and 167.5 eV indicated the surface S atoms in the form of CeS, C]S,
and C-SOx (Fig. 5H) [31]. The existence of Cu or Sn sulphides in
Cu6Sn5@SeNeC-900 could not be observed in the XPS measure-
ment, consistent with the XRD results. The easily-formed Sn liquid
droplets during high-temperature carbonization facilitated the
formation of Cu6Sn5 alloys, instead of Cu1.92S particles. N 1s spec-
trum (Fig. 5I) was deconvoluted into four peaks, attributing to
pyridinic N (398.7 eV), pyrrolic N (399.6 eV), graphitic N (400.8 eV)
and oxide N (403.7 eV), respectively [46]. It could be clearly seen
that pyridine-N and graphite-N are dominant N-types in
Cu6Sn5@SeNeC-900. The XPS results further confirmed the
formation of Cu6Sn5 alloys with thin SnOx shells on the NeSeCs.
The little Cu-Nx species, NeS-doped carbons and Cu6Sn5@SnOx--
activated carbon layers could also serve as the efficient active sites
for ORR in Cu6Sn5@SeNeC-900.

3.4. Electrochemical properties of Cu6Sn5@SeNeC for ORR

Inspired by distinctive structure of as-prepared
Cu6Sn5@SeNeCs, their ORR electrocatalytic performance has
been investigated in alkaline electrolytes. As shown in the Fig. 6A, a
well-defined reduction peak was discovered in O2-saturated KOH
solution but was not observed in N2-saturated electrolyte, affirming
the prominent ORR activities of Cu6Sn5@SeNeC-900. Steady-state
LSV curves of Cu6Sn5@SeNeC-800, -900 and �1000 were



Fig. 6. (A) ORR CV conducted on Cu6Sn5@SeNeC-900 in 0.1 M KOH under O2 or N2-saturated atmosphere. (B) LSV curves on Cu6Sn5@SeNeC-800, -900,-1000 and Pt/C. (C) LSV
conducted in O2-saturated 0.1 M KOH of SeNeC-900, Cu1.92S@SeNeC-900, Sn@SeNeC-900, Cu6Sn5@SeNeC-900 and Pt/C. (D) LSV curves recorded for Cu6Sn5@SeNeC-900 at
different rotation rates in 0.1 M KOH. (E) K-L plots of J�1 versus u�1/2 for Cu6Sn5@SeNeC-900 at different potentials. (F) Tafel plots of Cu6Sn5@SeNeC-800, -900 and �1000.
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displayed in Fig. 6B. Cu6Sn5@SeNeC-900 possessed the most
positive half-wave potential (E1/2) of 0.86 V (vs RHE) among them,
competitive to commercial Pt/C (0.86 V). This E1/2 potential of
Cu6Sn5@SeNeC-900 is also among the best Fe (or Co)-based ORR
electrocatalysts, 20 mV higher than the previously reported Sn-
contained electro-catalysts (Table S2). The elevating heat-
treatment temperatures are often favorable to the graphitization
of carbon and thus enhance the electron transportation properties.
However, the mass-transportation properties and the density of
active sites would often decrease with the sintering and degrada-
tion of heteroatoms in carbons at very high pyrolysis temperatures
(Table S1). The balance results of these factors enabled
Cu6Sn5@SeNeC-900 to be the most active for ORR among these
Cu6Sn5@SeNeCs. Moreover, Cu6Sn5@SeNeC-900 also testified
more efficient ORR performance than metal-free SeNeC-900
(0.72 V), Cu1.92S@SeNeC-900 (0.74 V), and Sn@SeNeC-900
(0.81 V) (Fig. 6C). The robust catalytic performance of
Cu6Sn5@SeNeC-900 highlights the advantages of the formed
small-size Cu6Sn5 nanoparticles strongly embedding on porous N
and S-codoped carbons.

The ORR kinetics and reaction pathways of Cu6Sn5@SeNeC-900
were evaluated by LSV at different rotation rates in the range of
400e2500 rpm. With the increasing rotation rate (Fig. 6D), the
limited diffusion current density of Cu6Sn5@SeNeC-900 increased
linearly, because of the shortened O2 diffusion distance in the
electrolytes. The linear K-L plots at different potentials, obtained
from the corresponding LSV plots (Fig. 6E) exhibited the first-order
reaction kinetics toward the concentration of dissolved O2. The
calculated electron-transfer numbers (3.9e4.0) at different poten-
tials indicated a four-electron-transfer pathway of ORR over
Cu6Sn5@SeNeC-900. Cu6Sn5@SeNeC-900 also showed the small-
est Tafel slope of 75 mV dec�1 among Cu6Sn5@SeNeCs, close to
commercial Pt/C (74 mV dec�1) (Fig. 6F). This also suggested the
better kinetic reaction pathway of Cu6Sn5@SeNeC-900.
It is well-known that Sn species supporting on carbon materials

often reveal inferior ORR activities in HClO4 due to its unstable and
soluble properties. The efficient ORR activities of Sn-based elec-
trocatalysts were yet rarely studied in acid. The CV curves of
Cu6Sn5@SeNeC-900 revealed an obvious reduction peak at 0.72 V
in O2-saturated 0.1 M HClO4, but disappeared in N2-saturated
electrolyte (Fig. 7A). Cu6Sn5@SeNeC-900 also embodied sizable
limiting current density of 5.2 mA cm�2 and a half-wave potential
of 0.67 V, manifesting the reasonable electrocatalytic activity in
acidic media (Fig. 7B).

