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Abstract

We developed a solid phase method to fabricate structurally ordered Pt;Co/C nanoparticles (NPs) with controllable component
proportion as a high efficiency catalyst toward oxygen-reduction reaction. As a result, Pt;Co/C NPs exhibit high crystallinity with
small average size and narrow size distribution. Moreover, the ordered Pt;Co/C NPs own enhanced ORR catalytic performance
in acid. During the preparation process, the NaCl-matrix acts synergistically with carbon black as nanoreactors for Pt alloying
with Co, avoiding serious sintering resulted by annealing at high temperature. Furthermore, other Pt-based NPs supported on

carbon can also be prepared by this methodology.

Keywords Pt;Co/C nanoparticles - Chemical ordered phase - Oxygen-reduction reaction - High-performance catalyst - Solid

phase method

Introduction

Proton-exchange membrane fuel cell (PEMFC) has attracted a
great deal of attention in energy conversion devices for its zero
emission, high energy density, and energy conversion efficien-
cy [1-3]. And the noble metal Pt represents the most widely
explored catalyst for its enhanced activity and durability in
ORR [4-6]. But the scarcity and high price of precious metals
severely hindered the process of commercialization [7]. The
problems existing in Pt-based electrocatalysts are needed to
be solved urgently. In view of this, various means have been
explored, mainly including reducing the loadings of precious
metals by decreasing the catalyst particle size, constructing a
core-shell or nanowire structure [8—10], enhancing activity and
durability by incorporating 3d-transition metals into the Pt crys-
tal lattice [11, 12], or exposing highly active facets on the
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surface [13]. Previous studies proved that enhanced activity
and durability result from modifying Pt electronic structure by
incorporation of 3d-transition metals, which lower the d-band
center position and suppresses the adsorption of spectator oxy-
genated species like OH™ simultaneously [14, 15]. It is worth
noting that structurally ordered intermetallic Pt-M (Co, Fe, and
Ni) electrocatalysts perform the better activity and durability
compared with disordered structure [16, 17]. However, the Pt-
M alloy NPs prepared by the general strategy often exhibit a
disordered phase. To obtain ordered phase, the catalyst should
be annealed at high temperature, inevitably resulting in the
sintering of NPs. To solve these difficulties, researchers have
put forward several approaches. Such as coating the alloy par-
ticles with magnesium oxide or silicon dioxide [18, 19] or
monodispersing the FePt NPs in the NaCl-matrix by a milling
method [20, 21]. Nevertheless, all the pathways mentioned
above should synthesize the alloy NPs by a solvothermal meth-
od firstly. This process is complex and high technique required
and results in consumption of large amount of organic reagents
and limited yield. Impregnation is a simple and successful
method that can conveniently realize chemically ordered Pt-M
NPs with enhanced activity and durability [17, 22]. However, it
was accompanied by a long dipping time or a low loading of
metal species resulted by the small driving force of mass ad-
sorption on support [23, 24]. And the different adsorption ca-
pacities to the support between the ions lead to a difficulty in
obtaining rational designed product.
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In our previous work, a new method named salt-assisted
spray paint drying method (SPD method) was proposed to
achieve facile synthesis of chemically ordered Pt;Co NPs
[25]. However, it also exists in the problem that the prepared
NPs are hard to transfer onto the carbon support or achieve a
strong combination. To overcome this, we directly dispersed
carbon black in the precursor solution and successfully real-
ized straightforward synthesis of ordered Pt;Co NPs
monodispersed on carbon with a mean size of 5.1 nm. In the
synthesis, the carbon black monodispersed in micro precursor
droplets plays an important role in accelerating drying of drop-
lets for its good thermal conductivity. Furthermore, NaCl-
matrixes combining with carbon black serve as nanoreactors
for Pt alloying with Co and effectively hamper sintering of
Pt3Co nanopartilces in the high temperature treatment process.
As a consequence, the ordered Pt;Co/C-700 catalyst owns the
highest mass activity, corresponding to 2.51-fold enhance-
ments relative to Pt/C for ORR with a mean size of 5.1 nm,
while the Pt;Co/C-500 shows a 1.81 times enhancement. The
Pt3Co/C-700 catalyst possesses an outstanding durability per-
formance, determined to be as low as 15 mV negative shift
after 10000 CV cycles in half-wave potential (£} ,). However,
the Pt;Co/C-500 catalyst shows approximately 40 mV.

