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The controllable synthesis of carbon-supported platinum-basedmulticomponent alloys is important for the

development and application of direct methanol fuel cells (DMFCs). In this paper, controllable synthesis of

carbon-supported PtCoNiRu quaternary alloy is realized by spray drying and reduction sintering. The effects

of reduction temperature on the size, morphology and catalytic properties of the metal nanoparticles were

investigated. The electrochemical performance of the as-synthesized PtCoNiRu/C catalysts towards

methanol electro-oxidation was studied using cyclic voltammetry (CV) and chronoamperometry. The

results show that metal nanoparticles with uniform size and dispersity on the carbon surface can be

obtained at a suitable sintering temperature, while the catalyst has a higher electrochemical active

surface area (ECSA) and shows better catalytic activity and stability for methanol electro-oxidation. The

method described in this study provides a new route for the manufacture of Pt alloy nanoparticles with

higher catalytic activity and stability.
1. Introduction

Fuel cells, as clean and renewable energy conversion devices,
have become a subject of extensive research interest due to their
high power density, high energy efficiency, low operating
temperature, and easy storage and transportation.1–3 So far, Pt-
based materials are considered to be the most effective elec-
trocatalysts for fuel cells. However, Pt is scarce and expensive,
and the kinetics of small organic molecule electro-oxidation on
Pt is still relatively sluggish.4,5 Development of Pt-based nano-
catalysts with high catalytic efficiency is crucial for the large-
scale application of fuel cells. Embedding Pt with other
metals to form PtM bimetallic nanoparticles (NPs) has become
the mainstream approach to improve electrocatalytic activity
and the usage of platinum.6–11 Several Pt-based alloys including
a second metal such as Fe, Ni, Co, Mo, Sn, Pd and Ru were
explored intensively as CO-tolerant methanol oxidation reaction
(MOR) electrocatalysts.4 According to the literature, Pt-based
bimetallic alloy surfaces offer enhanced catalytic activity and
stability over pure Pt due to the ‘‘bifunctional mechanism’’ and
‘‘ligand effects”.4,12 In addition to binary alloy catalysts, ternary,
quaternary and quinary alloy catalysts have also received wide
attention in recent years.13,14 A series of Pt–MN (M, N ¼ Fe, Co,
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Ni, Ti, V, Sn, Cr, Mn, Mo, Ag, Au, Pd etc.) ternary alloy NPs have
been synthesized and studied. Due to the synergistic effect, the
activity and stability of ternary alloy and multi-metal alloy NPs
may be higher than that of corresponding binary alloy NPs.15–19

The controllable preparation of Pt based alloy catalysts with
high activity and stability by a low cost and simple method is
a hindrance to the practical application of fuel cells. The spray-
drying method is a well-trusted powder manufacturing method,
which has been conrmed by its use in the manufacturing of
dried food, fertilizers, oxide ceramics, and pharmaceuticals.20

The droplets, which are atomized from the precursor solution,
are introduced to the solvent evaporator. Evaporation of the
solvent, diffusion of solute, drying, and precipitation may occur
inside the furnace to form the dry powder.21 There are many
kinds of precursor liquids, including solute completely dis-
solved solution, stable system emulsion or suspension formed
by solute under certain conditions (usually through emulsi-
er).22 As an effective method to prepare nanocomposite
materials, spray drying has the characteristics of high degree of
renement, high operability and ne particle uniformity, which
can be used to fabricate well-dispersed Pt NPs with a control-
lable size and morphology.23–25

In present study, PtCoNiRu quaternary alloy NPs were
synthesized and characterized. Ni and Co alloyed with Pt to
increase the electrocatalytic activity,26 and Ru improved the anti
CO poisoning performance.3 PtCoNiRu quaternary alloy NPs
were synthesized and evenly dispersed on the modied Vulcan
XC-72 surface with high loading capacity by spray drying
combined with reduction sintering. The inner structure and the
RSC Adv., 2020, 10, 3579–3587 | 3579
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electrochemical activities for MOR of the as-synthesized alloy
NPs were investigated. The inuences of heat treatment
temperature on the microstructure and electrocatalytic perfor-
mance of the PtCoNiRu/C were also discussed. The technology
can be applied to the preparation of other supported alloy
powders.
2. Experimental
2.1 Chemicals

All reagents and solvents were used as received without further
purication. Ammonium chloroplatinate [(NH4)2PtCl6] and
diammonium hexachlorouthenate [(NH4)2RuCl6] were
purchased from Sino-Platinum Metals Co. Ltd (Kunming,
Yunnan, P. R. China), nitrogen (N2, 99.99%) and hydrogen (H2,
99.99%) from Pengyida Co. Ltd (Kunming, Yunnan, P. R.
China). Nickel chloride (NiCl2) was from Shanghai Darui Fine
Chemicals Co., Ltd (Shanghai, P. R. China) and cobalt(II) oxalate
dehydrate (CoC2O4$H2O) was from Shanghai Macklin Blo-
chemical Co., Ltd (Shanghai, P. R. China). Vulcan XC-72 was
purchase from Shanghai King Chemical (Shanghai, P. R.
China). 40 wt% Pt/C commercial catalysts were purchased from
Johnson Matthey (Shanghai) Chemicals Ltd (Shanghai, P. R.
China).
2.2 Modication of carbon black

