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Electrolyte: the active site studies

Qing Zhang®, Taishan Zhu”, Xin Qing®, Jinli Qiao™**, Shuhui Sun®*

Abstract: Although the non-precious metal catalysts (NPMCs) have been extensively
studied as low-cost catalyst alternatives to Pt, particular to oxygen reduction reaction
(ORR) in polymer electrolyte membrane fuel cells (PEMFCs), the nature of the active
ORR catalytic sites is still a subject of controversy. In this work, using carbon
supported copper phthalocyanine tetrasulfonicacid tetrasodium salt (CuTSPc/C)
nanoparticles as target catalyst, the effects of transition metal Cu on ORR active sites
are systematically studied by both rotating disk electrode (RDE) and rotating ring disk
electrode (RRDE) techniques in alkaline electrolyte. The results show that
acid-leaching can significantly decrease the ORR activity of the CuTSPc/C catalyst,
with half-wave potential negatively shifted by more than 50 mV compared to the
catalyst before acid-leaching. The electron transfer number of the ORR process
catalyzed by the catalyst before acid-leaching was kept for about 3.85 during the
whole tested potential range from -0.6 ~ -0.1V, while this number greatly decreased
from 3.82 at -0.55V to 3.53 at -0.1V after acid-leaching. The H,0O, produced
accordingly increased sharply from 7.8% to 22%. XRD and TEM results indicate that
acid-leaching is an effective method to remove metal-Cu. XPS analysis reveal that
metal Cu is essential in the ORR active site structure, and also plays a key part in the

stabilization of the active N and S species.

Keywords: Copper phthalocyanine; oxygen reduction reaction; acid-leaching; active

site
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1. Introduction

Increasing energy demanding and environmental pollution have stimulated
significant research into new, efficient and sustainable energy sources to compensate
for and even replace traditional ones [1,2]. In this regard, the proton-exchange
membrane (PEM) fuel cells have evoked great attention as a promising green energy
device due to their several advantages such as high energy efficiency, high
energy/power densities, and low/zero emissions [3-5]. To date, the slow cathodic
oxygen reduction reaction (ORR) kinetics with larger overpotential (or polarization)
have been identified as the major barrier in a fuel cell [6]. To make PEM fuel cell
technically feasible and practical, in the current state of technology, Pt-based catalysts
must be used to catalyze the slow ORR due to their high catalytic performances for
both the anode and cathode. However, as Pt-based catalysts have insufficient
electrochemical durability and come at a high cost [6-8], the major efforts in PEM
fuel cells research and development have been put on reducing Pt loading by
exploring more active catalysts, and/or replacing Pt metal using other non-precious
metals such as Fe, Co and Cu [9,10]. In spite of this progress, very few show the real
promise to comparable Pt since the requirements for both good ORR activity and
stability are difficult to be achieved for normal non-noble catalysts in such a strong
acidic condition for PEM fuel cell operation.

Recently, the growing interest in the application of alkaline fuel cells (AFCs) is
principally motivated by the prospective use of cheap, easy to start, and relatively
abundant non-precious metal catalysts (NPMCs) [11-13]. In a basic environment, the
catalyst activity toward ORR is much higher, and the improved materials stability is
highly afforded, thus leading to a reduced Pt loading and extended choices for suitable
Pt alternatives [11-13]. In particular, extensive work have been done to develop
transition metal N-containing complexes, conductive polymer-based catalysts,
transition metal chalcogenides,
metaloxides/carbides/nitrides/oxynitrides/carbonitrides and enzymatic compounds

[14-18]. Among these NPMCs, pyrolyzed metal-nitrogen materials supported on
3
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carbon (M-Nx/C) are considered as the most promising ORR catalysts, especially for
Fe- and/or Co-based ones [11,14,19]. As yet, the ORR activities of this kind of
non-precious metal catalysts are still insufficient. Although some methods and
materials have widely been used to produce active non-precious metal ORR catalysts,
there are still difficulties in discerning the controlling parameters in preparing active
catalysts. There is a general agreement in the literature that kinds of transition metal,
nitrogen, type of carbon support and pyrolysis process are all have effects on the
catalyst’s ORR activity and stability [20-23]. Among these four factors, the nitrogen
and carbon support are considered to be essential for the active sites. Regarding the
role of the metal ion in the catalytic process, however, there has two different views:
(i) the presence of metal ions plays important role in the formation of active sites
(M-N,/C, X=2 or 4) [24-26]; (ii) the transition metal does not act as part of active site,
instead it is only helping to facilitate the stable incorporation of nitrogen into the
graphitic structure of carbon, and the formation of active carbon during
high-temperature pyrolysis [27].

