energies

Article

Pt-Fe-Co Ternary Metal Single Atom Catalyst for toward High
Efficiency Alkaline Oxygen Reduction Reaction

Ruimin Zhang, Ke Wang, Peng Wang *, Yan He * and Zhiming Liu *

check for
updates

Citation: Zhang, R.; Wang, K.; Wang,
P; He, Y.; Liu, Z. Pt-Fe-Co Ternary
Metal Single Atom Catalyst for
toward High Efficiency Alkaline
Oxygen Reduction Reaction. Energies
2023, 16, 3684. https://doi.org/
10.3390/en16093684

Academic Editor: Roger Glaser

Received: 23 March 2023
Revised: 20 April 2023
Accepted: 24 April 2023
Published: 25 April 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Shandong Engineering Laboratory for Preparation and Application of High-Performance Carbon-Materials,
College of Electromechanical Engineering, Qingdao University of Science & Technology,

Qingdao 266061, China; zrmzgq1997@163.com (R.Z.); wk980306@163.com (K.W.)

* Correspondence: pengwangmse@qust.edu.cn (P.W.); heyan@qust.edu.cn (Y.H.); zmliu@qust.edu.cn (Z.L.)

Abstract: Single-atom catalysts (SACs) within carbon matrix became one of the most promising
alternatives to noble metal-based catalysts for oxygen reduction reaction (ORR). Although SACs
have significant benefits in reducing the total catalyst cost, it also has the disadvantages of weak
interaction between atoms and poor stability. Hence, there is still much room for improvement for
the catalyst activity. In response, we designed a Fe-Co-Pt ternary metal single atom catalyst anchored
on covalent organic framework (COF)-derived N-doped carbon nanospheres (Pt, Fe, Co/N-C). Due
to effective charge transfer between Pt single atom and neighboring Fe-Co components, an intense
electron interaction can be established within the Pt, Fe, Co/N-C catalyst. This is beneficial for
enhancing charge transfer efficiency, modulating d electronic structure of Pt center and weakening
oxygen intermediate adsorption, thus distinctly accelerating ORR catalytic kinetics. As expected, the
half-wave potential of Pt, Fe, Co/N-C was 0.845 V, much higher than those of commercial 20 wt%
Pt/C (0.835 V), Pt/N-C (0.79 V) and Fe, Co/N-C (0.81 V) counterparts. Moreover, the Pt, Fe, Co/N-C
catalyst demonstrated much-improved cycling stability and methanol tolerance.

Keywords: oxygen reduction reaction; electrocatalysts; single atom; ternary metal; kinetics

1. Introduction

The consumption of fossil fuels and related environmental pollution recently attracted
more and more attention. Therefore, the development of clean and sustainable energy
became an important research topic. Oxygen reduction reaction (ORR) is a key process
in many modern energy conversion and storage devices, such as fuel cells, water elec-
trolyzers and rechargeable metal-air batteries [1-9]. In such devices, the overall reaction
rate is generally limited by the ORR dynamics, and each reaction rate involves a cooper-
ative four-electron—four-proton electrocatalytic reaction [10,11]. So, the development of
efficient ORR electrocatalysts is essential to promote the reaction rates and stimulate the
widespread deployment of electrochemical energy systems [12,13]. So far, platinum- (Pt)
and Pt-based materials are considered to be the most active ORR electrocatalysts [14-17].
However, the high cost and poor stability of these noble metal catalysts seriously hindered
their large-scale application in real-world devices. Today, non-noble-metal and metal-free
electrocatalysts for ORR are also attracting attention due to their outstanding stalibility.
However, when compared with those Pt-based ORR catalysts, the catalytic activity is still
not satisfactory [18-20]. Therefore, in recent decades, the research was devoted to simulta-
neously reducing the cost and enhancing the catalytic activity of platinum-based catalyst
by reducing Pt dimension or introducing non-precious transition metal component [21].