Experiments
Materials

NaCl (99.9%), Co(NOs),'6H,0 (99.9%), and polyvinylpyr-
rolidone (PVP, K16-18, MW~8000) were all purchased from
Aladdin Reagent company. In addition, HCIO4 (70%, GR)
and H,PtCls-6H,0 came from Sinopharm Chemical Reagent
company. Pt/C (20% Pt) was bought from Johnson Matthey.
Vulcan XC-72R carbon black was purchased from Cabot
Corporation.

Preparation of Pt;Co/C NPs

Pt3Co/C NPs were successfully prepared via a solid phase
method. Typically, Co(NO3),'6H,O (187.3 mg), H,PtCly-
6H,0O (1 g), and NaCl (5.93 g) were dissolved in 50 mL
deionized water at ambient condition by stirring. Then,
1.66 g Vulcan XC-72R and 1.66 g PVP were added into the
solution. After stirring for 20 min, the precursor solution was
sprayed onto a heated quartz plate (270°C). A uniformly
mixed salt precursor was formed at the surface of quartz plate
for the water evaporated off immediately. Afterward, the mix-
ture was heat treated in a Hy/Ar flow at 500 °C and 700 °C for
2 h, respectively. Finally, the Pt;Co NPs supported on carbon
were monodispersed in NaCl-matrix. Subsequently, the mix-
ture was washed and centrifuged several times in deionized
water to eliminate NaCl. The final products were dried in
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vacuum at 40 °C for 20 h and marked as Pt;Co/C-500 and
Pt;Co/C-700, respectively.

Preparation of catalyst ink

To obtain catalyst ink (2 mg mL™"), a specified amount of
Pt;Co/C was dispersed in a solution composed of distilled
water, isopropanol, and Nafion (5%) (v/v/v 3:1:0.05).
Afterward, 10 pL of catalyst ink was loaded on an inverted
glassy carbon (GC) disk electrode (5 mm diameter, spinning
at 400 rpm) and dried at ambient condition [26].

Characterization of samples

Crystalline phases of samples were analyzed by an X-ray dif-
fractometer (Rigaka Ultima IV) using Cu-Ko radiation over
5-95° (sweeping rate of 10°min '). The hysteresis loop was
investigated by a superconducting quantum interface device
(SQUID). Morphologies and crystal structure were analyzed
by transmission electron microscopy (JEOL JEM-2100HR).
Elemental mappings and EDS line scanning profiles of Pt and
Co clements were tested by transmission electron microscopy
(FEI Tecnai G2 F20).

Electrochemical characterization

Electrochemical performance was tested by a three-electrode
system with a rotation speed controller (PINE Research
Instruments) combined with an electrochemical workstation
(CHI 660D, CH Instruments, Inc.) in 0.1 M HCI1O, acid.
Reference electrode was Ag/AgCl (3 M KCIl), and counter
electrode was platinum wire, respectively. Linear sweep volt-
ammetry (sweep rate of 20 mV-s™') and potential cycles
(sweep rate of 50 mV-s ) were record to characterize the
activity and durability toward ORR over 0.05-1.1 V (vs.
RHE), respectively.

Results and discussion

Typical synthesis of ordered Pt;Co/C NPs is illustrated in Fig.
1. Firstly, a uniformly precursor solution containing a certain
amount of cobaltous chloride, chloroplatinic acid, sodium
chloride, PVP, and carbon black is prepared (Fig. la).
Secondly, the precursor solution was sprayed onto a quartz
plate (kept at 270 °C). (Fig. 1b). A uniformly mixed salt pre-
cursor was formed at the surface of the quartz plate for the
solvent evaporated off instantly and each component precipi-
tate simultaneously (Fig. 1c). Third, a post heat treatment is
conducted to obtain Pt;Co/C NPs (Fig. 1d). The bulk Pt-Co
alloy phase diagram reflects that the ordered phase (primitive
cubic) is more thermodynamic stable compared to disordered
phase (fcc) below 750 °C [27, 28]. However, we often obtain a
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Fig. 1 Schematic illustration for
the synthesis of chemically
ordered Pt;Co/C NPs
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d

disordered structure prepared by a common method. To reach
an ordered arrangement of atoms, high temperature heat treat-
ment is usually needed [29].