To form N-containing non-precious metal catalysts for the ORR, metal
phthalocyanines (MPcs) have been explored as the catalyst precursors due to their
unique delocalized conjugated bond with eight N atoms in a unit structure, making
MPcs liable to oxidation and reduction [21,28-32]. In particular, the pyrolyzed Co-
and Fe-centered phthalocyanines have been proven to be the most promising catalysts,
which exhibit remarkable ORR activities close to that of commercially available Pt/C
catalyst [21,28,29]. On the other hand, there has also been found that the ORR activity
of MPcs strongly depend on central metal ions [22,30] and the pH value of electrolyte
[31]. For example, Sehlotho et al. found that MnPc complexes could catalyze a
2-electron transfer ORR 1in acidic media, but 4-electron transfer one in alkaline media
[31]. Most recently, we have demonstrated the excellent ORR activities of
carbon-supported copper phthalocyanine (CuPc), which even surpasses the pyrolyzed
CoPc/C in alkaline condition [32]. For a continuing effort, we further report that metal
Cu, nitrogen and sulfur could be simultaneously formed onto the carbon support

framework to form new Cu-N-S/C catalysts by pyrolyzing a carbon supported copper
4
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phthalocyanine tetrasulfonic acid tetrasodium salt (CuTSPc/C) nanoparticle catalysts,
without additional dopant precursor [33]. As shown in Table 1, in the use of
EDX-mapping data for exploring the active site structure, an interesting phenomenon
can be seen: the nitrogen content in catalysts has no significant decline with an
increase in heat-treatment temperature. This suggests that the presence of Cu and S
species could prevent phthalocyanine from thermal decomposition and contribute to
higher nitrogen content during the pyrolysis process (where the more nitrogen
concentration in the catalyst synthesis could benefit the catalyst’s ORR activity).
Moreover, S has also been proven to be an essential part of ORR active site, and the
synergetic effect between N and S could be spontaneously formed within the catalyst
[33]. Nevertheless, the role of transition metal playing in the catalysts’ active sites is
still unclear.

Inspired by the results achieved in our continuing effort, in this work, with
carbon-supported copper phthalocyanine tetrasulfonic acid tetrasodium salt
(CuTSPc/C) nanoparticles as the target catalyst, the role of central metal Cu ion in
macrocycle complex was investigated by an acid-leaching model. The catalytic ORR
activities of the catalysts before and after acid-leaching were studied thoroughly by
linear sweep voltammetry (LSV) employing rotating disk electrode (RDE) and
rotating ring-disk electrode (RRDE) techniques in 0.1 M KOH. The ORR kinetic
parameters and possible reaction mechanisms were discussed. For fundamental
understanding, the XRD, TEM and XPS analyses were also performed to identify the
surface structure change and the possible active sites of these catalysts before and

after acid-leaching.

2. Experimental

2.1 Materials and catalyst preparation

Copper phthalocyanine tetrasulfonic acid tetrasodium salt (CuTSPc) was
provided by Sigma Aldrich with 60% purity and used as both the metal precursor and
nitrogen precursor. In this work, the Vulcan XC-72R carbon black was used as carbon

5
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support, which was purchased from Cobat Corporation with 236.8 m°g” specific
surface area. Carbon-supported copper phthalocyanine tetrasulfonic acid tetrasodium
salt catalysts (CuTSPc/C) were prepared via a combined solvent-impregnation and
milling procedure along with high-temperature treatment. In detail, the preparation
was processed by combining a mixture of 40 mg CuTSPc and 60 mg carbon black in a
mortar, milling by adding 10 ml methanol for 2h, and then was vacuum-dried at 40°C
for 1h to remove methanol. The resulting catalyst were further placed in a quartz boat
and pyrolyzed at 700°C for 120 min at a rate of 20°C min” in a flowing nitrogen
atmosphere. This catalyst as-prepared is thus designated as (CuTSPc/C)7go. In order to
remove the metal Cu, the catalyst was further disposed with an acid-leaching
procedure after heat-treatment. In detail, the (CuTSPc/C)7q catalyst was refluxed in
0.5M H,SO, at 80°C for 8h, then the suspension was washed with deionized (D.1.)
water and centrifuged until the supernatant to be neutral. The catalyst powder
obtained was finally dried at 60°C in an oven overnight under ambient air conditions,

which was then designated as (CuTSPc/C);0AL.