In particular, metal-separated single atomic sites catalysts attracted much attention
due to their ultimate atom utilization efficiency and excellent catalytic performance [21-24].
In particular, atomically dispersed metal sites fixed in nitrogen-doped carbon matrix
(M-N-C) are considered to be the most promising ORR catalysts. Specially, due to plenty
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of metal active sites with unsaturated coordination strcuture and robust M-N interaction,
those M-N-C catalysts can usually provide largely ameliorated ORR catalytic activity and
stability when compared with those of metal-free electrocatalysts [25-27]. However, the
single atom catalyst also has some disadvantages, that is, on account of isolated spatial
distribution, the disorderly dispersed single sites make less use of synergistic effect among
adjacent metal sites and, thus, lack of electronic coupling. As a result, the further catalytic
activity improvement of M-N-C catalyst is undesirably limited. Therefore, the development
of double-monatomic and triple-monatomic catalysts can not only maintain the high
catalytic activity of atomically dispersed catalyst, but also the introduction of multi metals
can directly regulate the d-band electronic structure and local coordination environment
of metal sites. This is beneficial for motivating catalytic efficiency of each metal site
and achieving the optimal adsorption strength towards oxygen-containing intermediates
during ORR. Hence, double-monatomic and triple-monatomic catalysts will provide a new
opportunity to regulate the electronic and geometric structure of M-N-C catalysts. For
example, Cao et al. demonstrated that Fe and Co porphyrins can work well as bi-functional
ORR/OER electrocatalysts for rechargeable zinc—air batteries [28]. Fu et al. reported that
two monatomic catalyst sites of Cu-N4 and Zn-N4 modified on N-doped carbon substrate
also showed excellent ORR activity [29]. These findings give us a good inspiration to further
arrange double non-noble metal single atoms pairs around the Pt single atoms to realize
the synergistic effect between them. Therefore, it is of great significance to rationally design
the synthesis route and optimize the support structure to control the content, distribution
and valence state of the three metals and significantly improve the catalytic performance of
Pt-based catalyst. It is highly desirable but full of challenges.

Apart from metal components, different carbon substrates, including graphene, carbon
nanotubes, metal-organic frameworks (MOFs)-derived carbon and so on, also play crucial
roles in enhancing the whole catalytic activity of M-N-C composite. In particular, due to
their outstanding chemical and thermal stability, COFs-derived carbon materials showed
a wide range of applications in gas absorption, ion conduction, heterogeneous catalysis,
membrane science, energy storage and conversion since the concept of COFs was initially
proposed by Yaghi’s group [30-34]. For example, Li et al. demonstrated the use of Fe single
atom anchored within COF-derived carbon can distinctly ameliorate ORR kinetics [35]. It is
mentioned that, in contrast to MOFs, covalent organic framework materials are metal-free.
Therefore, it is easier to characterize and determine the catalytic effect of the metal single
atoms anchored on the N-doped carbon derived from the COF, effectively avoiding the
influence of metal impurities on the carrier.

Herein, we issued a fresh “COF absorption-pyrolysis” strategy to fabricate Pt-Fe-Co
ternary metal single atom catalyst in the present work. First, nano-COF spheres were
synthesized by solution method. Then, the as-obtained COF spheres precursor was fully
adsorbed with Co atoms, Fe atoms and Pt atoms. The introduction of Fe, Co components
aims to optimize the local coordination environment and electron distribution of Pt single
atom centers. Finally, Pt, Fe, Co/N-C was obtained after high temperature annealing. X-ray
diffraction (XRD) and high-resolution transmission electron microscopy (HRTEM) iden-
tified no metal particles were on the surface of carbon nanospheres matrix. Additionally,
the X-ray photoelectron spectroscopy (XPS) characterizations further conclude that Fe, Co
atoms can efficiently modulate the valence state and electronic structure of Pt center via
efficient charge transfer from Fe, Co to Pt. As expected, the Pt, Fe, Co/N-C catalyst showed
better ORR catalytic performance in alkaline medium with a half-wave potential of 0.85 V,
even 10 mV higher than the commercial 20 wt% Pt/C. Furthermore, the Pt, Fe, Co/N-C
catalyst also showed outstanding long-term stability and superior methanol tolerance.
The excellent electrocatalytic performance is mainly attributed to electronic synergy effect
between Fe, Co components and noble Pt single atom, which may efficiently optimize the
d-band center and, thus, the oxygen intermediates adsorption capability of Pt catalytic
centers. Our work may provide an alternative approach for the design of high-performance
noble metal atom-based catalysts.
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2. Materials and Methods
2.1. Materials

1,3,5-tri (4-aminophenyl) benzene (97%), 1,3,5-phenyltriformaldehyde (97%), glacial
acetic acid (AR, 99.5%), Cobalt (II) acetate tetrahydrate (Co(Ac)-4H,0O, 99.5%), Iron(III)
chloride hexahydrate (FeCl3-6H,O, 99%), Chloroplatinic acid hexahydrate (H,PtCls-6H,O,
Pt 37.5%) and KOH were purchased from Aladdin Chemical Reagent Co., Ltd. Methanol
(AR), ethanol (AR) were purchased from Sinopharm Chemical. Commercial Pt/C (20 wt%)
and Nafion solution (5 wt%) were purchased from Sigma-Aldrich. The distilled water was
homemade by ion exchange and filtration.

