Significantly enhanced oxygen reduction activity of Cu/CuN,C, co-decorated ketjenblack catalyst for Al-air batteries

Fuzhi Li, Jingsha Li, Qiuju Feng, Jun Yan, Yougen Tang and Haiyan Wang
Citation: Journal of Energy Chemistry 27, 419 (2018); doi: 10.1016/j.jechem.2017.12.002

View online: http://engine.scichina.com/doi/10.1016/j.jechem.2017.12.002

View Table of Contents: http://engine.scichina.com/publisher/scp/journal/JEC/27/2

Published by the Science China Press

Articles you may be interested in

Synthesis and electrochemical properties of dual doped spinels LiNiyAl Mno_x_,O4 via facile novel chelated sol-gel method as possible

cathode material for lithium rechargeable batteries
Journal of Energy Chemistry 26, 101 (2017);

Synthesis and evaluation as CO» chemisorbent of the Lis(Al;_yFe,)O4 solid solution materials: Effect of oxygen addition
Journal of Energy Chemistry 26, 948 (2017);

Enhanced CO catalytic oxidation by Sr reconstruction on the surface of La,Sr1_,C003_s
Science Bulletin 62, 658 (2017);

Pore structure of new composite adsorbent SiOp-xHoO-yCaCl, with high uptake of water from air
Science in China Series E-Technological Sciences 46, 551 (2003);

Spray pyrolysis synthesis of nickel-rich layered cathodes LiNij_»,Co,Mn,Oo (x=0.075. 0.05, 0.025) for lithium-ion batteries
Journal of Energy Chemistry 27, 447 (2018);



http://engine.scichina.com/publisher/scp/journal/JEC
http://engine.scichina.com/search/search?fullnameFilter=Fuzhi%20Li
http://engine.scichina.com/search/search?fullnameFilter=Jingsha%20Li
http://engine.scichina.com/search/search?fullnameFilter=Qiuju%20Feng
http://engine.scichina.com/search/search?fullnameFilter=Jun%20Yan
http://engine.scichina.com/search/search?fullnameFilter=Yougen%20Tang
http://engine.scichina.com/search/search?fullnameFilter=Haiyan%20Wang
http://engine.scichina.com/publisher/scp/journal/JEC
http://engine.scichina.com/doi/10.1016/j.jechem.2017.12.002
http://engine.scichina.com/publisher/scp/journal/JEC/27/2
http://engine.scichina.com/publisher/scp
http://engine.scichina.com/doi/10.1016/j.jechem.2016.08.006
http://engine.scichina.com/doi/10.1016/j.jechem.2017.08.002
http://engine.scichina.com/doi/10.1016/j.scib.2017.03.017
http://engine.scichina.com/doi/10.1360/02ye0480
http://engine.scichina.com/doi/10.1016/j.jechem.2017.11.025

Journal of Energy Chemistry 27 (2018) 419-425

journal homepage: www.elsevier.com/locate/jechem

Journal of Energy Chemistry

Contents lists available at ScienceDirect

JeC

JOURNAL OF ENERGY CHEMISTRY
—_—

http://www.journals.elsevier.com/
journal-of-energy-chemistry/

Significantly enhanced oxygen reduction activity of Cu/CuNxC,
co-decorated ketjenblack catalyst for Al-air batteries

Fuzhi Li*®, Jingsha Li? Qiuju Feng¢, Jun Yan? Yougen Tang®%* Haiyan Wang®%*

2College of Chemistry and Chemical Engineering, Central South University, Changsha 410083, Hunan, China

b College of Life Sciences and Chemistry, Hunan University of Technology, Zhuzhou 412008, Hunan, China

¢ College of Chemistry and Chemical Engineering, Jishou University, Jishou 416000, Hunan, China

d Hunan Provincial Key Laboratory of Efficient and Clean Utilization of Manganese Resources, Central South University, Changsha 410083, Hunan, China

ARTICLE INFO ABSTRACT

Article history:

Received 29 October 2017

Revised 1 December 2017
Accepted 3 December 2017
Available online 19 December 2017