2.2 Physical characterizations

The microstructures of both (CuTSPc/C)7g9 and (CuTSPc/C);00AL catalysts were
examined by X-ray power diffraction (XRD), transmission electron microscopy
(TEM) and X-ray photoelectron spectroscopy (XPS). XRD measurements were
carried out on a Philips PW3830 X-ray diffractometer equipped with Cu-Ka radiation
(A = 0.15406 nm). The current was 40 mA and the voltage was 40 kV. The intensity
data were collected at 25°C in the 20 range from 0° to 90° with a scan rate of
1.20°min™". TEM was performed on JEM-2100F operated at an acceleration voltage of
200 kV to obtain information of the average particle size and the distribution of the

catalyst prepared. XPS analysis was carried out on a Kratos AXIS Ultra®"

electron
spectrometer with Al K X-ray anode source (hv = 1486.6eV) at 250W and 14.0 kV.

The XPS Peak 41 software was used for fitting the XPS spectrum.

Page 6 of 29
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2.3 Electrochemical measurements

All the electrochemical measurements were carried out in a conventional
three-electrode cell using CHI760D electrochemical workstation controlled at room
temperature. The electrocatalytic activities of both (CuTSPc/C);99 and
(CuTSPc/C)700AL catalysts were evaluated by linear sweep voltammetry (LSV) using
a rotating disk electrode (RDE) and a rotating ring-disk electrode (RRDE) techniques.
A glassy carbon (GC) electrode (a diameter of 5.615 mm corresponding to a
geometric surface area of 0.2475 cm?, purchased from Pine Instruments) was used as
the working electrode. Prior to use, the GC electrode surface was polished with Al,O3
(0.05 um) suspension and rinsed with D.I. water. The catalyst ink was prepared by
mixing 25 mg of the catalyst with 2 ml of isopropyl alcohol to form a mixture, which
was then ultrasonically dispersed for 45 minutes to dissolve as evenly as possible.
Then 10 zL of the catalyst ink was deposited onto the GC electrode surface, leading

to a catalyst loading of 0.5 mg cm™. After drying at room temperature, one drop of
methanol/Nafion® solution (50:1 wt%) was dropped onto the top of the catalyst layer

to improve adhesion during the electrochemical measurement.

RDE experiments were performed in a three-electrode electrochemical cell, and
0.1M KOH was used as the electrolyte at room temperature. A saturated calomel
electrode (SCE) and platinum wire were used as reference and counter electrodes,
respectively. All measured potentials were referenced to a standard hydrogen
electrode (SHE). Linear sweep voltammetry (LSV) in O,-saturated 0.1M KOH were
measured at 1500 rpm with a sweep rate of 5 mV s™ and a potential range between -0.6
and 0.3 V. To verify the ORR catalytic pathways of the catalyst, the RRDE
measurements were performed to monitor the formation of peroxide species during

the ORR process.

3. Results and Discussion
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3.1 Oxygen reduction reaction activity

According to the literatures, the “metal-free” catalysts are normally considered to
exhibit better stability than transition metal N-containing complexes because there are
no issues related to metal dissolution and poisoning as observed from those
metal-containing catalysts [34-36], and the acid-leaching (the heated H,SO,) are
usually used for removing the transition metal ions during the catalysts synthesis
[37,38]. However, there has no any report on the acid-leaching used for the pyrolyzed
macrocyclic structured metal phthalocyanines. Fig. 1 shows the ORR polarization
curves of CuTSPc/C catalyst electrode before and after acid-leaching, which are
measured in O,-saturated 0.1M KOH at room temperature, respectively. One can see
that the (CuTSPc/C)y catalyst gives the onset potential at 0.18V and a half-wave
potential (AE;») at 0.04V, along with a better-defined diffusion-limiting current
plateau ranging from -0.2~-0.6V. This suggests that the distribution of active sites on
(CuTSPc/C)7g electrode is uniform and the oxygen reduction reaction rate is fast
enough. Compared to (CuTSPc/C)7¢ catalyst, on the contrary, the (CuTSPc/C)700AL
catalyst exhibited the onset potential at 0.13V with a half-wave potential (AE;;) at
0.00V, ie., after acid-leaching the electrocatalytic activity of the catalyst decreased
greatly, where the half-wave potential of (CuTSPc/C);9p0AL is negatively shifted by
more than 50 mV compared to (CuTSPc/C)70. In addition, the good current plateau as
observed for (CuTSPc/C)7q electrode was also destroyed to some extent, particular in
the high-polarization range. The above results indicate that acid-leaching procedure
has negative effect on the ORR activity. Since the aim of acid-leaching in this work is
to remove the central metal Cu, it can be concluded that the presence of metal-Cu
might be beneficial for promoted more active sites for the oxygen reduction of
(CuTSPc/C)7gg catalysts as will be discussed below.