2.2. Preparation of COF [35]

An amount of 205 mg 1,3,5-tri (4-aminophenyl) benzene, 95 mg 1,3,5-benzaldehyde
were added into 60 mL ethanol at room temperature. After 5 min of vigorously stirring at
700 rpm on a magnetic mixer, 6 mL glacial acetic acid was added. Then, the mixture was
vigorously stirred for another 15 min. Finally, the COF powders were collected by double
centrifugation at 13,500 rpm for six minutes, respectively. The N-C products were then
dried at 50 °C for 3-5 h.

2.3. Preparation of Pt, Fe, Co/N-C

An amount of 30 mg COF powders were dissolved in 10 mL acetonitrile. Then,
500 puL Co (Ac),-4H,0O aqueous solution (5 mg mL~1), 500 uL FeCls-6H,O aqueous solution
b mg mL~1) and 200 uL H,PtCls-6H,0 aqueous solution (5 mg mL~!) were added to the
above solution and vigorously stirred for 24 h at 70 °C. After full absorption of metals ions,
the powders were collected by centrifugation at 13,500 rpm for six minutes and dried at
80 °C for 5 h. Then, the obtained powders were heated to 900 °C at the heating rate of
5 °C min~! and underwent a simple annealing at 900 °C for 3 h under inert AR atmosphere,
achieving Pt,Fe,Co/N-C powders after naturally cooling to room temperature.

2.4. Preparation of Fe, Co/N-C

The process parameters were similar to those of Pt,Fe,Co/N-C except for with the
absence of 200 pL HyPtCls-6H,O aqueous solution (5 mg mL~1) and stirring at room
temperature.

2.5. Preparation of Pt/N-C

The process parameters were similar to those of Pt,Fe,Co/N-C except for with the
absence of 500 uL Co(Ac);-4H,O aqueous solution (5 mg mL~1), 500 uL FeCl;-6H,O
aqueous solution (5 mg mL™1).

2.6. Preparation of N-C

The process parameters were similar to those of Pt,Fe,Co/N-C except for with the
absence of 500 uL Co(Ac),-4H,O aqueous solution (5 mg mL~!), 500 uL FeClz-6H,O
aqueous solution (5 mg mL~1) and 200 pL H,PtCls-6H,O aqueous solution (5 mg mL~1).

2.7. Materials Characterizations

The morphologies of the samples were characterized by scanning electron microscopy
(SEM, Hitachi SU-8010, Tokyo, Japan) and high resolution transmission electron microscopy
(HRTEM, FEI Tecnai G2 F30, Hillsboro, OR, USA). The crystalline structure information
was confirmed by X-ray diffraction technique (XRD, Rigaku MiniFlex-600, Tokyo, Japan)
with Cu-K« radiation. Raman spectra were measured on an In Via Reflex Raman spec-
troscopy with a laser source of 532 nm. The surface elemental composition and valence state
were determined by X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha,
Waltham, MA, USA). The specific surface and pore size distributions of Bruno-Emmett Tay-
lor (BET) were obtained from the Beishide 3H-2000 PS/PM system by nitrogen adsorption—
desorption isotherm method.
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2.8. Electrocatalytic Measurements

Electrochemical measurements were performed using a three-electrode system in
an O;-saturated 0.1 M KOH solution at room temperature at CHI 760E Electrochemical
Workstation (CHI Instruments, Shanghai, China). The polished glassy carbon rotating
disk electrode (RDE) or rotating ring disk electrode (RRDE) with a Pt ring (4 mm inner
diameter), graphite rod and saturated calomel electrode (SCE) were used as working
electrode, counter electrode and reference electrode, respectively. All the characterized
catalysts were prepared by mixing 5 mg catalyst and 1 mg super P in a mixture containing
380 pL ethanol, 100 puL water and 20 pL 5 wt% Nafion solution. Then, the catalyst solutions
were ultrasonic mixed for several hours to get homogeneous catalyst ink. Then, 7 uL of
non-noble metal catalyst ink was carefully dripped onto the working electrode to ensure
that the electrode was completely covered. After being dried at room temperature, the
resulting non-noble metal catalyst loading was about 0.56 mg cm?. In addition, 4 pL
commercially 20 wt% of Pt/C catalyst ink was dripped on the working electrode, and the
resulting loading was about 0.32 mg cm?.