Highly efficient and non-precious catalysts are imperative for oxygen reduction reaction (ORR) to replace
Pt/C. Anchoring efficient active species to carbon supports is a promising and scalable strategy. Here we
synthesize Cu nanoparticles and noncrystalline CuN,C, species co-decorated ketjenblack (KB) carbon cata-
lyst (denoted as Cu-N-KB-acid) by a facile and scalable method using copper sulfate, melamine, and KB as

raw materials. An initial one-pot hydrothermal treatment is designed before pyrolysis process to achieve
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the good distribution of Cu and melamine on KB via a possible chelation effect. Owing to the synergistic
effect of Cu and CuN,C, on KB, this composite catalyst displays excellent ORR catalytic activity in alka-
line solution, which is comparable to the commercial 20% Pt/C. When used as a catalyst in a home-made
Al-air battery, it shows a stable discharge voltage of 1.47V at a discharge density of 50 mA cm~2, a little
higher than that of Pt/C (1.45V).

© 2017 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published

by Elsevier B.V. and Science Press. All rights reserved.

1. Introduction

Owing to the sluggish reaction kinetics, oxygen reduction re-
action (ORR) is considered as the major bottleneck for developing
advanced metal air batteries [1-6]. To address such issue, Pt-based
catalysts are widely used as the state-of-the-art catalyst. However,
their rare reserve, high price and sensitivity to CO poisoning have
inspired lots of researches to pursue low cost and highly efficient
candidate to replace the commercial Pt/C catalyst. Among these
catalysts, carbon materials functionalized with nitrogen [7-9] or
transition metals and nitrogen (marked as TM-N-C or TMNC, where
TM =Fe, Co, Cu, etc.,, N=nitrogen, C=carbon) have been reported
as two competitive classes of non-precious catalysts for the ORR
[10-12]. Fe-N-C catalysts have attracted particular attention ow-
ing to their comparable ORR catalytic activity to commercial Pt/C
[11,13-17]. Although the nature of the active sites in TM-N-C com-
posite still remains controversial, it is well accepted that both the
non-crystalline TMN,Cy moieties and the crystalline metal-based
nanoparticles (e.g. M, M3C, where M =metal) encased in the sur-
rounding graphitic carbon layers are proposed as the main active
sites [18].
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tral South University, Changsha 410083, Hunan, China.
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Recently, the copper-based catalysts have attracted much at-
tention because of their low overpotential for O, reduction to
H,0 [3,19], high electronic conductivity (just less than Ag), low
price and relatively large abundance [8]. Cho et al. [20] devel-
oped nano-CuS@Cu-BTC (BTC=1,3,5-benzenetricarboxylate) com-
posite using Cu-BTC and thioacetamide as raw materials, which ex-
hibited an onset potential of 0.91V (vs. RHE, reversible hydrogen
electrode) and quasi-four-electron transfer pathway (n=3.82). Pe-
riasamy et al. [21] prepared CugSg/CNTs nanocomposites with an
onset potential of —0.18V (vs. SCE, saturated calomel electrode)
and a near four-electron pathway in alkaline media for ORR. Wu
et al. [19] prepared Cu-N@C catalyst utilizing copper phthalocya-
nine (CuPc) and dicyandiamide, and found that the highly exposed
Cu(I)-N active sites greatly promoted the ORR catalytic activity. Cu,
N-co-doped carbons (Cu-N-C) derived from Cu-containing ZIF-8
also exhibited good performance for ORR due to the Cu, N-doping
and porous structure [8]. A highly efficient copper-containing cat-
alyst was synthesized by embedding 5-nitrophenanthroline into
polyvinylimidazole (PVI), which wrapped around the carbon nan-
otubes [3]. Although these copper based catalysts showed good
catalytic activity for ORR, the preparation process often involved
expensive materials such as CuPc [19], ZIF-8 [8], CNT [21], BTC [20],
5-nitrophenanthroline and PVI (polyvinylimidazole) [3]. Therefore,
it is indispensable to improve the catalytic performance with cheap
raw materials as much as possible. Nitrogen doping is an essential

2095-4956/© 2017 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published by Elsevier B.V. and Science Press. All rights reserved.
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step in the preparation of TM-N-Cs for ORR. In general, nitrogen
doping was gained by the pyrolysis of nitrogen-containing precur-
sors, such as melamine [22-24], 1-octadecylamine [25], cyanamide,
dicyandiamide and polyaniline [18,26-28]. These precursors gener-
ally generate a great deal of gases during pyrolysis. When these
gases flow out, they take samples away and lead to a relatively
low yield.