For a further comparison of the catalytic ORR activity of CuTSPc/C catalyst
before and after acid-leaching, the mass-corrected Tafel plots of log jx (mA cm?) vs.
the electrode potential E are constructed in Fig. 1(b), on both (CuTSPc/C)7yy and

(CuTSPc/C)00AL electrodes. These Tafel curves were deduced from the polarization
8
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curves of Fig. 1(a) with a rotation rate of 1500 rpm. It can be clearly seen that the
Tafel slopes for (CuTSPc/C);y catalyst can be divided into two parts, i.e., about 77.6
mV dec™ at the lower overpotential region (E < 150 mV vs. SHE.) and about 127.8
mV dec™' at the higher overpotential region (E < 50 mV vs. SHE.), implying a
1-electron process involved in the rate-determining step [24]. On the contrary, the
Tafel slope of (CuTSPc/C);00AL catalyst is high above 185.7 mV dec™ at the higher
overpotential region, where E < -50 mV vs. SHE. These data clearly indicate that the
ORR mechanism strongly depends on the electrode materials (ie., the acid-leading
process) investigated in this work, as also put in evidence by the different number of
electrons involved in the ORR.

It is known that the electrochemical reduction of oxygen is a multi-electron
reaction that has two main possible pathways: one involving gain of 2e” to produce
H,0,, and the other, a direct 4¢” pathway to produce water. In PEMFCs operation, the
favorite ORR process is expected to be a 4-electron transfer process from O, to H,O
rather than to H,O; in order to obtain the maximum energy capacity. Therefore, for
further understanding the catalytic performance of (CuTSPc/C) catalyst in the
absence of Cu, the RRDE measurements were used to quantitatively verify the ORR
catalytic pathways of the catalyst after acid-leaching. Based on the RRDE
measurements in Fig. 2 (a) and (b), the number of electron transferred (n) and the

percentage of H,O, produced can be calculated according to the formulas [26]:

ne— s (1)
I,+1 IN
%H,0, =100x—2 N _ 2)
I,+I /N

where I, I, and N are the disk current, ring current, and collection efficiency (0.37 in
the present work), respectively. According to these equations, we can calculate
peroxide species percentage and the number of electron transferred as shown in Fig.
2(c) and (d). It can be seen that (CuTSPc/C)790 and (CuTSPc/C);90AL both could
catalyze the ORR with a 4-electron transfer dominated process. Nevertheless, the

electron transfer number of the ORR process catalyzed by (CuTSPc/C)7q (ie., before
9
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acid-leaching) was kept for about 3.85 during the whole tested potential range from
-0.6 ~-0.1V, whereas this number decreased greatly from 3.82 at -0.55V to 3.53 at
-0.1V for (CuTSPc/C);00AL) (ie., after acid-leaching). The H,O, produced for the
latter thus increased sharply from 7.8% to 22%. In fact, the volatility of these two
kinetic parameters (n and %H,0,) is much larger for the catalyst after acid-leaching
than in the case of before acid-leaching. Obviously, the results in Fig. 2 indicate that
the presence of metal Cu may not only influence the ORR path, but also may have

certain effect on the catalytic stability.