Before the electrochemical test, a catalyst activation experiment was conducted by
CV cycle between 0.3 and 0.8 V at 50 mV s~ 1. Polarization curves were recorded by linear
sweep voltammetry (LSV) at room temperature with a scan rate of 10 mV s~! and 95% IR
compensation. In addition, according to Nernst equation, ORR potentials were normalized
to reversible hydrogen electrode (RHE). E (vs. RHE) = E (SCE) + 0.0591*pH + 0.244. Linear
sweep voltammetry (LSV) measurements were performed at various speeds in the range of
400~2500 rpm with a sweep speed of 10 mV s~!. The electrochemical double layer capaci-
tance (Cq;) was measured by typical cyclic voltammetry (CV) at different scanning rates
(10, 20, 40, 60 and 80 mV s~ 1) at 0.9-1.1 V compared with RHE. Then, the electrochemical
surface area (ECSA) was calculated according to the Cq; values. In the hydrogen peroxide
yield test, the disk electrode of RRDE was scanned at a rate of 10 mV s~!, and the ring
electrode potential was set to 1.23 V vs. RHE. The yield of hydrogen peroxide (H,O,%) and
electron transfer were calculated according to the following formula (n):

I

HzOz ((70) = 200 x NI
n=4x Idl
I+

In the above equation, I3 and I, are disk current and ring current, respectively, and N
is the current collection efficiency of platinum ring, whose value was 0.4.

The durability of the catalysts was tested in 0.1 M KOH solution saturated with
O,, and the voltage was set corresponding to the limiting current density in the i-T test.
Additionally, methanol tolerance was tested in 0.1 M KOH oxygen-saturated solution
containing 1 M methanol.

3. Results and Discussion
3.1. Design and Characterizations of Catalysts

The synthesis procedure is illustrated in Figure 1. First, a simple solvent method was
used to obtain COF carriers at room temperature [35]. 1,3,5-tri (4-aminophenyl) benzene
and 1,3,5-phenyltriformaldehyde were stirred to mix in ethanol solution. Then, glacial
acetic acid solution was added to catalyze the Schiff base reaction later. Then, yellow COF
solids were obtained after washing by centrifugation and drying. Additionally, then, a
small amount of Pt, Fe, Co ions and the yellow solids were dispersed into the acetonitrile
solution for further mixing. During the stirring process, the metal ions would coordinate
with the N atoms in the resulting precursor. After stirring for 24 h at room temperature,
yellow solids were obtained by centrifugation and drying. It is mentioned that the nano-
COF spheres with uniform size distribution and morphology can promote the absorption
of precursor metal ions, which is beneficial for improving the interface contact between
catalytic active site and carbon substrate. Then, the Pt, Fe, Co/N-C catalyst could be
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achieved after calcination at high temperature under inert atmosphere, during which the
coordination strength between Pt, Fe, Co atoms and N atom within COF precursor could
be distinctly enhanced, making Pt, Fe, Co atoms exist as single atom pattern.

S .
O g8
() ) .| Yii)\o
& o =
¥

900 °C

71N\
Pt COZ+ Fe2+ ° . .

Figure 1. Synthesis process of Pt, Fe, Co/N-C.