In this work, we introduced a facile and scalable way to syn-
thesize Cu and CuNyC, co-decorated ketjenblack (KB) composite
(denoted as Cu-N-KB-acid) using low cost materials such as cop-
per sulfate, melamine and KB. Hydrothermal process was first em-
ployed before the pyrolyzation to achieve better distribution of the
doped Cu and N. In the meantime, the pyrolyzation process was
optimized by wrapping the porcelain boat with copper foil, result-
ing in much higher yield (~32.32% for wrapped and ~5.01% for
unwrapped). Owing to the interaction of CuNxCy, Cu nanoparticles
and KB supports, the as-prepared Cu-N-KB-acid exhibited signifi-
cantly improved ORR activity in 0.1 M KOH solution, which is com-
parable to the commercial Pt/C (Johnson Matthey, 20 wt%). When
used in home-made Al-air batteries, it also showed a little higher
practical discharge voltage.

2. Experimental
2.1. Preparation of catalysts

All chemical reagents used in this work are of analytical grade
and without further purification. First, 0.2 g of KB was added into
a homogenous aqueous solution containing 1.0g of copper sul-
fate, then magnetically stirred at least for 10 min. Second, 1.1g
of melamine was added into the mixed solution, then stirred for
30min. Third, the resulting solution was enclosed into a 100 mL
Teflon lined stainless steel shell autoclave, heated to 120 °C in an
oven and kept at the temperature for 24 h. After it was cooled
to room temperature naturally, the as obtained product was fil-
trated under vacuum with membrane of 0.15pum pore diameter and
dried overnight at 80 °C. After carefully ground by agate mortar for
more than 5min, the resulting powder was transferred to a piece
of porcelain boat, which was then covered with another piece of
porcelain boat and further wrapped by copper foil. The treated
porcelain boat was placed into a tube furnace and then heated to
650 °C for 2h at a heating rate of 5 °C min~! in argon flow. Af-
ter that, it was naturally cooled to room temperature. Finally, the
obtained sample was treated with 3M HCIl at 80 °C for 6h with
continuous agitation to remove unstable phases [1,12]. After filtra-
tion, washing and drying, the collected sample was heated again
at 650 °C for 1h to repair the catalyst surface and reinforce the
grain phases [29,30]. The as prepared catalyst was denoted as Cu-
N-KB-acid. For comparison, the sample without acid treatment was
denoted as Cu-N-KB.

We also synthesized three control samples, N-KB, Cu-N and Cu-
KB. For N-KB, all procedures were the same with Cu-N-KB but
without the addition of copper sulfate. For Cu-N, all procedures
were the same with Cu-N-KB but no KB was added. For Cu-KB,
all procedures were the same with Cu-N-KB but no melamine was
added. It should be noted that no acid treatment and no subse-
quent pyrolysis procedure were employed for these control sam-
ples.

2.2. Physical characterization of catalysts
X-ray diffractometer (Rigaku D/Max 2550) was used to char-

acterize the structures of the as-prepared samples. The mor-
phologies and microstructures of these catalysts were studied us-

ing transmission electron microscopy (TEM, Titan G2 60-300). X-
ray photoelectron spectroscopy (XPS) test was detected on K-
Alpha1063 spectrometer. Nitrogen adsorption/desorption isotherms
were recorded using Quantachrome autosorb-1. The Raman spec-
trum was tested by Raman Spectrophotometer (Labram-010,
Aex=632nm).

2.3. Electrochemical measurements

For electrochemical measurements, 6 mg of as-prepared cata-
lyst was dispersed in 950 uL anhydrous ethanol by sonication for
20 min, then 50 uL of nafion solution (5 wt%) was added and soni-
cated for another 20 min to get a homogeneous catalytic ink. 10 L
of the ink was loaded onto the surface of glassy carbon disk, and
the catalyst loading is 0.2437 mg cm~2. For comparison, the com-
mercial 20 wt% Pt/C (Johnson Matthey) was also prepared with the
same method.