A certain amount of XC-72 carbon black powder was added to
acetone solution of about twice the volume of carbon powder,
and the mixture was stirred for 3 h at room temperature. Aer
that, the powder was ltered and washed several times, and
then dried in N2 atmosphere at 50 �C for 4 h. Then the dried
sample was added into amixing solution of 10%HNO3 and 30%
H2O2 (volume ratio HNO3 : H2O2 ¼ 2 : 1) and reuxed at 60 �C
for 5 hours. The sample was ltered and washed several times
by deionized water to be neutral. Aer dried in vacuum at 50 �C,
the nal carbon powder was obtained aer grounding.
2.3 Preparation of precursor suspension

The metal salts were dissolved in deionized water in a certain
proportion (metal atomic ratio, Pt : Co : Ni : Ru ¼ 3 : 1 : 1 : 1,
total Pt + Co + Ni + Ru is 60 wt%), and modied carbon powder
was added. Aer stirred for 30 minutes, the solution and carbon
mixture were ultrasonically treated with an ultrasonicator
operated at an ultrasonic wattage of 360 W for 1 h to ensure the
uniform mixing of carbon black in water. To this, the precursor
suspension was obtained.
2.4 Spray drying treatment

A commercial spray drying machine (B290, Buchi, Switzerland)
was used to prepare the catalysts. A two-uid nozzle was used as
the atomizer. The temperatures at the inlet and outlet of the
spray dryer were 180 �C and 130 �C, respectively. The atomiza-
tion pressure was 0.6 MPa, and the feed rate of the precursor
was 4 ml min�1. The schematic diagram of spray drying process
is shown in Fig. 1.
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2.5 Reduction sintering

The spray dried particles were sintered in H2/N2 (vol 1 : 1) at
different temperatures (410 �C, 460 �C, 500 �C, respectively)
followed by cooling under N2 atmosphere. Here, we rstly
prepared PtCoNiRu/C precursors, and then sintered at 410 �C,
460 �C, 500 �C respectively in H2/N2 environment. The sample
sintering at 410 �C, 460 �C and 500 �C are denoted as PtCoNiRu-
410 �C, PtCoNiRu-460 �C and PtCoNiRu-500 �C, respectively. In
order to determine the best sintering temperature for the
activity of the quaternary alloy NPs, the powder was also sin-
tered at 450 �C and 470 �C in the same sintering atmosphere.
2.6 Characterizations

The microstructures of the as-synthesized samples were
observed by transmission electron microscopy (TEM) and high-
resolution TEM (HRTEM) (JEOL JEM-2100) operated at 200 kV.
X-ray diffraction (XRD) patterns of the synthesized powders
were collected using a X-ray diffractometer (Empyrean, PAN-
alytical, the Netherlands, CuKa radiation at 40 kV). XRD scans
were recorded with a scan rate of 5� min�1 for 2q values between
30� and 80�. Cyclic voltammograms and chronoamperometry
were performed at room temperature in a standard three-
electrode electrochemical cell, and measured by electro-
chemical workstation (Shanghai Chenhua CHI760E). The X-ray
photoelectron spectroscopy (XPS) measurements were carried
out on a XPS apparatus (K-Alpha+, Thermo sher Scientic) with
photon energy of 1486.6 eV. The composition of the catalysts
was analyzed by was measured by inductively coupled plasma-
atomic emission spectrometry (ICP-ASE, Optima 5300 DV, Per-
kinElmer, USA).

The catalyst was coated on a polished glass carbon disc
(diameter 3 mm, geometric area 0.0706 cm 2) to form a working
electrode. Ag/AgCl (saturated KCl) electrode and platinummesh
were used as the reference electrode and counter electrode,
respectively, for electrochemical testing. The present study was
given versus Ag/AgCl as a reference electrode. The electro-
chemical active surface area was measured in a N2-saturated
0.5 M H2SO4 solution at a scan rate of 0.05 V s�1 and the elec-
trocatalytic activity, durability and Tafel curves for the MOR was
measured in a N2-saturated 0.5 M H2SO4 + 0.5 M CH3OH solu-
tion. The electrochemical stability was tested by cyclic voltam-
metry for 5000 cycles from 0.2 to 1.0 V in N2 saturated 0.5 M
H2SO4 solution.
3. Results and discussions
3.1 Structural characterizations

TEM was used to characterized the distribution of as-
synthesized NPs on carbon support, and the average particle
size of as-synthesized NPs was calculated by statistical method.
The distribution of NPs is greatly inuenced by the sintering
temperature as can be seen in the Fig. 2. When the sintering
temperature is 460 �C (Fig. 2D), the metal particles are well
dispersed and densely covered on the carbon support without
obvious agglomeration. In contrast, in the case of sintering
temperature of 410 �C and 500 �C (Fig. 2A and G, respectively),
This journal is © The Royal Society of Chemistry 2020



Fig. 1 The schematic diagram of spray drying and reduction sintering process.
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there are some large agglomeration deposits on the carbon
support. The metal particles are nearly spherical, and size of the
particles decreases rst and then increases with the increase of
the sintering temperature. As shown in the corresponding
particle size histograms, PtCoNiRu/C-460 �C (Fig. 2F) exhibited
narrow particle size distribution with an average diameter of 3.7
� 0.9 nm. When sintered at 410 �C or 500 �C, the particles show
wider size distribution with average size of 4.1 � 1.6 nm and 7.5
� 2.9 nm, respectively. It is clear that sintering temperature is
an important factor to determine the dispersion and size
Fig. 2 TEM images, HR-TEM images and particle size histograms of
respectively.