Durability and methanol-tolerance are another two crucial fac-
tors to represent the performance of ORR electro catalyst. The
durability of Cu6Sn5@SeNeC-900 was investigated using continual
CV scans (Figs. S5A and 5B) and Current-time (i-t) (Fig. 7C and D)
chronoamperometric curves in O2-saturated electrolytes. There
were no remarkable changes happened in ORR CV curves in both
media. In the i-t curves, the relative ORR current of about 93% over
Cu6Sn5@SeNeC-900 electrodes in 0.1 M KOH and about 82% in
0.1 M HClO4 solution still remained after 20 000 s. For Pt/C elec-
trodes, the ORR relative current maintenance was about 65e75% at
the same measurement conditions. The prepared Cu6Sn5@SeNeC-
900 was found to exhibit higher durability during the ORR in both
media. Unexpected durability of Cu6Sn5@SeNeC-900 might be
attributed to the efficient embedding of Cu6Sn5 nanoalloys on
NeSeCs. In contrast, Cu1.92S@SeNeC-900 (Fig. 7E) and
Sn@SeNeC-900 (Fig. 7F) suffered distinct recession after durability
test. The huge particles and uneven distribution of Cu1.92S and Sn
particles might affect the effective supporting of them on carbons,
and thus cause the easy degradation of active species. Moreover,
after the addition of methanol, there was no great fluctuation in the
ORR current density obtained over Cu6Sn5@SeNeC-900 (Fig. 8F).
But an obvious current decline was observed for commercial Pt/C



Fig. 7. (A) ORR CV performed on Cu6Sn5@SeNeC-900 in 0.1 M HClO4 solution under O2 or N2-saturated atmosphere. (B) LSV curves on Cu6Sn5@SeNeC-800, -900 and �1000 in
0.1 M HClO4. Current-time (iet) chronoamperometric response of Cu6Sn5@SeNeC-900 and Pt/C in O2-saturated 0.1 M KOH (C) and 0.1 M HClO4 (D) at a rotation rate of 1600 rpm on
the RRDE electrode. CVs after running for 5000 cycles in O2-saturated 0.1 M KOH electrolyte for Cu1.92S@SeNeC-900 (E), Sn@SeNeC-900 (F).

Fig. 8. (A) The large-angle XRD patterns of Cu6Sn5@SeNeC-900 and Cu6Sn5@SeNeC-900-H2SO4. CV and LSV curves of Cu6Sn5@SeNeC-900 and Cu6Sn5@SeNeC-900-H2SO4

conducted in 0.1 M KOH (B and C) and 0.1 M HClO4 (D and E). (F) Current-time (iet) chronoamperometric response of Cu6Sn5@SeNeC-900 and Pt/C-JM with the addition of
methanol (3 wt %) in O2-saturated 0.1 M KOH.
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(20 wt %). It illustrated better durability and robust anti-methanol
performance of Cu6Sn5@SeNeC-900.

To further detect the importance of Cu6Sn5 particles for ORR,
0.5 M concentrated sulfuric acid was used to etch off them.
Conclusion could be drawn from XRD patterns that all peaks of
Cu6Sn5 alloys disappeared after leaching (Fig. 8A). There were no
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Cu6Sn5 particles with SnOx on the porous carbons (Fig. S3D). When
compared with the original Cu6Sn5@SeNeC-900, both the ORR
onset potential and the half-wave potential of the residues decrease
significantly (Fig. 8C and E). The great depression of catalytic per-
formance of Cu6Sn5@SeNeC-900 could impute to dissolution of
Cu6Sn5 nanoparticles with SnOx shells and the evanescent syner-
gistic effect. Moreover, electrochemically active surface area (ECSA)
of Cu6Sn5@SeNeC-900 (451 cm�2) was much higher than SeNeC-
900 (55 cm�2), Cu1.92S@SeNeC-900 (193 cm�2) and Sn@SeNeC-
900 (372 cm�2) (Fig. S6). These results demonstrated the impor-
tance of Cu6Sn5 with SnOx shells for ORR. Pony Cu6Sn5 nanoalloys
with SnOx shells as the critical constituents were involved into ORR
activity centers of Cu6Sn5@SeNeC-900. Similar to the enhancing
ORR performance of hybrid carbons with Co3O4, Fe3C and FeCo
nanoparticles [37,38,47], Cu6Sn5@SnOx could activate the tightly-
contacted NeS-doped carbon layers, which acted as the higher
active centers for ORR. Cu6Sn5@SnOx might modulate the balance
of adsorption and desorption of oxygen-related species on the
surface of catalyst and improve the reduction kinetics of ORR.
3.5. Electrochemical lithium ion storage performance of
Cu6Sn5@SeNeC-900