Linear sweep voltammetry (LSV) and cyclic voltammetry (CV)
were performed using a double fluid boundary Ag/AgCl elec-
trode as the reference electrode, and a platinum wire as the
counter electrode in 0.1 M KOH solution saturated with oxygen on
a CHI760E electrochemical workstation. All potentials were finally
converted to the values versus reversible hydrogen electrode.

The Koutecky-Levich equation was used for the electron trans-
fer number (n) calculation, the detailed formula can be obtained
in references [1,31]. To further verify the ORR mechanism, the per-
oxide percentage and the number were calculated based on the
equations in references [1,31]. The kinetic current for Tafel plot was
calculated according to the equation shown in reference [1].

2.4. Electrochemical test of Al-air batteries

For Al-air full batteries test, a polished aluminum stripe was
used as anode, a 6mol L~! KOH solution containing 0.01 mol L-!
Na,Sn03, 0.0075mol L-! ZnO and 0.0005mol L-! In(OH); was
used as electrolyte. The air electrodes were composed of gas dif-
fusion layer, foam nickel current collector and catalytic layer. The
catalytic layer was fabricated as follows. The as-prepared catalysts
(60mg) and the 60 wt% polytetrafluoroethylene (PTFE) aqueous so-
lution (50 mg) were mixed and agitated continuously until a paste
appeared, and then rolled with glass rod until it turned into a
film with the size of 2 x2cm. In the end, the film and gas dif-
fusion layer were pressed onto the two sides of nickel foam un-
der the pressure of 15MPa, and dried at 60 °C for overnight. For
comparison, the air electrode using commercial 20 wt% Pt/C cat-
alyst was also fabricated with the same method. The full bat-
tery performance was measured with Neware battery testing sys-
tem (Shenzhen, China). A home-made electrochemical cell was
used for Al-air battery measurements, with the net volume size of
50 x 32 x 50mm and a 10 mm diameter air hole was used for the
test. Other details can be seen in our previous references [2,31,32].

3. Results and discussion

Fig. 1(a) shows the XRD patterns of Cu-N-KB-acid, Cu-KB and
N-KB. Fig. 1(b) shows the XRD patterns of Cu-N-KB, Cu-N and
the PDF cards. As shown in Fig. 1(b), Cu-N-KB catalyst shows a
broad diffraction peak at about 26°, which is assigned to carbon
(0 0 2) [19,33]. There are two other phases existing in Cu-N-KB, Cu
and Cu,S. The sharp peaks at 43.3°, 50.45°, 74.1° are well indexed
to metallic Cu (PDF#97-006-4699), demonstrating that a certain
amount of Cu?t was efficiently reduced to Cu during the synthe-
sis process. The weak peaks at 32.64°, 37.4°, 39.05°, 45.9°, 48.4°
can be indexed to the chalcocite Cu,S (PDF#97-002-3596). For the
pattern of Cu-N-KB-acid in Fig. 1(a), no obvious peaks of Cu phase
and Cu,S phase are observed except the broad diffraction peak of
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Fig. 1. (a) XRD patterns of Cu-N-KB-acid, Cu-KB and N-KB; (b) XRD patterns of Cu-
N-KB, Cu-N and PDF cards. Raman spectroscopy technique was used to study struc-
ture change of the carbon materials.
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Fig. 2. Raman spectra of KB, N-KB, Cu-N-KB and Cu-N-KB-acid.

carbon (0 0 2) at about 26° [19,33]. This indicates that Cu and
Cu,S are basically removed by acid treatment. For comparison, the
XRD patterns of N-KB, Cu-KB and Cu-N are also analyzed. As seen,
the N-KB and Cu-KB exhibit only typical carbon (0 0 2) peak at
about 26° while Cu-N shows the typical Cu and chalcocite Cu,S
phase. The results demonstrate that the formation of metallic Cu
and chalcocite Cu,S are ascribed to the possible reaction between
copper sulfate and melamine.