This journal is © The Royal Society of Chemistry 2020
uniformity of metal particles on the support. At suitable
temperature, the interaction between metal ions and support
materials can promote nucleation and stable growth, leading to
NPs with evenly dispersion and size uniformity.

HRTEM images of as-synthesized NPs are shown in Fig. 2B, E
and H, it can be found that the crystal interplanar spacing of the
particles rst decreases and then increases with the increase of
the sintering temperature, which are 0.220 nm, 0.217 nm and
0.225 nm for sintering temperature of 410 �C, 460 �C and
500 �C, respectively.27 The interplanar space values of all three
PtCoNiRu/C sintered at 410 �C (A–C), 460 �C (D–F), 500 �C (G–I),

RSC Adv., 2020, 10, 3579–3587 | 3581
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samples are lower than that of standard Pt (111) (0.227 nm),
indicating that Pt can be alloyed with Co, Ni and Ru by using the
spray drying-pyrolysis method. Fig. 3 shows the XRD patterns of
the as-synthesized PtCoNiRu/C powders. The XRD patterns for
these powders exhibit diffraction peaks close to the (111), (200),
(220) crystal planes of Pt with face-centred-cubic (fcc) phase,
which conrmed the fcc structure of the as-synthesized NPs.
Besides the fcc Pt-like diffraction set, no individual peak cor-
responding to Ru, Co or Ni was observed, which indicates the
formation of Pt-based alloy NPs. Close inspection of the XRD
patterns of as-synthesized powders show that 2q values shi to
higher values compared to Pt, showing that Co, Ni and Ru were
alloyed with Pt. The sample sintering at 460 �C shows the
highest 2q value shied among the three samples, indicated
that in this condition the alloying degree and the amount of
incorporated foreign atoms is highest, which may inuence
their electrochemical performance. According to the Scherrer's
equation, the particle size for sintering at 410 �C, 460 �C and
500 �C is 3.3 nm, 3.6 nm and 4.0 nm, respectively, which
demonstrates that the size of the metal NPs loaded on the
support also increased upon sintering temperature
increasing.28,29 These results are in good agreement with
HRTEM results.

The XPS is a surface sensitive method for the analysis of the
surface state of solid materials.30 Fig. 4A–D show the XPS
spectra of Pt 4f, Ru 3d, Co 2p and Ni 2p of the NPs, and the XPS
survey spectra of three PtCoNiRu/C samples sintered at 410 �C,
460 �C and 500 �C are displayed in Fig. S1.† The binding energy
values and chemical composition of the electrocatalysts are
presented in Table 1, and the curve tting of XPS peaks for Pt 4f
and Ru 3d are shown in Fig. S2.† For these PtCoNiRu/C
powders, binding energy of Pt is higher than that of Pt/C (4f7/2
¼ 71.0 eV; 4f5/2 ¼ 74.5 eV), which is due to the electron transfer
from foreign atoms (Ru, Ni and Co in this case) to Pt atoms, and
clearly suggests the formation of Pt–M (M ¼ Ru, Ni and Co)
alloyed phases.31 As seen from Table 1, the electron binding
values of other metal elements have different degree of positive
Fig. 3 XRD scans of PtCoNiRu/C sintered at 410 �C, 460 �C, 500 �C,
respectively.
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shi compared with their metal elements (Ru 3d5/2 ¼ 280.2 eV,
Co 2p3/2 ¼ 778.2 eV, Ni 2p3/2 ¼ 852.6 eV), which is due to the
inuence of alloying. Detailed XPS analysis indicate that strong
doublet peaks at �71.9 eV (Pt 4f7/2) and �75.2 eV (Pt 4f5/2) with
the theoretical ratio of peak areas of 4 : 3 indicate the attribu-
tion of elemental Pt. The doublet peaks at �72.8 and �76.8 eV
can be attributed to Pt2+ in the form of PtO or Pt(OH)2. Samples
sintered at 410 �C, 460 �C and 500 �C are comprised of 75.1%
metallic Pt and 24.9% Pt2+, 53.3% metallic Pt and 46.7% Pt2+,
53.3% metallic Pt and 46.7% Pt2+, respectively. Ru 3d5/2 peak
was chosen to analyze Ru species since Ru 3d3/2 overlaps with C
1s peak. Samples sintered at 410 �C, 460 �C and 500 �C are
comprised of 36.6% metallic Ru and 63.4% RuO2, 33.3%
metallic Ru and 66.7% RuO2, 39.9% metallic Ru and 60.1%
RuO2, respectively. The results suggest that when the sintering
temperature increased from 410 �C to 460 �C, the binding
energy of metal atoms decreased while more oxidized metal
atoms were observed on the surface.