Typical XRD patterns of as-synthesized Pt3Co/C NPs
annealed at different temperatures are given in Fig. 2a. The
sample Pt;Co/C-500 shows four obvious diffraction peaks at
40.5°,47.1°, 68.8°, and 83.0°, indexed to (111), (200), (220),
and (311) planes of fcc Pt;Co, respectively. The XRD pattern
of the sample Pt;Co/C-700 presents a good crystallized struc-
ture of L1,-Pt;Co, as evidenced by two additional diffraction
peaks appearing at 23.1° and 32.8° indexed to (100) and (110)
planes compared with the fcc-Pt;Co, respectively.
Furthermore, no other diffraction peaks are detected from
the platinum, cobalt, or any other impurities, which indicates
the well alloying of platinum and cobalt in designed

@ NaCl matrix ( N
Annealed [ R38.°6%%
e
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proportion. In addition, the magnetic properties of as-
prepared samples were measured by SQUID. As seen in the
M-H curves (Fig. 2b), the saturation magnetization (Ms) in-
creases from 12 emu/g to 21.3 emu/g with higher annealing
temperature. It could be ascribed to growth of the particle size
caused by higher annealing temperature [30]. As found in the
hysteresis loop (Fig.2b), the coercivity measured at 300K is
close to zero, much less than 500 Oe at 2 K. This is attributed
to thermal energy playing a dominant role in competition with
magnetocrystalline anisotropy energy, resulting in a
superparamagnetic behavior [31].

To further confirm the alloying of Pt and Co metal, the
HAADF-STEM images, elemental mappings, and EDS line
scanning profiles of Pt;Co/C-700 NPs have been provided in
Fig. 3. It is obvious that Pt and Co elements are well-distributed

a
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—— Pt,Co/C-700

111

intensity(a.u.)

b2o{ Pt,Co/C-500 2K
15| —— Pt,C0/C-500 300K

—— Pt,Co/C-700 2K

—+— Pt,Co/C-700 300K

P

-60 -40 20 0 20 40 60
T T T T T T

-I4 -3 -I2 -1 0 1 2 3 4 5
H (kOe)

Fig. 2 a XRD patterns of Pt;Co/C-500 and Pt;Co/C-700. b Magnetic hysteresis loops of Pt;Co/C-500 and Pt;Co/C-700 measured at 2 K and 300 K
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Fig. 3 a HAADF-STEM images
of Pt;Co/C-700 NPs. b—d
Elemental mappings for Pt and
Co elements. e, f EDS line
scanning profiles of Pt and Co
elements

in the nanoparticles, indicating the well alloying of Pt and Co
metal in Pt;Co/C-700 NPs obtained by our synthetic strategy.
We further investigated the structure and morphology of
as-synthesized products by using TEM. Confirmed by the
low-resolution TEM images (Fig. 4a, c), the Pt;Co particles
are monodisperse and homogeneous on carbon black. Clearly,
the HRTEM image (Fig. 4b, d) presents the lattice spacing of
2.2 A, in agreement with a cubic crystallographic Pt;Co struc-
ture. As shown, the Pt;Co/C-700 NPs present polygon mor-
phology compared to spherical morphology of Pt;Co/C-500
NPs. The predominantly exposed facets are (111) plane in the
Pt;Co/C-700 NPs [32]. Fig. 4e shows the corresponding size
distribution histograms obtained by analyzing TEM images
using the particle size analysis software package. The synthe-
sized Pt;Co/C-500 NPs show a narrow size distribution with
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an average size of 4.4 nm, and the average size of Pt;Co/C-
700 NPs is about 5.1 nm. Consequently, the particle size in-
crease slightly annealed at 700°C, which is smaller than that of
Wang et al. (7.2+1 nm) prepared by an impregnation method
[17]. In order to investigate the effect of NaCl-matrix in the
experiment, the synthesis experiment without adding NaCl-
matrix was taken out. Low- and high-magnification TEM im-
ages of S500 and S700 NPs are shown in Figs. S2 and S3
(Supporting Information). It can be observed that the Pt;Co
NPs prepared without adding NaCl-matrix show a serious
agglomeration. Consequently, NaCl-matrix also plays a vital
role in hindering agglomeration of Pt;Co nanoparticles during
annealing. Thus, it can be seen that carbon black and sodium
chloride play a vital role in hindering agglomeration of Pt;Co
nanoparticles during high temperature annealing. And it is
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Fig. 4 a, b Low- and high-resolution TEM images of Pt;Co/C-500 NPs. ¢, d Low- and high-resolution TEM images of Pt;Co/C-700 NPs. e The size