As observed in Fig. 2, the KB shows two obvious peaks at
1323.77 and 1587.49 cm~!, corresponding to the typical D-band
and G-band peaks of carbon material [8,34]. For N-KB, the two
peaks shift to the 1313.07 and 1586.19 cm~!, respectively. As re-
ported, this red shift phenomenon is a general feature for N-
doping carbon materials [31,35]. That is to say, nitrogen is success-
fully doped into the carbon via the incorporation of melamine as
nitrogen source. The intensity ratio Ip/l; of N-KB is 1.464, much
higher than that of KB (1.377), indicating the greatly increased de-
ficiency degree of the carbon frame. It is well known that nitrogen
doping into the carbon causes structural defects and edge plane
exposures in the carbon frame, which greatly facilitates the ORR
[7,9,35,36]. For Cu-N-KB, the D-band and G-band peaks are blue-
shifted to 1325.13 and 1596.12 cm~!, which should be ascribed
to the higher vibration energy caused by copper doping. The Ip/Ig
value of Cu-N-KB is 1.439, smaller than that of N-KB, indicating a
higher crystallinity of the carbon frame. The similar phenomenon
was also reported in Ref. [8]. It may be caused by the catalytic
effect of Cu nanoparticles on the graphitization of carbon mate-
rial during pyrolysis, just like Fe particles catalyzing the growth of
carbon nanotubes and graphene as reported in references [37-39].
The Ip/Ig value of Cu-N-KB-acid is 1.462, higher than that of Cu-N-

KB, which should be due to the acid treatment that dissolves most
Cu and Cu,S particles and probably increases the structural defects
and edge plane exposures in the carbon frame [18,40].

Fig. S1 shows the TEM (a, b), HRTEM (c) images of Cu-N-KB. Fig.
S2 shows the HADDF (a) and STEM-EDS elemental mapping images
(b, ¢) of Cu-N-KB. Big particles (about 0.96-1.33 um) are observed
clearly in Fig. S1(a). As seen in the element mapping results in Fig.
S2, the big particles should mainly be the metallic copper particles.
The agglomeration of the Cu particles during the pyrolysis process
causes the big sizes. After magnification, the KB-based nanoparti-
cles with the size of 42-73 nm can be seen in Fig. S1(b). The lat-
tice distances in Fig. S1(c) are determined to be 0.209 nm, corre-
sponding to the Cu (1 1 1) plane. As seen in Fig. S2, the C and
N elements are uniformly dispersed in Cu-N-KB, but Cu element
is mainly focused on some big particles, being in accordance with
the images in Fig. S1(a).

Fig. 3 shows the TEM (a), HRTEM (b), HADDF (c) and STEM-
EDS elemental mapping images ((d)-(f)) of Cu-N-KB-acid. As seen
in Fig. 3(a), the Cu-N-KB-acid is mainly composed of nanoparti-
cles (KB particles) and a few darker particles with a diameter of
about 60nm are observed. According to the STEM-EDS elemental
mapping images in Fig. 3(f), these darker particles should be cop-
per containing substances. Fig. 3(b) shows the magnified HRTEM,
which is within the area marked with red circle in the inset. The
lattice plane of Cu (1 1 1) is verified to exist in Cu-N-KB-acid. By
comparing the TEM images of Cu-N-KB-acid in Fig. 3(a) with those
of Cu-N-KB (Fig. S1), it can be deduced that the acid treatment
dissolves the big particles but leaves the smaller ones that encap-
sulated within the carbon layer (Fig. 3(a) and (b)). As discussed
above, the big particles are mainly the metallic Cu particles, which
can be further verified by the strong XRD signals of metallic Cu
phase in Fig. 1. The small particles are mainly composed of two
kinds of copper containing particles, one of which is the metallic
copper particles. Previous references have disclosed that metallic
Fe/Co and their nitrides embedded into carbon layers are impor-
tant active sites for ORR [1,2,18,31,41,42]. The metallic Cu particles
encapsulated within carbon layer are herein believed as important
active sites for ORR [43,44]. The other type of the small particles is
the noncrystalline CuNxCy species. As confirmed by the elemental
mapping images (Fig. 3(d)-(f)), the C, N and Cu elements are uni-
formly dispersed in selected area, suggesting the successful doping
of Cu and N into the carbon supports and facilitating the forma-
tion of the noncrystalline CuN,C, moieties in the composite [41].
The existence of noncrystalline CuNxCy, moieties is further verified
in the XPS spectrum in Fig. 4.