CuSn-based alloys have been demonstrated as the efficient
anode materials for lithium ion storage. The pony-size and high
dispersion state of Cu6Sn5 on NeSeCs might help to improve their
lithium ion storage performance. Fig. 9A exhibited the differential
capacity plots (DCPs) for the first two cycles of the Cu6Sn5@SeNeC-
900, showing that the anode behaviors are dominated by alloying-
Fig. 9. (A) DCPs of Cu6Sn5@SeNeC-900. (B) Corresponding galvanostatic voltage profiles d
Cu6Sn5@SeNeC-900. (D) Capacity-cycle number plot of the Cu6Sn5@SeNeC-900 electrode
dealloying between Li and Cu6Sn5. It is reported that the lithiation/
de-lithiation of Cu6Sn5 occurs mainly at potentials above 0.3 V,
corresponding to Li-ion insertion into Cu6Sn5 in form of LixCu6Sn5
and LixSn [45,48].

The galvanostatic charge-discharge curves of Cu6Sn5@SeNeC-
900 have been determined for the 1st and 2nd cycle in a voltage
range of 0.01e1.5 V. As seen in Fig. 9B, the initial discharge and
charge capacities were 905 and 413 mA h g�1 at a used current
density of 50 mA g�1. The potential plateaus observed in discharge
curves mainly started from 0.48 V, while the charge curves illus-
trated several plateau at around 0.65 V. Moreover, the
Cu6Sn5@SeNeC-900 electrode also exhibited an excellent rate
capability (Fig. 9C). The reversible capacities at 50, 100, 200, 400,
800 and 1600 mA g�1 are 292, 230, 200, 175, 155 and 140 mAh g�1.
Thereby, Cu6Sn5 alloys clearly facilitated the transmission of elec-
tron and the charge-discharge capacity of Cu6Sn5@SeNeC-900 (Sn
content is 18.7 wt % and Cu content is 8.3 wt %) are among the best
Cu6Sn5@carbon electrode materials based on active metallic Sn
(Table S3).

The long-time cycling measurement of Cu6Sn5@SeNeC-900
was also performed at a current density of 400 mA g�1 (Fig. 9D).
Cu6Sn5@SeNeC-900 anode underwent a capacity drop during the
1st to 10th cycle. The capacity drop of lithium ion storage was
commonly observed in previous studies of transition metal alloys
or oxides as anode materials for LIBs [46,49,50]. It could be attrib-
uted to some irreversible reactions at the beginning experiment
stages. However, during the following cycles, better cycling stability
could be found for Cu6Sn5@SeNeC-900 electrode from the 100th to
300th cycle. The larger lithium ion storage capacities and long
uring the first two cycles at a current density of 50 mA g�1. (C) Rate performance of
s cycled between 0.05 and 1.5 V at a current density of 0.4 A g�1.
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cycling stability of Cu6Sn5@SeNeC-900 demonstrated its prom-
ising application in LIBs. The efficient performance for lithium ion
storage should be related to its unique local structures and com-
ponents. The small-size and high dispersion of Cu6Sn5 on NeSeCs
with abundant porosities provided the convenient mass tunnels
and high accessible Cu6Sn5 nanoparticles for lithium ion storage.
The strongly coupling between Cu6Sn5 nanoalloys and NeSeC
supports particles might effectively resist the exfoliation or aggre-
gation of Cu6Sn5 from NeSeCs and thus alleviate the destruction of
Cu6Sn5 in lithium ion storage.

4. Conclusions

In summary, Cu6Sn5 nanoalloys with about 2e10 nm particle
size supported on porous N and S-doped carbons were prepared by
thermal conversion of one-pot synthesized CueSn-contained co-
valent organic frameworks. This Fe-free and Pt-free
Cu6Sn5@NeSeC-900 demonstrated highly efficient catalytic activ-
ities for ORR in both alkaline and acidic media. The ORR half-wave
potential especially reached 0.86 V in 0.1 M KOH competitive to the
best Fe (or Co)-based or Pt-based NPMCs [38,51]. Cu6Sn5@NeSeC-
900 also displayed better durability and methanol-tolerance
properties for ORR in both media, without the serious degrada-
tion in electrocatalysis. The electrochemical lithium ion storage
capacity of Cu6Sn5@NeSeC also gave 905 mA h g�1 in an initial
discharge at the optimized conditions, comparable to the best CuSn
alloys. The carbonization of the designed COFs brought about the
unique small-size Cu6Sn5 nanoalloys in a high dispersion state on
carbons. This work not only provided an efficient synthesis strategy
for the preparation of ultrafine Cu6Sn5 nanoparticles supporting on
NeS-codoped carbons, but also presented a promising bifunctional
electrode material for PEMFCs and lithium ion batteries.
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