3.2 Morphology and structural characterizations

Fig. 3 Shows the XRD patterns for both (CuTSPc/C);99and (CuTSPc/C)790AL in
order to clarify the structure change before and after acid-leaching, which can help us
to have a further understanding of the influence mechanisms of acid-leaching on the
ORR activity. For both samples, two large broad peaks located at 20 = 24.5° and
20 =43.0° are assigned to the (002) and (100) reflection of amorphous carbon
support (Vulcan XC-72R) [39,40]. From Fig. 3(a), it is noted that the reflections
which would be characteristic for copper particles are not present, instead, the
(CuTSPc/C)7go catalyst sample shows two better resolved characteristic peaks of
sulfated copper(I)-containing compound (NaCuy(SO4),OH H,0) at 20 = 31.9° [41]
and copper hydroxide (Cu(OH),) at 20 = 34.0° [42], respectively. Also, the reflection
around 20 < 10°, which is associated with the crystalline nature of CuTSPc, was not
observed. These results imply that the macrocyclic structure of CuTSPc have been
decomposed when the pyrolysis temperature exceeds 700°C, resulting in the
rearrangement of the carbon and nitrogen atoms. However, a large amount of Cu
atoms are in the form of Cu-N-S/C structure (which is considered to be the oxygen
reduction active site) [33] or compounds rather than a metallic Cu (which are not
active for the ORR) (Fig. 3(a)). Very different from (CuTSPc/C)7g catalyst sample,
the above copper-containing characteristic peaks completely disappeared for

(CuTSPc/C)700AL as can be clearly seen in Fig. 3(b), indicating that the metal-Cu
10
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may be removed after acid-leaching. Based on the electrochemical measurement
results (Fig. 1 and Fig. 2), this may explain the fact that why we observed higher ORR
activity of (CuTSPc/C)y catalyst than that of (CuTSPc/C);00AL catalyst. Combining
what will be discussed later, the presence of the metal-Cu might has a great effect on
the formation of ORR active site structures as will be further verified by the following
TEM analysis.

Fig. 4 shows the typical TEM images for both catalyst samples, which can help
us to understand the morphology and particle size differences before and after
acid-leaching. It can be seen that for (CuTSPc/C)7 catalyst (Fig. 4(a)), some bright
particles with size about 20 ~ 30 nm are uniformly distributed on the surface of
carbon support. The shape of these particles can also be demonstrated in Fig. 4(b), an
enlargement of the area outlined in Fig. 4a. More interestingly, Fig. 4(b) clearly
shows the lattice fringe spacing of 1.25 nm, corresponding to the lattice images of the
single-crystal copper (002) plane [43], which has never been reported in the literatures
as to pyrolyzed metal phthalocyanines. These particles are the Cu-containing cluster
compounds (Cu-N-S/C), which is considered to be highly catalytic active for the ORR
as has been reported in our recent work [33]. In the case of (CuTSPc/C)7p0AL catalyst
(Fig. 4(c)), however, the TEM image surface only shows agglomerated carbon carrier,
and no any Cu-containing particles with crystal structure can be found. Based on the
above-mentioned results, it is clear that the structure of Cu-N-S/C was destroyed due
to loss of Cu after acid-leaching, which is in a well agreement with what we have

observed from XRD results (Fig. 3).

3.3 Active site studies

For further clarifying the possible active sites for the ORR catalyzed by the
(CuTSPc/C)7g catalysts before and after acid-leaching, XPS analyses are carried out
and the results are summarized in Fig. 5. In the full-spectrum analysis, the emissions
from Cls, Nls, Ols and S2p levels that constitute the molecules for both

(CuTSPc/C)790 and (CuTSPc/C);00AL were clearly observed. The element of Cu that
11
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constitutes the molecules of (CuTSPc/C); was also clearly identified (XPS; see Fig.
S1, Supporting Information, SI). However, the peaks of Cu2p were not found after
acid-leaching, and the content of Cu is too small to be detected. This can be seen more
intuitively in Table 2. As seen more clearly in Fig. 5(a), the Cu 2p spectrum for
(CuTSPc/C)7g catalyst sample can be de-convoluted into four peaks, except for the
higher energy band of Cu 2p spectra which is originated from a broad Cu (II) satellite
extending from 940 to 950 eV. The four narrow peaks at 932.4, 933.4, 934.5 and
935.4eV are ascribed to the cuprous species [43-45], copper nitrides [46], copper
hydroxide [47,48] and part of undecomposed CuTSPc/C, respectively. Although the
peak at 935.4 eV still can be observed but both peak height and peak area decreased
significantly. This indicates that most of CuTSPc/C have been decomposed and forms
the Cu-N-S/C structure as we observed from XRD pattern. The differences in
decomposed content of CuTSPc/C between XPS spectra and XRD pattern is possibly
due to the different measurement techniques, and the encapsulation of the precursor
into the carbon frameworks below the detection limit of the XRD analysis. As shown
in Fig. 5(b), however, the above Cu 2p peaks disappeared totally for
(CuTSPc/C)700AL sample, and no any fitting peaks can be achieved, indicating that
the metal Cu is indeed basically removed after acid-leaching process.