The composition of PtCoNiRu annealed at different
temperatures was analyzed by ICP and XPS, as shown in Table 1.
Themetal atomic ratio of PtCoNiRu NPs analyzed by ICP is close
to the targeted Pt : Co : Ni : Ru ratio of 3 : 1 : 1 : 1. And the
Pt : Co : Ni : Ru ratio from XPS show less Pt content and more
Ru content compared with the ratio obtained from ICP. Since
ICP data represents the overall composition of these NPs, and
XPS is a surface sensitive detection technology (1–3 nm), it is
inferred that surface of the PtCoNiRu NPs may be composed of
metals with approximate proportion which can be easily inu-
enced by sintering temperature.32,33 The interior is mainly
composed of Pt, Co and Ni, and almost all of Ru is in the
surface. When sintered at 460 �C, XPS results show that the
composition ratio of the four metals in the surface is the closest,
compared with the results when sintered at other temperatures.
3.2 Electrocatalytic performance

Fig. 5 shows the cyclic voltammograms of commercial Pt/C and
PtCoNiRu/C sintered at 410 �C, 460 �C and 500 �C in N2-satu-
rated 0.5 M H2SO4 solution. The peak of hydrogen adsorption
and desorption can be observed in the potential range from
�0.2 to 1.0 V vs. Ag/AgCl in the cyclic voltammetry curves (CVs).
The ECSA can be obtained by calculating the charge of hydrogen
under-potential desorption (H-UPD) aer correcting the
charging currents of the double layer. The calculated ECSA of
as-synthesized catalysts decreased with the following order:
PtCoNiRu-460 �C (108m2 gPt

�1) > Pt/C (68 m2 gPt
�1) > PtCoNiRu-

410 �C (60 m2 gPt
�1) > PtCoNiRu-500 �C (49 m2 gPt

�1). The
reason why PtCoNiRu-460 �C has a higher electrochemical
active area is probably due to its smaller size of metal NPs and
better dispersion on carbon. The low electrochemical active
area of PtCoNiRu-410 �C may result from less platinum atoms
on the surface. While for PtCoNiRu-500 �C, the decreased ECSA
compared with PtCoNiRu-460 �C might due to their larger
particles size, as illustrated form the XRD in Fig. 3.

The electrocatalytic activities of the as-synthesized
PtCoNiRu/C powders towards MOR were evaluated by per-
forming (CV) in solution containing 0.5 M H2SO4 and 0.5 M
This journal is © The Royal Society of Chemistry 2020



Fig. 4 XPS spectra of Pt 4f (A), Ru 3d (B), Co 2p (C) and Ni 2p (D) of three PtCoNiRu/C sintered at 410 �C, 460 �C, 500 �C, respectively.
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CH3OH. The potential range was �0.2–1.0 V with the scanning
rate of 50 mV s�1. The voltammogram was repeated until stable
and reproducible CV curve was obtained. Fig. 6A represents the
CVs of MOR on three PtCoNiRu/C powders. As shown in Fig. 6A,
the CVs of all the samples show a peak ascribed to methanol
oxidation in forward scan and a peak related to the oxidation of
carbonaceous motifs in reverse scan. It is well-known that
intermediates formed during methanol oxidation such as CO
and other carbonaceous species are oxidized in reverse scan.
The MOR activity of the catalyst is mainly evaluated by the peak
current density (ip) in the positive going scan and the onset
oxidation potential (Eonset). It can be seen from Fig. 6A that
Table 1 Binding energy of Pt 4f, Ru 3d, Co 2p, Ni 2p and the Pt/Ru/C
PtCoNiRu/C sintered at 410 �C, 460 �C, 500 �C, respectively

Binding energy (eV) PtCoNiRu-410 �C

Pt 4f7/2 72.05
Pt 4f5/2 75.31
Ru 3d3/2 284.81
Ru 3d5/2 280.68
Co 2p3/2 779.30
Co 2p1/2 786.80
Ni 2p3/2 853.88
Ni 2p1/2 873.93
Pt : Ru : Co : Ni ratio (XPS) 1 : 0.96 : 0.02 : 4.07
Pt : Ru : Co : Ni ratio (ICP) 3 : 1.01 : 1.10 : 1.05

This journal is © The Royal Society of Chemistry 2020
PtCoNiRu-460 �C and PtCoNiRu-500 �C have similar Eonset
value, while PtCoNiRu-410 �C have a higher Eonset value. The
lower onset potential on PtCoNiRu-460 �C and PtCoNiRu-500 �C
may attribute to the bi-functional mechanism, the incorporated
foreign atoms can adsorbed –OH* species at lower potential,
thus facilitating the oxidation of –CO* like species. While for
PtCoNiRu-410 �C, the incomplete reduction of the foreign and
the reduced alloying degree makes the promotion effect less
prominent.34,35 What's more, the surface of PtCoNiRu-410 �C
sample was enriched with foreign metal while the Pt site was
relatively depleted as can be seen from Table 1, which hinders
the cleavage of C–H bond in the methanol molecule, thus lower
o/Ni composition ratios obtained from XPS and ICP analysis of three

PtCoNiRu-460 �C PtCoNiRu-500 �C

71.85 71.85
75.15 75.25
284.77 285.24
280.49 280.57
778.93 779.55
786.09 786.31
853.26 853.13
873.29 873.48
1 : 0.60 : 0.56 : 2.36 1 : <0.01 : <0.01 : 1.22
3 : 1.01 : 1.09 : 1.05 3 : 1 : 1.08 : 1.05

RSC Adv., 2020, 10, 3579–3587 | 3583



Fig. 5 Cyclic voltammograms in N2-saturated 0.5 MH2SO4 solution of
PtCoNiRu/C sintered at 410 �C, 460 �C, 500 �C and commercial Pt/C
with the scanning rate of 0.05 V s�1.