As shown in SEM and TEM images Figure 2a,b, the synthetic COF-derived carbon
nanospheres in the Pt, Fe, Co/N-C catalyst were uniformly dispersed with diameters of
about 150 nm. As shown in Figure S1, the diameters of carbon nanospheres in Fe, Co/N-C,
Pt/N-C and N-C were similar to the carbon nanospheres in Pt, Fe, Co/N-C. This means
that the introduction of three metal atoms within in carbon substrate had a negligible
effect on the morphology and size of carbon nanospheres, which is beneficial not only for
guaranteeing the stability of carbon skeleton but also promoting the uniform distribution
and sufficient exposure of metal sites. Then, the nitrogen adsorption-desorption results
in Figure S2 and pore size distribution profiles in Figure S3 confirm the Pt, Fe, Co/N-C
composite possess large specific surface area of 710.38 m? g~! and abundant micropores.
Herein, the well-defined Pt, Fe, Co/N-C catalyst with excellent surface area and robust
porous framework facilitates the high-speed mass/electron transport and adequate elec-
trolyte infiltration. Additionally, as seen from Figure 2c, there were no metal particles of
iron, cobalt and platinum observed on the smooth surface of the carbon nanospheres in
Pt, Fe, Co/N-C. Meanwhile, the corresponding selected area electron diffraction (SAED)
result (Figure 2d) further excludes the existence of crystalline metal nanoparticles on the
surface of Pt, Fe, Co/N-C. Furthermore, as shown in the high-angle annular dark field
scanning TEM (HAADEF-STEM) in Figure 2e, no agglomerated metal particles with brighter
contrast can be discerned, further eliminating the existence of Pt, Fe, Co nanoparticles
or nanoclusters. It can be concluded that the COF-derived carbon sphere was strongly
chelated with the metal atom to avoid the aggregation into the cluster or nanoparticles.
According to the HRTEM and SAED pictures, we believe that Fe, Co and Pt can exist in
the form of single atom. As shown in Figure 2f, the corresponding energy dispersive X-ray
spectrogram shows the homogeneous distribution of carbon, iron, cobalt and platinum
elements within the whole carbon skeleton.
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Figure 2. (a) SEM image of Pt, Fe, Co/N-C; (b) TEM image of Pt, Fe, Co/N-C; (¢) HRTEM image
of Pt, Fe, Co/N-C; (d) SAED map of Pt, Fe, Co/N-C; () HAADF-STEM image of Pt, Fe, Co/N-C;
(f) Corresponding energy dispersive X-ray spectroscopy elemental mapping results of Pt, Fe, Co/N-C.

To better understand the structure of Pt, Fe, Co/N-C, we performed X-ray diffraction
(XRD) and Raman characterizations. We can see from the XRD profiles (Figure 3a) that all
the Pt/N-C, N-C, Pt, Fe, Co/N-C and Fe, Co/N-C catalysts had the characteristic peaks
of carbon, and no characteristic peaks of metals nanoparticles were detected, which is
consistent with HRTEM and SAED results [36]. The X-ray photoelectron spectroscopy
(XPS) spectra of Pt, Fe, Co/N-C (Figure S4) are mainly comprised of Fe, Co, Pt, C, N and O
elements. As shown in Figure S5, the high-resolution C 1s XPS spectra of Pt, Fe, Co/N-C,
Fe, Co/N-C and Pt/N-C were fitted into three peaks, attributed to C-C, C-O and C=0,
respectively. The high-resolution N 1s XPS spectrum (Figure 3b) indicates the presence of
pyridine-N (~398.4 eV), pyrrolic N (~399.6 eV), the dominated graphitic N (~401.0 eV) and
oxidized N (~402.8 eV) in Pt, Fe, Co/N-C, Fe, Co/N-C and Pt/N-C [37]. It is mentioned
that the content of pyridine nitrogen will increase with the addition of iron and cobalt ions,
indicating the intense coordination effect between pyridine nitrogen and metal ions. Both
the high-resolution Co 2p and Fe 2p spectra signals of Pt, Fe, Co/N-C, Fe, Co/N-C were too
weak (Figure 3c,d), which was possibly due to the trace loading of Fe, Co species beyond
the detection sensitivity. This further discloses the single atom nature of Fe, Co atoms
within in carbon sphere matrix. Importantly, as shown in Figure 3e, the peaks located at
72.0 and 75.3 eV can be identified as Pt** 4f;,, and Pt** 4fs , respectively. According to
the binding energies, it can be seen that the Pt element was positively charged, indicating
its oxidation state. This further indicates the single-atom pattern of Pt component in the
Pt, Fe, Co/N-C catalyst [38]. It is mentioned that compared with that of Pt/N-C, the
peak of Pt in Pt, Fe, Co/N-C was significantly shifted to the right, indicating that the
valence state of Pt was reduced, which further indicates that there was an apparent charge
transfer between Pt and Fe-Co single-atoms. The charge transfer from Fe and Co to Pt is
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conducive to the establishment of a strong synergistic effect between precious metals and
non-precious metals. According to the reported literatures, the electrons obtainment of Pt
atom can induce the negatively shifting of its d-band center, which make its anti-bonding
orbital is filled with electrons. This is beneficial for weakening the adsorption towards
oxygen-involved intermediates and thus accelerating the catalytic kinetics of ORR [39]. In
addition, we analyzed the XPS data to determine the element composition of the materials,
as shown in Table S1.
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Figure 3. (a) XRD data of N-C and Pt, Fe, Co/N-C and Fe, Co/N-C, Pt/N-C; (b) XPS spectra of N 1s
in the sample of Pt, Fe, Co/N-C and Fe, Co/N-C, Pt/N-C; (c) XPS spectra of Fe 2p in the sample of
Pt, Fe, Co/N-C and Fe, Co/N-C; (d) XPS spectra of Co 2p in the sample of Pt, Fe, Co/N-C and Fe,
Co/N-C; (e) XPS spectra of Pt 4f in the sample of Pt, Fe, Co/N-C and Pt/N-C; (f) Raman spectra of
the N-C and Pt, Fe, Co/N-C and Fe, Co/N-C, Pt/N-C.