The Nls spectra for both (CuTSPc/C)70 and (CuTSPc/C)790AL catalyst samples
are presented in Fig. 5 (c and d). According to literatures [37,47,49], the peaks of N 1s
at 398.6 + 0.3eV, 400.5 £ 0.3eV and 401.3 £ 0.3eV are corresponding to pyridinic-N,
pyrrolic-N and graphitic-N, where both pyridinic-N and graphitic-N are considered as
the active sites for ORR. As shown in Fig. 5(c), the N 1s band for (CuTSPc/C)790
catalyst can be de-convoluted into four peaks with binding energies of 398.4 eV,
400.0 eV, 400.7 eV and 401.5 eV, respectively. The peak at 400.0 eV can be assigned
to C=N [50], while another three peaks are due to pyridinic-N (398.4eV), pyrrolic-N
(400.7eV) and graphitic-N (401.5eV), respectively. However, after acid-leaching,
only three N 1s bands are observed at 398.9 eV (pyridinic-N), 400.0 eV (C=N) and
400.8 eV (pyrrolic-N), where the graphitic-N totally disappeared as can be clearly

seen in Fig. 5(d). Combined with the results obtained from Fig. 1 and 2, if associating
12
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the remarkable ORR activity of (CuTSPc/C)7go catalyst with the observed pyridinic-N
peak and graphitic-N peak, one may propose that the active sites for ORR is
essentially weaken due to loss of Cu during acid-leaching process..

For a more convenient comparison, the content of each types of N (the density of
active species) are summarized in Fig. 5(e). It is interestingly to find that although the
graphitic-N disappeared in (CuTSPc/C);00AL catalyst, the total concentration of N
species increased from 1.60% for (CuTSPc/C)zy to 2.07% for (CuTSPc/C)7;00AL
(Table 2). Moreover, the proportion of pyridine-N decreased greatly from 63.1% for
(CuTSPc/C)790 to 41.1% for (CuTSPc/C);00AL based on the calculation from Fig. 5(e).
On the contrary, the proportion of C=N and pyrrolic-N strongly increased, that is, the
density of active sites is decreased greatly after acid-leaching. Therefore, it is
reasonable to deduce that the disappearing of graphitic-N and the decreasing of
pyridine-N lead to a significant degradation of ORR activity on (CuTSPc/C)7y
catalyst electrode. The presence of pyridinic-N may be the fact that the
(CuTSPc/C)700AL catalyst still maintains certain ORR activity even after
acid-leaching. In our previous work, we have also found that the total mass loss of
CuTSPc/C and CuPc/C is much smaller than that of H,Pc/C [32,33], indicating that
Cu species could effectively prevent phthalocyanine from thermal decomposition, and
contribute to higher nitrogen content which if benefit for ORR activity sites. All these
facts suggest that the presence of central metal-Cu is not only essential in the ORR
active site structure, but also plays a key role in stabilization of N active species.
These conclusions also coincide well with what observed from RDE results (Fig. 1).

Fig. 5(f and g) presents the results obtained for the S2p spectral region for
catalyst samples before and after acid-leaching. It can be seen that (CuTSPc/C)7g0
catalyst shows a large band ranging from 166.0-172.0 eV, which can be attributed to
the formation of sulfated copper-containing compound [51]. Besides, it also exhibits
the two primary components at 163.7 eV and 164.9 eV overlapping with each other.
The band at 163.7 eV is assigned to C-S,-C structure, and the other band at 164.9 eV
is close to that of neutral S (164.5) or the S-S bond (164.6 eV) [33,51]. After

acid-leaching, the peak intensity at 167.0-170.0 eV was largely reduced. Meantime,
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the peaks at 163.7 eV and 164.9 eV both positively shifted to 163.9 eV and 165.1 eV,
indicating some extent of formation of thiophene-S2ps;, and thiophene-S2p,
respectively [18,48]. In other words, the content of C-S,-C is decreased due to loss of
Cu, and changes to the formation of thiophene-S after acid-leaching process.
Calculated from Fig. 5(h), the proportion of thiophene-S2p;, structure in the total S
for the catalyst is about 30%. Based on the observations, we can infer that the some
extent of decrease in C-S,-C and a large decrease in active N species can be the
reason of the lower ORR activity of the (CuTSPc/C);00AL catalyst than that of
(CuTSPc/C)79p catalyst. Although the S2p;, at 165.1 eV is confirmed as the active
sulfur component [18,52], the formation of active thiophene-S2p;,, obviously could
not make up for the large decreasing of active N species. It is demonstrated further by
these facts that the presence of Cu plays a key role in both formation and stabilization

of N active species and active C-S,-C species.