Fig. 6 (A) Cyclic voltammograms for methanol electro-oxidation in
solution containing 0.5 M H2SO4 + 0.5 M CH3OH on Pt3CoNiRu/C
sintered at 410 �C, 460 �C, 500 �C and commercial Pt/C, respectively
with the scanning rate of 0.05 V s �1; (B) chronoamperometric curves
for methanol electro-oxidation in solution containing 0.5 M H2SO4 +
0.5 M CH3OH on PtCoNiRu/C sintered at 410 �C, 460 �C, 500 �C and
Pt/C and commercial Pt/C, respectively, at a fixed potential of 0.65 V
for 1000 s.
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the sample's ability to initial the MOR process.36 The ip value of
the as-synthesized sample decreased in the order of PtCoNiRu-
460oC > Pt/C > PtCoNiRu-500 �C > PtCoNiRu-410 �C. The reason
that PtCoNiRu-460 �C has the highest MOR activity was ascribed
to the high dispersion and ECSA of NPs on carbon support. In
addition, the functional groups on the surface of NPs are
increased as the addition of other metal atoms. Meanwhile,
H2O activation is promoted, and more OH ions and other
oxygen-containing species are produced to oxidize the inter-
mediates on the surface of active Pt. In the case of PtCoNiRu-
460 �C, the synergistic effect is dominant.37,38 In order to opti-
mize the sintering temperature for improving the electro-
catalytic activity of the NPs. The CVs of the samples sintered at
450 �C, 460 �C and 470 �C for MOR were compared in Fig. S3,†
which further proved that the quaternary alloy powder sintered
at 460 �C showed the highest MOR activity. Tafel curves
(Fig. S4†) have slopes of 106, 168, 118 and 120mV per decade on
PtCoNiRu-410 �C, PtCoNiRu-460 �C, PtCoNiRu-500 �C and
commercial Pt/C (comm Pt/C), respectively, indicating that
PtCoNiRu-460 �C signicantly improved MOR kinetics.39,40

When the sintering temperature is low, alloying makes the
effect of foreign atoms less prominent, while for the higher
sintering temperature, the increased particles size and poor
dispersion of NPs on the support decrease the ECSA of catalysts,
thus lowering the mass activity. The sintering temperature of
460 �C balances the opposite factors and shows highest MOR
activity in the studied condition.

The MOR durability of the samples was also tested by per-
forming chromoamperometry experiments at 0.65 V in 0.5 M
H2SO4 containing 0.5 M CH3OH. Fig. 6B shows the current–time
(I–t) curves of methanol oxidation on four catalysts. As can be
seen from the gure, the catalyst sintered at 460 �C shows the
highest initial current density and maintains the highest
current density during the whole time range. The currents of all
samples decrease gradually under the high potential and reach
3584 | RSC Adv., 2020, 10, 3579–3587
a stable state aer 300 s of operation. The initial decay in
current density observed in all the samples can be attributed to
the formation of CO-like species formed on the electrode
surfaces during methanol electro-oxidation. Based on this
current at 300 s, the decay rates of all alloy samples is lower than
that of Pt/C, which is ascribed to the presence of Ru, which can
change the adsorption state of CO and reduce the CO coverage
on the active site.41 The highest residual current of PtCoNiRu/C-
460 �C demonstrates the NPs treated at 460 �C has the best
catalytic durability. We tentatively ascribed the enhanced
durability of PtCoNiRu/C-460 �C over the other two catalysts to
the improved alloying effect. The alloying of Ru, Ni, and Co
atoms into Pt lattice can facilitate the removal of CO-like species
generated during MOR processes, thus free the Pt-site from CO-
like poisoning species and available for MOR.42,43 The electro-
chemical stability of these samples was further investigated in
This journal is © The Royal Society of Chemistry 2020
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N2-saturated 0.5 M H2SO4 solution by CV scanning from�0.2 to
1.0 V for 5000 cycles. Fig. 7A compares the CVs of these catalysts
before and aer 5000 voltammetric cycles, and ECSA for these
catalysts were caculated and plotted in Fig. 7B. Aer 5000 cycles,
the ECSA losses of the PtCoNiRu/C-410 �C, PtCoNiRu/C-460 �C,
PtCoNiRu/C-500 �C and commercial Pt/C are 45%, 26%, 37%
and 60%, respectively. It can be concluded that the alloying
state of the PtCoNiRu-460 �C NPs is the most stable, and the
particles are not easy to grow and agglomerate during scanning
process, because the ESCA depends on the particle size and
alloy degree to some extent. The signicantly enhanced elec-
trochemical catalytic stability of PtCoNiRu- 460 �C is most likely
consistent with structural stability results from the best solid
solubility and alloying degree when the sintering temperature is
460 �C. The increase of surface segregation and alloying degree
of Pt and Ru (according the XPS results) can also prevent the
dissolution of Ni and Co in the alloy surface.37 While the
interaction between NPs and carbon support surface may also
play an important role in the electrocatalytic activity and
stability of NPs.
Fig. 7 (A) Cyclic voltammograms curves of PtCoNiRu/C sintered at
410 �C, 460 �C, 500 �C and commercial Pt/C before and after 5000
cycles in N2-saturated 0.5 M H2SO4 solution. (B) ECSA of PtCoNiRu/C
sintered at 410 �C, 460 �C, 500 �C and commercial Pt/C before and
after 5000 cycles in N2-saturated 0.5 M H2SO4 solution.