distribution histograms of Pt;Co/C-500 and Pt;Co/C-700

worth emphasizing that decreasing the size of Pt-based alloy
nanoparticles is a critical way to raise the utilization of Pt.
The prepared Pt;Co/C-500 and Pt;Co/C-700 NPs were
served as electrocatalysts for the ORR to investigate the differ-
ence in the electrocatalytic performance. To remove contami-
nation on the surface of NPs, 50 CV cycles (in O,-saturated
0.1 M HCIO, acid, 50 mV-s ) are conducted before ORR
measurements. Clearly, the onset potential and half-wave po-
tential (E},) of Pt;Co/C-700 catalysts are both higher than
Pt;Co/C-500 and Pt/C catalysts observed from the polarization
curves in Fig. 5a. The E,, of Pt3Co/C-500 and Pt;Co/C-700
were 0.900 V and 0.912 V, exhibiting 24 mV and 36 mV higher
than Pt/C (0.876 V). These results indicate that the ordered
Pt;Co/C electrode owns a significantly improved catalytic ac-
tivity compared to the chemically disordered Pt;Co/C and Pt/C.
To more intuitively illustrate the difference of ORR activ-
ities between the prepared electrocatalysts and commercial Pt/
C, the mass activities displyed in Fig. 5b were calculated at
0.85 and 0.90 V by the Koutecky—Levich (K-L) equation:

=1+ (1)

where I, I;, and I, is the measured, diffusion limited, and
kinetic current, respectively. Meanwhile, /; could be
expressed by the Levich equation:

Iy = 0.62nFAD?* 3y 1/61/2Cy, (2)

where 7 is the electron transfer number per molecule of oxy-
gen; F'is the Faraday constant (96485 C mol '); C, is the bulk

concentration of oxygen in 0.1 M HCIO, solution (1.26 x
107° mol cm>); A is the area of the glassy carbon electrode
(0:1964 cm®); D is the diffusion coefficient of oxygen (1.93 x
107° ecm? s 1); v is the kinetic viscosity of electrolyte (1.01 x
102 cm? s 1); and w is the angular velocity of rotation [17].

As seen in Fig. 5b, the Pt;Co/C-700 exhibits the best mass
activity (0.62 mA pgp ' at0.85V,0.21 mA pgp, ' at0.90 V),
which are 2.4-fold and 2.51-fold of commercial Pt/C (0.261
mA ugp ' at0.85V, 0.084 mA pgp, ' at 0.90V). Meanwhile,
the Pt;Co/C-500 shows 1.76 and 1.81 times enhancement than
commercial Pt/C. These results reveal that chemical-ordered
structure enhanced the catalytic activity markedly.

Figure Sc shows the LSV curves of Pt;Co/C-700 catalyst
measured at different rotating speeds. The K—L plot of 7'
versus w2 presents a linear relationship. According to the
slope of K—L curves, the reaction is a 4-clectron transfer pro-
cess, which confirms that O, is completely reduced to H,O
without intermediate of hydrogen peroxide (H,O,). In order to
further comprehend the effects of alloying with transition met-
al cobalt and crystal structure in the catalysts, the Tafel plots
are displayed in Fig. 5d over 0.85-1.00 V. Clearly, the kinetic
current density increased in the following sequence: Pt/C <
Pt;Co/C-500 < Pt;Co/C-700 at an arbitrary potential; further
signifying chemically ordered Pt;Co/C-700 catalysts exhibit
an excellent catalytic performance superior to commercial Pt/
C and Pt;Co/C-500.