4. Conclusions

In conclusion, the role of central metal Cu ion played in the CuTSPc/C catalyst’s
ORR active sites was investigated using acid-leaching model. Through
electrochemical measurements and the physical characterization analyses, some
important results can be obtained: (i) RDE results show that the acid-leaching process
has negative effect on ORR activity, where the half-wave potential for
(CuTSPc/C)700AL catalyst is negatively shifted by more than 50 mV compared to
(CuTSPc/C)790 sample; (ii)) RRDE results indicate that compared to (CuTSPc/C)7g
sample, the ORR path on (CuTSPc/C);00AL catalyst electrode is still the
4e’-dominated process, however, the electron transfer number is obviously decreased
along with the largely increased H,O, yield, particularly in the lower overpotential
range; (iii) XRD and TEM analyses reveal that acid-leaching can remove effectively
most of Cu. XPS results demonstrate that the central metal Cu ion not only is an
important part for constructing the (CuTSPc/C)7¢y catalyst ORR active sites, but also

has a great effect on the stability of active N and S species.
14
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Figure captions

Fig. 1 (a) Polarization curves of ORR catalyzed by (CuTSPc/C);y and
(CuTSPc/C)700AL catalysts in O,-saturated 0.1M KOH solution. (b) Tafel plots of log
Jk vs. E (V) for ORR catalyzed by (CuTSPc/C);o0 and (CuTSPc/C);90AL catalysts
deduced from the polarization curves in (a). Scan rate: 5 mV s™. Electrode rotation

rate: 1500 rpm. Catalyst loading: 505 g cm™.

Fig. 2 (a) Rotating ring-disk electrode measurements for ORR catalyzed by
(CuTSPc/C)7go catalysts synthesized before and after acid-leaching at a scan rate of 5
mV s' in O,-saturated 0.IM KOH solution, (b) The same as Fig. 1, (c) The
corresponding %H,0, yield, and (d) electron transfer numbers of ORR catalyzed by

the sample indicated. Catalyst loading: 505 g cm™. Rotating rate: 1500 rpm.

Fig. 3 X-ray diffraction pattern of (CuTSPc/C)79p and (CuTSPc/C)790AL catalysts.

Fig. 4 TEM images of (a) (CuTSPc/C);q0, (b) an enlargement of the area outlined in (a)
and (c) (CuTSPc/C);90AL.

Fig. 5 XPS spectra of (a) Cu 2p for (CuTSPc/C)g, (b) Cu 2p for (CuTSPc/C);00AL,
(¢) N 1s for (CuTSPc/C)7g0, (d) N 1s for (CuTSPc/C);00AL, (e) the content of each
types of N for (CuTSPc/C)799 and (CuTSPc/C);00AL, (f) S 2p for (CuTSPc/C)0, (g)
S 2p for (CuTSPc/C);00AL, (h) the content of each types of S for (CuTSPc/C)7op and
(CuTSPc/C)700AL.
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Table 1 The content of elements for CuTSPc/C synthesized at different temperatures,
determined by EDS.

Element CuTSPc/C (CuTSPc/C)sp0  (CuTSPc/C)r90  (CuTSPc/C)soo
wt. % at.% wt. % at.% wt.% at%  wt.% at.%

C 64.88 7271 66.96  74.27 67.72 7433 80.90 86.05

N 11.11 10.67 12,11  11.52 11.84 11.14 9.26 8.45
0] 15.32 12.89  13.09 10.90 14.86  12.24 4.86 3.88
Na 3.00 1.75 3.01 1.75 1.86 1.07 0.24 0.13
S 3.69 1.55 2.71 1.13 2.20 0.91 2.75 1.10

Cu 2.00 0.42 2.11 0.44 1.52 0.31 1.99 0.40
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Table 2 Concentrations (at%) of C, N, O, S and Cu in the (CuTSPc/C);y and
(CuTSPc/C)790AL catalyst samples, determined by XPS.

Sample C N 0] S Cu

(CuTSPc)700 88.71 1.60 7.05 1.27 0.38
(CuTSPc)700AL 88.63 2.07 8.40 0.91 —
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