This journal is © The Royal Society of Chemistry 2020
4. Conclusions

In summary, controllable synthesis of PtCoNiRu/C catalyst can
be achieved by spray drying and reduction sintering. It can be
found that themicrostructure and electrochemical properties of
the catalyst are very sensitive to the sintering temperature. The
spray-dried powder sintered at a suitable temperature shows
good dispersion, small and uniform size, and excellent elec-
trocatalytic ability for MOR. The PtCoNiRu-460 �C catalysts
exhibit signicantly higher activity for MOR as compared
commercial Pt/C electrocatalyst. The chronoamperometry
results measured at 0.65 V (vs. Ag/AgCl) aer 5000 s exhibits
a current density higher than commercial Pt/C under identical
conditions. Compared with commercial catalysts, the catalysts
prepared in this study show higher catalytic activity and excel-
lent stability in terms of electrochemical performance with
simple preparation method and short production cycle, which
proves that the catalyst is promising to be used as fuel cell
catalysts. In perspective, the approach can be extended to be
a newmicro-preparation technology for the preparation of other
carbon-supported multi-component alloy materials.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

The research is supported by the National Natural Science
Foundation of China (51864022 and 21805121), the funds of the
Science and Technology Project of Yunnan Province-Major
Project (2018ZE001, 2018ZE020), the Science and Technology
Project of Yunnan Province-Platform Construction
(2016DC056). The authors thank the facilities and technical
assistance of Centre for Microscopy, Characterization & Analysis
at the Kunming Institute of Precious Metals.

References

1 J. Yan, Y. Zheng, M. Jaroniec and S. Z. Qiao, Design of
electrocatalysts for oxygen-and hydrogen-involving energy
conversion reaction, Chem. Soc. Rev., 2015, 44, 2026–2086.

2 A. M. Zainoodin, S. K. Kamarudin and W. Daud, Electrode in
Direct Methnal Fuel Cells, Int. J. Hydrogen Energy, 2010, 35,
4606–4621.

3 C. Jackson, O. Conrad and P. Levecque, Systematic Study of
Pt-Ru/C Catalysts Prepared by Chemical Deposition for
Direct Methanol Fuel Cells, Electrocatalysis, 2017, 9, 224–234.

4 G. Vishwakshan Reddy, P. Raghavendra and B. Ankamwar,
Ultrane Pt–Ru bimetallic nanoparticles anchored on
reduced graphene oxide sheets as highly active
electrocatalysts for methanol oxidation, Electrocatalysis,
2017, 1, 757–766.

5 Y. Zhang, F. Li and X. Liu, Methanol electrocatalytic
oxidation on Pt/poly (o-toluidine) lm/activated carbon
doped graphite carbon paste electrode, Chem. J. Chin.
Univ., 2017, 38, 2320–2327.
RSC Adv., 2020, 10, 3579–3587 | 3585



RSC Advances Paper
6 J. Gu, Y. W. Zhang and F. Tao, Shape control of bimetallic
nanocatalysts through well-designed colloidal chemistry
approaches, Chem. Soc. Rev., 2012, 41, 8050–8065.

7 J. B. Raoof, R. Ojani, A. Kiani and S. Rashid-Nadimi,
Fabrication of highly porous Pt coated Nanostructured Cu-
foam modied copper electrode and its enhanced catalytic
ability for hydrogen evolution reaction, Int. J. Hydrogen
Energy, 2010, 35, 452–458.

8 S. Du, Y. Lu, S. K. Malladi, Q. Xu and R. Steinberger-
Wilckens, A simple approach for PtNi�MWCNT hybrid
nanostructures as high performance electrocatalysts for the
oxygen reduction reaction, J. Mater. Chem. A, 2013, 2, 692–
698.

9 Y. J. Wang, N. N. Zhao, B. Z. Fang, H. Li, X. T. Bi and
H. J. Wang, A highly efficient PtCo/C electrocatalyst for the
oxygen reduction reaction, RSC Adv., 2016, 2, 34484–34491.

10 A. Oh, H. Baik, D. S. Choi, J. Y. Cheon, B. Kim, H. Kim,
S. J. Kwon, S. H. Joo, Y. Jung and K. Lee, Skeletal
octahedral nanoframe with cartesian coordinates via
geometrically precise nanoscale phase segregation in
a Pt@Ni core�shell nanocrystal, ACS Nano, 2015, 9, 2856–
2867.

11 Y. Cheng, P. K. Shen, M. Saunders and S. P. Jiang, Core–shell
structured PtRuCox nanoparticles on carbon nanotubes as
highly active and durable electrocatalysts for direct
methanol fuel cells, Electrochim. Acta, 2015, 177, 217–226.

12 S. Wang, G. Yang and S. C Yang, Pt-frame@Ni quasi
core�shell concave octahedral PtNi3 bimetallic
nanocrystals for electrocatalytic methanol oxidation and
hydrogen evolution, J. Phys. Chem. C, 2015, 119, 50–58.

13 M. Amma and E. B. Easton, Oxygen Reduction activity of
binary PtMn/C, ternary PtMnX/C (X ¼ Fe, Co, Ni, Cu, Mo
and Sn) and quaternary PtMnCuX/C (X ¼ Fe, Co, Ni, and
Sn) and PtMnMoX/C (X ¼ Fe, Co, Ni Cu and Sn) alloy
catalysts, J. Power Sources, 2013, 236, 311–320.

14 X. Chen, C. Si, Y. Gao, J. Frenzel, J. Sun, G. Eggeler and
Z. H. Zhang, Multi-component nanoporous platinum–

ruthenium–copper–osmium–iridium alloy with enhanced
electrocatalytic activity towards methanol oxidation and
oxygen reduction, J. Power Sources, 2015, 273, 324–332.