Furthermore, as shown in the Raman spectra in Figure 3f, in comparison to that
of pure N-C, after the addition of Pt and Fe, Co atoms, the ratio of Ip/Ig of the metal
atom functionalized carbon catalysts decreased, which means that with the chelated metal
atoms, the surface defects of carbon matrix can be distinctly passivated, contributing to the
enhancement of long-period stability. At the same time, the Ip /I ratios of Pt, Fe, Co/N-C
and Pt/N-C, Fe, Co/N-C were very different, which also confirm the interaction between
Pt and Fe, Co atoms. Based on these analysis results, it was confirmed that Fe, Co and Pt
exist in the form of single atom in the COF-derived carbon matrix, constructing ternary
metal single atom catalyst. Moreover, the electronic interaction between Pt single atoms
and Fe-Co single atoms contributes to the change of the coordination environment and
electron distribution around the active Pt sites. As a result, this well-designed structure
can be expected to provide superior activity driving force centers for alkaline ORR, thus
distinctly boosting the ORR reaction kinetics.

3.2. Electrocatalytic Performances

We tested ORR activities of Pt, Fe, Co/N-C using a three-electrode system in an oxygen-
saturated 0.1 M potassium hydroxide solution. First, the ORR catalytic performances of
all the catalysts were tested by linear sweep voltammetry (LSV) at 1600 rpm. As shown in
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Figure 4a,b, the Pt, Fe, Co/N-C catalyst exhibited the best ORR catalytic performance with
a more positive half wave potential (E; /= 0.845 V) and higher dynamic current density
at 0.85 V (Ji = 4.37 mA cm™?2) than those of commercial 20 wt% Pt/C (Ey/2 =0.835V,
Jk =2.31 mA cm~2). In sharp contrast, the pure N-C catalyst had the worst ORR catalytic
performance, with a half-wave potential of only 0.72 V, fully demonstrating the critical role
of metal single atoms in improving ORR catalytic kinetics. Meanwhile, in order to prove
the unique role of the interaction between Pt atom and Fe, Co atoms, the electrocatalytic
performances of comparison samples of Fe, Co/N-C and Pt/N-C were also tested. The
half-wave potentials of Fe, Co/N-C and Pt/N-C are 0.81 V and 0.79 V, respectively. These
results indicate that the main active sites and activity origin for ORR catalysis are governed
by different metal sites, instead of the N-C substrate. Moreover, Fe, Co and Pt interact
with each other to change the coordination environment and electron distribution, thus
promoting the catalytic performance of ORR.

a_ b c .
& [—PtFecoNC q P Pt,Fe,ColN-C
£ 0l—Fecomnc £ €295
© | —ptNC 5 O | %
L e 2 T oz
£ ,|—ric P E% e
? ‘2‘ ? c 0.02 0.03 0.04 0.05
g i g -2 W rpm 2,
400 rpm
% 44 : % 4 625 rpm
P -~ 7/ —— 900 rpm
% iJ g - M_,,/ —— 1225 rpm
=y = [ B —— 1600 rpm
57 5-6 —— 2025 rpm
e T T - [&] v . = 2500 rpm|
0.4 0.6 0.8 1.0 0.4 0.6 0.8 1.0
Potential (V vs. RHE) Potential(V vs. RHE)
d 1o — Pt,Fe,Co/N-C e 1 f g 2
% —Fe,ColNC g CH.OH
72 —PtIN-C 90 *
o mV dec1 —N-C < 04
o 0.9 85 my gec E
2 —Pt/C = 804 -~
=2 2
> — ] < Z .,
© — EmV dec 2 70 = o
£ 081 } ° 3 M )
£ ’ 60 £
& — Pt,Fe,ColN-C 2 — Pt,Fe,CoiN-G
— PtiC E] — PYC
5 15 1.0 05 0.0 a0 O
- - -1 - - 0 5 10 15 20 0 200 400 600 800 1000
-2 . i
logJ, (mA cm™) Time (h) Time (s)