XPS was used to investigate the elemental compositions and
valence states. As seen in Fig. 4(a), Cu-N-KB exhibits three appar-
ent peaks of C 1s, Cu 2p, and N 1s, as well as a weak peak of S
2p. For Cu-N-KB-acid, the Cu 2p peak decreases greatly and the
S 2p almost disappears due to the removal of unstable Cu and
Cu,S nanoparticles during the acid treatment. The signal of N 1s
in Cu-N-KB-acid (Fig. 4(c)) is fitted into four peaks at 398.5eV,
400.4eV, 401.4eV and 399.1eV, corresponding to pyridinic nitro-
gen, pyrrolic nitrogen, graphitic nitrogen and metal-coordinated
nitrogen [29,45-47], respectively. The total content of nitrogen is
about 1.56 at% (Table S1). The contents of the four types of nitro-
gen are 25.57 at%, 27.69 at%, 33.95 at% and 12.79 at%, respectively,
according to the Gaussian fitting results (Table S2). As reported,
the doped nitrogen plays important roles on ORR [11,29,45,48-50].
Moreover, the copper-bonded nitrogen greatly contribute to the
ORR catalytic activity [8,19,25,33,51], the same as the iron-bonded
nitrogen [3,8,20,34,52-54]|. Note that the copper-bonded nitrogen
is another kind of pyridinic nitrogen, whose lone pair electrons
coordinate with Cu to form the CuNxC, active moieties [41].
The C 1s spectrum of Cu-N-KB-acid (Fig. 4(b)) is fitted into two
peaks at 284.85eV and 286.2eV, relating to the sp? graphitic
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Fig. 3. The TEM (a), HRTEM (b), HADDF (c) and the STEM-EDS elemental mapping images (d-f) of Cu-N-KB-acid.

carbon [55] and C-O bond [1,56], respectively. For O 1s spectrum
of Cu-N-KB-acid, no metal-oxygen bond (~530.2eV) [2,57] but
low-oxygen defect sites (531.63eV) [2,58] and physically adsorbed
water (532.9eV) [2,59] are observed in Fig. S3(a). No obvious
signal of S 2p in Cu-N-KB-acid is observed (Fig. 4(d)) when com-
pared with that in Cu-N-KB (Fig. S3b), due to the dissolution of
cuprous sulfide during the acid treatment. The binding energy
spectra of Cu 2p for Cu-N-KB-acid and Cu-N-KB are shown in
Fig. 4(e) and (f), respectively. As seen, the signal of Cu-N-KB-acid
is much weaker than that of Cu-N-KB, which is well fitted to six
peaks at 933.6eV (Cu®, 2psy), 934.6eV (Cu*-Ny, 2p;p), 942.9eV
(satellite peak), 953.45eV (Cu®, 2p;p), 956.4eV (Cu?*-Ny, 2p;3)
and 963.4eV (satellite peak), respectively [3,19,33,34,60]. It is
noted that the valence state of copper element in Cu-N-KB-acid
catalyst should be the same with that of Cu-N-KB, mainly Cu® and
Cu2+-Ny. According to the TEM-EDS results (Table S1), the copper
contents in Cu-N-KB-acid and Cu-N-KB are 0.37 at% and 12.34 at%,
respectively, indicating that most unstable Cu-based species were
removed by the acid treatment.

The N, adsorption-desorption isotherm and the correspond-
ing pore size distribution plot of Cu-N-KB-acid are shown in
Fig. 5. As seen in Fig. 5(a), Cu-N-KB-acid shows a typical hys-
teresis loop of type Hy (IUPAC), indicating the existence of meso-
pores [11,17,29,61]. The specific surface area is calculated to be
653.9 m? g1, using the Brunauer-Emmett-Teller (BET) equation
from the data of adsorption isotherm. The pore diameter distribu-
tion is analyzed by nonlocal density functional theory (NLDFT) and
ranges from 0.61 to 35.9 nm, mainly focusing at 4.27 nm, as shown
in Fig. 5(b).