15 P. Mani, R. Srivastava and P. Strasser, Dealloyed binary PtM3

(M ¼ Cu, Co, Ni) and ternary PtNi3M (M ¼ Cu, Co, Fe, Cr)
electrocatalysts for the oxygen reduction reaction:
Performance in polymer electrolyte membrane fuek cells, J.
Power Sources, 2011, 196, 666–673.

16 E. Antolini, J. R. C. Salgado, M. J. Giz and E. R. Gonzalez,
Effects of geometric and electronic factors on ORR activity
of carbon supported Pt–Co electrocatalysts in PEM fuel
cells, Int. J. Hydrogen Energy, 2005, 30, 1213–1220.

17 A. S. Arico, V. Antonucci, N. Giordano, A. K. Shukla and
M. K. Ravikumar, Synergistic Promotion of
Electrooxidation of Methanol on Carbon-Supported Pt–Sn
Catalysts, Electrochem, 1993, 9, 614–617.

18 S. Mukerjee, S. J. Lee, E. A. Ticianelli, J. McBreen,
B. N. Grgur, N. M. Markovic, P. N. Ross, J. R. Giallombardo
and E. S. De Castro, Investigation of enhanced CO
tolerance in proton exchange membrane fuel cells by
3586 | RSC Adv., 2020, 10, 3579–3587
carbon supported PtMo alloy catalyst, Electrochem. Solid-
State Lett., 1999, 2, 12–15.

19 G. Vishwakshan Reddy, P. Raghavendra, P. Srichandana and
L. S. Sarma, Halide-aided controlled fabrication of Pt–Pd/
graphene bimetallic nanocomposites for methanol
electrooxidation, RSC Adv., 2015, 5, 100522–100530.

20 S. Wang and T. Langrish, A review of process simulations
and the use of additives in spray drying, Food Res. Int.,
2009, 42, 13–25.

21 K. Okuyama and I. W. Lenggoro, Preparation of
nanoparticles via spray route, Chem. Eng. Sci., 2003, 58,
537–547.

22 M. Abdullah, F. Iskandar, S. Shibamoto, T. Ogi and
K. Okuyama, Preparation of oxide particles with ordered
macropores by colloidal templating and spray pyrolysis,
Acta Mater., 2004, 52, 5151–5156.

23 Y. Y. Lee, J. X. Wu, M. Yang, P. M. Young, F. V. D. Berg and
J. Rantanen, Particle size dependence of polymorphism in
spray-dried mannitol, Eur. J. Pharm. Sci., 2011, 44, 41–48.

24 A. B. D. Nandiyanto and K. Okuyama, Progress in developing
spray-drying methods for the production of controlled
morphology particles: From the nanometer to
submicrometer size ranges, Adv. Powder Technol., 2011, 22,
1–19.

25 C. Lv, T. Hu, K. Shu, D. chen and G. Tian, Porous TiO2

nanowire microsphere constructed by spray drying and its
electrochemical lithium storage properties, Microsc. Res.
Tech., 2014, 77, 170–175.

26 R. Baronia, J. Goel, S. Tiwari, D. Singh and S. P. Singh,
Efficient electro-oxidation of methanol using PtCo
nanocatalysts supported reduced graphene oxide matrix as
anode for DMFC, Int. J. Hydrogen Energy, 2017, 42, 10238–
10247.

27 M. Xiao, L. Feng, J. Zhu, C. Liu and W. Xing, Rapid synthesis
of a PtRu nano-sponge with different surface compositions
and performance evaluation for methanol electrooxidation,
Nanoscale, 2015, 7, 9467–9471.

28 Z. Hou, B. Yi, H. Yu, Z. Liu and H. J. Zhang, CO tolerance
electrocatalyst of PtRu–HxMeO3/C (Me ¼ W, Mo) made by
composite support method, J. Power Sources, 2003, 123,
116–125.

29 J. Guo, R. Wang, W.W. Tjiu, J. Pan and T. Liu, Synthesis of Fe
nanoparticles@graphene composites for environmental
applications, J. Hazard. Mater., 2012, 63, 225–226.

30 M. Lucarini and L. Pasquato, ESR spectroscopy as a tool to
investigate the properties of self-assembled monolayers
protecting gold nanoparticles, NANOSCALE, 2010, 2(5),
668–676.

31 K. Zhang, Q. Yue, G. Chen, Y. Zhai, L. Wang, H. Wang,
J. Zhao, J. Liu, J. Jia and H. Li, Effects of Acid Treatment of
Pt–Ni Alloy Nanoparticles@Graphene on the Kinetics of
the Oxygen Reduction Reaction in Acidic and Alkaline
Solutions, J. Phys. Chem. C, 2010, 115, 379–389.

32 F. Bensebaa, N. Patrito, Y. Le Page, P. L'Ecuyer and D. Wang,
Tunable platinum–ruthenium nanoparticle properties using
microwave synthesis, J. Mater. Chem., 2004, 14, 3378–3384.
This journal is © The Royal Society of Chemistry 2020



Paper RSC Advances
33 K. C. Park, I. Y. Jang, W. Wongwiriyapan, S. Morimoto,
Y. J. Kim, Y. C. Jung, T. Toya and M. Endo, Carbon-
supported Pt-Ru nanoparticles prepared in glyoxylate-
reduction system promoting precursor-support interaction,
J. Mater. Chem., 2010, 20, 5345–5354.