Figure 4. (a) ORR polarization curves for different catalysts of Pt, Fe, Co/N-C, Fe, Co/N-C and
Pt/N-C, N-C, 20 wt% Pt/C; (b) Jx at 0.85 V and E; /, of Pt, Fe, Co/N-C, Fe, Co/N-C and Pt/N-C,
N-C, 20 wt% Pt/C; (c) ORR polarization curves at different rotating rates of Pt, Fe, Co/N-C. The
inset in (c) is the Koutecky—-Levich plots of Pt, Fe, Co/N-C catalyst at different applied potentials;
(d) the comparison of the Tafel slopes of Pt, Fe, Co/N-C, Fe, Co/N-C and Pt/N-C, N-C, 20 wt% Pt/C;
(e) chronoamperometric (i-t) curves for Pt, Fe, Co/N-C; (f) tolerance to methanol of Pt, Fe, Co/N-C.

We can also see from the CV profiles in Figure S6, in comparison to those of Fe,
Co/N-C, Pt/N-C, N-C and 20 wt% Pt/C, the Pt, Fe, Co/N-C catalyst showed a more
positive oxygen reduction peak, which was further consistent with its larger half-wave
potentials, further indicating its much-ameliorated ORR catalytic efficiency. Then, Figure 4c
and Figure S7 show the ORR catalytic performance of Pt, Fe, Co/N-C and contrast sample
at different rotational speeds tested by LSV, respectively. In order to further clarify the ORR
reaction mechanism of the Pt, Fe, Co/N-C catalyst, Figure 4c was further analyzed by virtue
of the Koutecky-Levich equation, and the number of transferred electrons N was calculated
to be 3.94, equal to about 4, indicating that this Pt, Fe, Co/N-C catalyst possessed a high
selectivity for four-electron process. We also evaluated the ORR catalytic performance
using a rotating ring electrode test to obtain the number of transferred electrons and the
H,0O; yield. As shown in Figure S8, the n value for Pt, Fe, Co/N-C was almost 4 in the
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range of 0.3-0.9 V, with the lowest H,O, yields ranging from 3% to 15%. Therefore, the
ORR process catalyzed by Pt, Fe, Co/N-C is a four-electron process, which proves that Fe,
Co and Pt do have positive interactions. As shown in Figure 4d, the Tafel slopes of all the
catalysts were calculated, where the value for Pt, Fe, Co/N-C was 65 mV dec™!, which is
lower than Fe, Co/N-C (78 mV dec™1), Pt/N-C (71 mV dec™!), N-C (103 mV dec™!) and
20 wt% Pt/C (72 mV dec™ 1), furthering confirming the advantage of the Pt, Fe, Co/N-C
hybrid in enhancing the ORR kinetics. It can be inferred that thanks to this d—d electron
interaction between different metal centers, the charge transfer efficiency can be distinctly
improved. Meanwhile, d electron structure of Pt center can also be optimized, facilitating
weakening the adsorption strength of oxygen intermediates. These factors synergistically
contribute to accelerating the alkaline ORR catalytic reaction kinetics.