To explore the durability of as-synthesized NPs, the cata-
lysts were examined through an accelerated durability test
(ADT) conducted under O,-saturated condition over 0.05—
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Fig. 5 a Linear sweep
voltammetry (LSV) curves for
comm Pt/C, Pt;Co/C-500, and
Pt3Co/C-700 measured at
ambient temperature in an O,-
saturated 0.1M HCIO, acid
(scanning rate of 20 mV-s",
rotation rate of 1600 rpm). b
Comparative mass activities at
0.85Vand 0.9 V. ¢ The K-L plots
of Pt;Co/C-700 acquired from
ORR polarization curves at
different potentials. Inset: ORR
polarization curves at different
rotation rates. d Tafel plots of
commercial Pt/C, Pt;Co/C-500,
and Pt;Co/C-700
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1.1 V for 5 000 and 10000 cycles. Fig. 6a and b exhibit the
cyclic voltammetry (CV) profiles tested in N,-purged electro-
lyte. Clearly, the Pt3Co/C-700 NPs do not show any signal
activity degeneration. The electrochemical activity area ECSA
(listed in Table 1) was calculated by integrating the function
(Eq. 3) on the hydrogen desorption region of the cyclic volt-

ammetry curves.

On
[Pt]-0.2

A=

(3)

where A is electrochemical surface area (ECSA), [Pt] is the
mass of platinum loaded on unit area of glassy carbon elec-
trode, and Qy is the charge of hydrogen desorption.

As listed in Table 1, with the increase of potential
cycles (0, 5000, and 10000), the electrochemical active
area (ECSA) of Pt;Co/C-500 changed from 76.3 to 59.7
and finally stabilizes at 59.8 m? g_1 (Pt). However, the

Table 1
potential cycles

ECSA of synthesized catalysts suffered from different

Sample Pt3Co/C-500 Pt;Co/C-700
ECSA (m® g ') (Pt) ECSA (m* g ") (PY)

Initial 76.3 61.6

5000 cycles 59.7 62.9

10000 cycles 59.8 63.8

@ Springer

log i(mA cm?)

Pt3Co/C-700 sample changed from 61.6 to 62.9 and
finally stabilized at 63.8 m? gf1 (Pt). It can be seen that
Pt;Co/C-500 suffered from almost 22% loss. However,
Pt;Co/C-700 increased by 3.6% after 10000 potential
cycles. To better understand the enhancement of dura-
bility, the ORR activities before and after 10000 poten-
tial sweeps are exhibited in Fig. 6d. Apparently, the
Pt;Co/C-700 catalyst do not show distinct activity atten-
uation and reflect E;, negative shift as low as 15 mV
after 10000 CV cycles. However, the Pt;Co/C-500 cat-
alyst shows approximately 40 mV-negative shift. To
more intuitively illustrate the activity evolutions of the
catalyst, the mass activities after various potential-
scanning cycles were calculated and are shown in Fig.
6e and f. To be exact, the comm Pt, Pt3Co/C-500, and
Pt;Co/C-700 suffered from 51.3%, 67.6%, and 36.3%
loss of initial mass activities after 10000 potential cy-
cles. Apparently, the Pt3;Co/C-700 presents the best
mass activity and durability toward ORR. The Pt;Co/
C-700 NPs possessing superior ORR performance may
ascribe to the ideal catalytic facets exposed at the sur-
face of Pt3Co/C-700 NPs (Fig. 4d). Meanwhile, the co-
balt ion etching was restrained for their ordered struc-
ture [33]. Furthermore, synergy arising from the elec-
tronic spin-orbit coupling between Co and Pt makes
the L1,-Pt;Co chemically much more active and stable
[34]. Besides, carbon black and sodium chloride play as
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an alloying reactor impeding the sintering and growth of
Pt;Co alloy NPs during high temperature annealing,
which guarantee a sufficient active area for catalytic
reaction.

Conclusion

In summary, this work presents a solid phase method to
realize the ordered Pt;Co nanoparticles monodispersed
on carbon black. The obtained chemically ordered
Pt;Co NPs show small average diameter and narrow
size distribution. And it exhibits enhanced ORR catalyt-
ic activity and outstanding stability in protecting Co
ions from etching in acid relative to disordered phase.
Compared with the traditional impregnation method, this
method is fast and environmental friendly. Meanwhile,

Pt,C0/C-500  Pt,Co/C-700

comm Pt Pt;Co/C-500  Pt;Co/C-700

the proportion of components can be precisely con-
trolled, no need of considering the different adsorption
capacity of ions on the carrier. Such simple synthetic
strategy can also be extended to prepare other durably
active ordered intermetallic electrocatalysts for fuel cell
applications.
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