34 C. Nethravathi, E. A. Anumol, M. Rajamathi and
N. Ravishankar, Highly dispersed ultrane Pt and PtRu
nanoparticles on graphene: formation mechanism and
electrocatalytic activity, Nanoscale, 2011, 3, 569–571.

35 Z. Liu, X. Y. Ling, X. Su and J. Y. Lee, Carbon-Supported Pt
and PtRu Nanoparticles as Catalysts for a Direct Methanol
Fuel Cell, J. Phys. Chem. B, 2004, 108, 8234–8240.

36 S. Sharma, A. Ganguly, P. B. Gurau, R. Viswanathan,
R. X. Liu, T. J. Lafrenz, K. L. Ley, E. S. Smotkin,
E. Reddington, A. Sapienza, B. C. Chan, T. E. Mallouk and
S. Sarangapani, Structural and Electrochemical
Characterization of Binary, Ternary, and Quaternary
Platinum Alloy Catalysts for Methanol Electro-oxidation1, J.
Phys. Chem. B, 1998, 102, 9997–10003.

37 S. Sharma, A. Ganguly, P. Papakonstantinuo, X. Miao, M. Li
and J. L. Hutchison, Rapid microwave synthesis of CO
tolerant reduced graphene oxide supported
platinumelectrocatayst for oxidation of methanol, J. Phys.
Chem. C, 2010, 114, 19459–19466.
This journal is © The Royal Society of Chemistry 2020
38 R. Baronia, J. Goel and S. K. Singhal, High Methanol Electro-
Oxidation Using PtCo/Reduced Graphene Oxide (rGO) Anode
Nanocatalysts in Direct Methanol Fuel Cell, J. Nanosci.
Nanotechnol., 2019, 19, 4315–4322.

39 J. R. Li, S. Sharma, X. M. Liu, et al., Hard-Magnet L10-CoPt
Nanoparticles Advance Fuel Cell Catalysis, Joule, 2019, 3,
124–135.

40 X. Lu, J. Hu, J. S. Foord and Q. Wang, Electrochemical
deposition of Pt–Ru on diamond electrodes for the
electrooxidation of methanol, J. Electroanal. Chem., 2011,
654, 38–43.

41 B. Yang, Q. Y. Lu, Y. Wang, L. Zhuang, J. T. Lu and P. F. Liu,
Simple and Low-Cost Preparation Method for Highly
Dispersed PtRu/C Catalysts, Chem. Mater., 2003, 15, 3552–
3557.

42 J. Zhao, H. Li, Z. Liu, W. Hu, C. Zhao and D. Shi, An advanced
electrocatalyst with exceptional eletrocatalytic activity via
ultrane Pt-based trimetallic nanoparticles on pristine
graphene, Carbon, 2015, 87, 116–127.

43 H. Xu, L. X. Ding, J. X. Feng and G. R. Li, Pt/Ni(OH)2–NiOOH/
Pd multi-walled hollow nanorod arrays as superior
electrocatalysts for formic acid electrooxidation, Chem. Sci.,
2015, 6, 6991–6998.
RSC Adv., 2020, 10, 3579–3587 | 3587


	Synthesis of PtCoNiRu/C nanoparticles by spray drying combined with reduction sintering for methanol electro-oxidationElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra09764c
	Synthesis of PtCoNiRu/C nanoparticles by spray drying combined with reduction sintering for methanol electro-oxidationElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra09764c
	Synthesis of PtCoNiRu/C nanoparticles by spray drying combined with reduction sintering for methanol electro-oxidationElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra09764c
	Synthesis of PtCoNiRu/C nanoparticles by spray drying combined with reduction sintering for methanol electro-oxidationElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra09764c
	Synthesis of PtCoNiRu/C nanoparticles by spray drying combined with reduction sintering for methanol electro-oxidationElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra09764c
	Synthesis of PtCoNiRu/C nanoparticles by spray drying combined with reduction sintering for methanol electro-oxidationElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra09764c
	Synthesis of PtCoNiRu/C nanoparticles by spray drying combined with reduction sintering for methanol electro-oxidationElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra09764c
	Synthesis of PtCoNiRu/C nanoparticles by spray drying combined with reduction sintering for methanol electro-oxidationElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra09764c
	Synthesis of PtCoNiRu/C nanoparticles by spray drying combined with reduction sintering for methanol electro-oxidationElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra09764c

	Synthesis of PtCoNiRu/C nanoparticles by spray drying combined with reduction sintering for methanol electro-oxidationElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra09764c
	Synthesis of PtCoNiRu/C nanoparticles by spray drying combined with reduction sintering for methanol electro-oxidationElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra09764c
	Synthesis of PtCoNiRu/C nanoparticles by spray drying combined with reduction sintering for methanol electro-oxidationElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra09764c

	Synthesis of PtCoNiRu/C nanoparticles by spray drying combined with reduction sintering for methanol electro-oxidationElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra09764c
	Synthesis of PtCoNiRu/C nanoparticles by spray drying combined with reduction sintering for methanol electro-oxidationElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra09764c
	Synthesis of PtCoNiRu/C nanoparticles by spray drying combined with reduction sintering for methanol electro-oxidationElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra09764c