Then, the electrochemical active surface area (ECSA) of these catalysts was measured
by electrochemical double-layer capacitance (Cg;) using cyclic voltammetry (Figure S9).
The Cyq is the half of the slope between the current density difference (A]) at the potential
of 1V vs. RHE and the scanning rate. As shown in Figure S10, the ECSA value for Pt, Fe,
Co/N-C was 48.4 mF-cm~2, which is far better than those of Fe, Co/N-C (20.5 mV dec™ 1),
Pt/N-C (155 mV dec™!) and N-C (2.4 mV dec™1). It indicates Pt, Fe, Co/N-C has the better
ECSA, which is also the reason for its much-improved ORR catalytic performance. As
shown in Figure 4e, in addition to excellent ORR catalytic performance, the Pt, Fe, Co/N-C
hybrid also has excellent long cycle performance. After 20 h of constant voltage test, only
6 percent of the current of Pt, Fe, Co/N-C was lost, indicating its superior cycling stability.
In sharp contrast, the benchmark 20 wt% Pt/C catalyst lost about 30% current, signifying
its considerably poor stability at the same condition. Furthermore, in order to evaluate the
fuel crossover effect, we observed the change of the i-T curve by adding methanol to an
O;-saturated alkaline electrolyte. As shown in Figure 4f, when methanol was added at
200 s, it was found that the current of 20 wt% Pt/C catalyst decreased significantly. The
current of Pt, Fe, Co/N-C catalyst did not change much after the fluctuation, which proves
that Pt, Fe, Co/N-C catalyst has excellent methanol tolerance. As a result, it can be inferred
that based on the solid chelation interaction between the COF-derived carbon nanosphere
and metal atoms, the Pt, Fe, Co/N-C catalyst can maintain durable resistance to active sites
deactivation and methanol corrosion in alkaline environment. In addition, we assembled
self-made zinc-air batteries for electrochemical testing. It can be seen from Figure S11a
that the zinc—air battery with Pt, Fe, Co/N-C as negative electrode material has charge
and discharge function. Moreover, it can be seen from Figure S11b that the highest power
density of the zinc-air battery assembled by Pt, Fe, Co/N-C was 99 mW cm~2, which
is much higher than that of the zinc-air battery assembled by commercial 20 wt% Pt/C
catalyst (59.2 mW cm~2). The results futher show that the Pt, Fe, Co/N-C catalyst has
excellent practical application capability.

4. Conclusions

In summary, to solve the inherent limitation of lack of interaction between adjacent
atoms of single atom catalyst, we proposed a novel “COF absorption-pyrolysis” strategy
to fabricate Pt-Fe-Co ternary metal single atom catalyst. The introduction of transition
metal (Fe, Co) ions, which plays critical roles in improving charge transfer efficiency,
modulating the electronic structure of Pt center and weakening oxygen intermediate
adsorption capability. In addition, the surface chelation mechanism between the COF
matrix and Pt, Fe and Co are conducive to the full exposure of the active sites, which
can maximize the active site utilization efficiency and speed up the four-electron reaction
process of Pt, Fe, Co/N-C. In addition, the solid chelation effect between the COF-derived
carbon spheres and metal atoms endows the Pt-Fe-Co/N-C catalyst excellent cycling
stability. As expected, excellent ORR catalytic activity was obtained for the Pt-Fe-Co/N-C
hybrid. The elaborately-designed Pt, Fe, Co/N-C catalyst achieves a higher half-wave
potential of 0.845 V in 0.1 M KOH electrolyte, which is larger than those of 20 wt% Pt/C
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(0.835 V), Pt/N-C (0.79 V) and Fe,Co/N-C (0.81 V). As a proof-of-concept, this work
provides a new idea for the rational construction of noble metal oxygen reduction catalyst.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/en16093684 /s1, Figure S1. The SEM images of comparison samples.
(a) Pt/N-C, N-C, (b) Fe, Co/N-C, (c) N-C. Figure S2. Nitrogen adsorption-desorption isotherms of
Pt, Fe, Co/N-C and Fe, Co/N-C, Pt/N-C, N-C. Figure S3. Pore size distributions of Pt, Fe, Co/N-C
and Fe, Co/N-C, Pt/N-C, N-C. Figure S4. XPS survey spectrum of Pt, Fe, Co/N-C and Fe, Co/N-C,
Pt/N-C. Figure S5. XPS C 1s spectra of Pt, Fe, Co/N-C and Fe, Co/N-C, Pt/N-C. Figure S6. CV
curves of Pt,Fe, Co/N-C, Fe, Co/N-C, Pt/N-C, N-C and Pt/C in an O;-saturated 0.1 M KOH solution.
Figure S7. ORR polarization curves at different rotating rates of comparison samples. (a) Fe, Co/N-C,
(b) Pt/N-C (c) N-C and (d) Pt/C. Figure S8. The number of transferred electrons and H,O, yield of Pt,
Fe, Co/N-C, Fe, Co/N-C, Pt/N-C, Pt/C and N-C. Figure S9. Scan rate dependence of current densities
in CV curves for different samples. (a) Pt, Fe, Co/N-C, (b) Fe, Co/N-C, (c) Pt/N-C and (d) N-C.
Figure S10. The Cq4; curves of Pt, Fe, Co/N-C, Fe, Co/N-C, Pt/N-C, and N-C. Figure S11. (a) Charge-
discharge curves of Pt, Fe, Co/N-C and 20 wt% Pt/C; (b) Discharge polarization and power density
curves of Pt, Fe, Co/N-C and 20 wt% Pt/C. Table S1. Materials elemental composition.
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