The LSV curves for different samples at a rotating speed of
1600rpm are shown in Fig. 6(a). It is clearly seen that Cu-N-
KB exhibits superior catalytic activity to Cu-KB, Cu-N, N-KB and

KB, with more positive onset potential (0.92V vs. RHE) and half-
wave potential (0.80V vs. RHE), larger limiting current density
(~6.0mA cm~2). As observed, KB alone possesses very poor ORR
catalytic activity. After the incorporation of Cu or N species, both
Cu-KB and N-KB exhibit improved the ORR activity. For Cu-N, it
exhibits the lowest ORR catalytic activity. After the incorporation
of KB into Cu-N, the ORR activity of Cu-N-KB is significantly en-
hanced. The Cu-N-KB-acid shows almost the same onset potential
and half-wave potential with Cu-N-KB, but a little higher and more
stable limiting current density. In spite of the removal of most
Cu/Cu,S species (the active sites for ORR [33,62,63]), Cu-N-KB-acid
still shows a little better catalytic performance than Cu-N-KB. This
phenomenon can be explained as follows. First, it is the big-sized
copper particles, which generally possess much poorer catalytic ac-
tivity due to the size effect [35,36,64], dissolved by the acid treat-
ment. While those nanoparticles with higher efficient ORR activity
were wrapped by carbon layer and could not be removed. The de-
cay of catalytic activity because of the dissolution of the unstable
Cu/Cu,S is negligible. Second, acid treatment to the catalyst proba-
bly leads to the increase of structural defect and edge plane expo-
sure in the carbon frame [18,40]. This is also verified in the Raman
spectrum in Fig. 2. As can be seen, the Ip/I; value of Cu-N-KB-acid
is higher than that of Cu-N-KB, suggesting the increased structural
defects and edge plane exposure in the carbon frame after acid
treatment. It is believed that a good balance is achieved for the
acid treated sample here. As observed, the ORR performance of Cu-
N-KB-acid is comparable to that of 20% Pt/C (~0.82V of half-wave
potential and ~5.5mA cm~2 of limiting current density). It is also
comparable to those recently reported Cu-N-C catalysts [8,19,33].
Based on the comparison results of different control samples, it is
clear that the incorporation of Cu source and N sources into the
KB, largely contributes to the significantly improved ORR perfor-
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Fig. 5. (a) N, adsorption-desorption isotherm and (b) the pore size distribution
plot of Cu-N-KB-acid.

mance. As a matter of fact, both the non-crystalline FeNyC, moi-
eties and the crystalline metal-based nanoparticles (e.g. Fe/Fe;C)
encased in surrounding graphitic carbon layers have been proposed
as the main active sites for Fe-N-C catalysts [41,45,65-67]. We be-
lieve that the Cu-N-C catalyst reported in this work obeys similar
catalytic mechanism with the Fe-N-C in references [8,19].

Fig. 6(b) shows the LSV curves of Cu-N-KB-acid at different ro-
tating speeds, and the inset is K-L plots based on these curves. It
can be seen that the K-L plots are almost parallel with each other,
indicating similar electron transfer numbers for ORR in the elec-
trolyte at different potentials [2,68-71]. The electron transferred
number of Cu-N-KB-acid calculated from K-L equation is averagely
3.92, confirming a four-electron pathway. As shown in Fig. 6(c),
the Tafel slope of Cu-N-KB-acid is 71.3 mV per decade, suggesting
similar kinetic behavior with Pt/C (82.2 mV per decade). To further
verify the ORR mechanism obtained from Fig. 6(b), the rotating-
ring-disk electrode (RRDE) tests were performed. As seen in Fig.
6(d), the n values of Cu-N-KB-acid shown in Fig. 6(f) are ~3.84 to
3.94 from 0.2 to 0.8V (vs. RHE), confirming a 4e oxygen reduction
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Fig. 6. (a) LSV curves of Cu-N, KB, N-KB, Cu-KB, Cu-N-KB, Cu-N-KB-acid and 20%
Pt/C on RDE in O,-saturated 0.1 M KOH solution at a scan rate of 10mV s~! with
a rotation speed of 1600 rpm; (b) LSV curves at different rotating speeds in O,-
saturated 0.1 M KOH solution at a scan rate of 10mV s~' and K-L plots (inset) for
Cu-N-KB-acid; (c) Tafel plots of kinetic current for Cu-N-KB-acid and 20% Pt/C; (d)
percentage of peroxide (H,0,%) and electron transfer number (n) of Cu-N-KB-acid.
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Fig. 7. LSV curves of (a) Cu-N-KB-acid and (b) 20% Pt/C before and after the accel-
erated durability test (ADT). The ADT was performed by subjecting catalyst to 2000
circles from 0.565 to 1.165V (vs. RHE) in O,-saturated 0.1 M KOH solution at room
temperature at a scan rate of 100mV s~!.

mechanism. To further make certain the electrode-reaction process
of the Cu-N-KB-acid, CV test was performed in O,-saturated and
Ar-saturated 0.1 M KOH solution, respectively. As seen in Fig. S4,
a strong ORR peak (~0.80V) is observed for Cu-N-KB-acid in O,-
saturated 0.1 M KOH solution and no peak appears in Ar-saturated
0.1 M KOH solution. It demonstrates that Cu-N-KB-acid is very sta-
ble in the testing condition.

The stability of Cu-N-KB-acid for ORR was evaluated by the
half-wave potential decay (AE;;;) before and after the acceler-
ated durability test (ADT). The ADT was performed by subject-
ing catalyst to 2000 cycles from 0.565 to 1.165V (vs. RHE) in O,-
saturated 0.1 M KOH solution at room temperature with a scan rate
of 100mV s~1. As shown in Fig. 7(a), the half-wave potential of Cu-
N-KB-acid exhibits a negative shift of ~11.7 mV after 2000 cycles,
slightly less than that of 20% Pt/C (Fig. 7(b), ~13.3 mV) and much
less than that of Cu-N-KB (~32mV) (Fig. S5). The results reveal
that the acid treatment not only strengthens the ORR activity, but
also improves the durability of the catalyst.

To further evaluate the practical catalytic performance of Cu-N-
KB-acid in Al-air battery, the cell voltage at various current densi-
ties and the constant current discharge tests were carried out. The
commercial Pt/C and Cu-N-KB were also investigated for compar-
ison. As observed in Fig. 8(a), the cell voltages with these three
kinds of catalysts all decrease with the increase of current den-
sity. When the current density is lower than 80 mA cm—2, the cell
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Fig. 8. Cell voltages of Al-air batteries with different cathode catalysts at vari-
ous current densities (a) and the discharge curves at a constant current density
of 50mA cm~2 (b).

voltage with Cu-N-KB-acid is slightly higher than that with Pt/C.
At the range of 80-140mA cm2, the cell voltage with Cu-N-KB-
acid is almost equal to that with Pt/C. It is clear that the cell
voltage with Cu-N-KB is lower than those with Cu-N-KB-acid and
Pt/C when current density is higher than 50mA cm~2. As seen in
Fig. 8(b), Cu-N-KB-acid catalyst exhibits an increasing tendency of
discharge voltage in the initial 2.5h until to a stable voltage of
about 1.47V, due to the activation process of Al anode, on which
the passive film was dissolved gradually [2]. The Pt/C behaves the
same as Cu-N-KB-acid in the first 2.5h until to the voltage of
~1.45V, which is about 20mV lower than that of Cu-N-KB-acid.
As for the Cu-N-KB, it shows a decreasing discharge voltage after
arriving to the highest voltage (~1.44V). In home-made Al-air bat-
teries, the as-prepared Cu-N-KB-acid even exhibited a little higher
discharge voltage than the commercial Pt/C.

4. Conclusions

In summary, KB-supported Cu nanoparticles and noncrystalline
CuNxCy composite catalyst was synthesized by a facile hydrother-
mal method with cheap and eco-friendly raw materials and sub-
sequent pyrolysis process. When used as a catalyst for ORR, this
as-prepared composite favored four-electron pathway in 0.1 M KOH
solution, exhibiting a comparable catalytic activity and superior
stability to the commercial Pt/C. It is believed that the good related
effects of Cu nanoparticles, noncrystalline CuNxC, species and KB
supports greatly contribute to such super ORR activity. When used
in Al-air full cell, it even exhibited a little higher discharge voltage
(~1.47V) than the commercial Pt/C (~1.45V) at a discharge current
density of 50mA cm~2. The strategy here using Cu-N-C species to
boost the ORR performance of carbon supports can provide a good
clue for developing low-cost but highly efficient catalyst materials
in Al-air batteries.
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