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Graphene-supported platinum/nickel phosphide
electrocatalyst with improved activity and stability
for methanol oxidationt

Jiamu Cao, 2 12 Hailong Chen, 1 Xuelin Zhang,*® Yufeng Zhang?® and Xiaowei Liu®

In this paper, we report a novel catalyst using Ni,P as a cocatalyst of Pt supported on graphene for methanol
oxidation. The results reveal that the electrocatalytic activity and stability of the as-prepared catalyst for
methanol oxidation are significantly enhanced by the addition of NiP. The reason for the increased
activity and stability is ascribed to complex electron transfer between Pt, Ni,P, and graphene, which
gives rise to the eventual promotion of CO,qs electrooxidation reaction kinetics. The present study
implies that the as-prepared Pt—Ni,P/graphene will be a promising candidate as an anode electrocatalyst

rsc.li/rsc-advances in direct methanol fuel cells.

1 Introduction

The direct methanol fuel cell (DMFC) as a promising power
source for portable electronic devices has attracted more and
more attention due to its simple system design, high energy
density, and low pollutant emission.” These advantages are
enough to make it a promising way to address the existing
environmental emission issues from fossil energy.* However,
reducing cost is an urgent problem to solve in many research
fields,** therefore, reducing the dosage of precious metal cata-
lyst, or improving its catalytic efficiency is an important means
to push forward the commercialization of DMFCs.”

The main reason for DMFC anode rate limitation is appar-
ently the sluggish electrooxidation of adsorbed carbon
monoxide, an intermediate product of anodic methanol oxida-
tion.? Efforts to mitigate CO poisoning of Pt nanoparticles can
be made through the addition of some metals, such as Ru,*™*
Sn," Ni."* Among them, nickel-based nano-materials not only
have been proved to show electrocatalytic activity toward alco-
hols oxidation but also have been used in the hydrogen evolu-
tion reaction,"** the hydrolytic dehydrogenation,'® the
electrolytic hydrogen generation, and the hydrogen peroxide
reduction reaction,'”'® as non-noble metal catalysts.

N-Doped carbon-encapsulated Ni nanoparticles give an
effective electrocatalytic activity and long-term stability for
ethanol oxidation in the alkaline aqueous electrolyte.'**"
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NiOOH and NiO present the superior methanol electrocatalytic
oxidation performance.*** Besides these, Ni,P was found to be
able to enhance the activity and stability of carbon black-
supported palladium and platinum nanoparticles toward alco-
hols,*?* which revealed that the incorporation of Ni,P gives rise
to promote the electrooxidation of methanol and resistance to
CO poisoning.

On the other hand, the carrier plays an important role in the
catalytic performance.*** Graphene, mother of all graphitic
forms, is considered as the most promising supporting material
for carbon black and carbon nanotube.”?®?** Many metallic
compounds which combined with graphene have been reported
to form complex hybrid structure and display superior catalytic
performance compared to naked particles.**** Graphene sheets
in the above structure act as not only a buffer zone of volume
change of the active materials but also a good electron transfer
medium.*

Inspired by these previous findings, we attempt to using
graphene as a carrier to examine the possible promotion of Pt
by Ni,P in methanol oxidation for DMFC. To date, we have not
found reported findings combining Pt, Ni,P, and graphene to
synthesize high qualified catalyst for methanol oxidation.
Herein, we first prepared Pt-Ni,P/graphene catalyst for DMFC
by a microwave assisted ethylene glycol method. The physical
structure and electrochemical performance of the as-prepared
catalysts were characterized and analyzed. A possible mecha-
nism of the interaction between Pt, Ni,P, and graphene was
also discussed.

2 Experimental
2.1 Synthesis process

The Pt-Ni,P/graphene catalyst synthesis process as schemati-
cally displayed in Fig. 1a. Ni,P nanoparticles supported on

This journal is © The Royal Society of Chemistry 2018
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Fig.1 Schematic diagram of synthesizing Pt—Ni2P/graphene catalyst.

graphene (Ni,P/G) were first prepared by a typical thermal
reaction.”® The 5 mg GO and 0.3 g NiS, were mixed in 20 mL
distilled water and subjected to ultrasonic vibration to form
a homogeneous suspension. Then 1.03 g NaH,PO,-H,0 was
dispersed in 20 mL distilled water and mixed with the above
suspension. Then the mixture was calcined at 500 °C for 1 h and
cooled to room temperature. The solid obtained was washed
thoroughly with distilled water and absolute ethyl alcohol to
remove the by-products. After that, the wet products were dried
at 80 °C for 12 h in a vacuum oven.

Then the obtained product dispersed into ethylene glycol
(EG) and isopropyl alcohol in a breaker under stirring for 1 h
and ultrasonic treatment for 3 h to form a uniform ink. Then
H,PtCle-EG solution was added and stirred for 2 h. The pH
value of the ink was adjusted by NaOH-EG solution drop by
drop until its value reached 12. The next step was to place the
breaker the center of a microwave oven for consecutive heating
time for 65 s. The solution was cooled down to room tempera-
ture and then dilute HNO; solution was added to the mixture to
adjust pH value to 4. The mixture was kept stirring for 12 h and
then the product was washed repeatedly with ultrapure water
until no CI” was detected. The homemade Pt-Ni,P/graphene
catalyst was dried for 3 h at 80 °C in a vacuum oven and then
stored in a vacuum vessel. Theoretically, the Pt and Ni,P loading
of the Pt/Ni,P-graphene was 20 wt% and 5 wt%, respectively.
For the purpose of comparison, the Pt/graphene catalyst was
prepared without the addition of Ni,P using the similar proce-
dure mentioned above.

2.2 Preparation of the working electrode

The catalyst slurry was prepared by ultrasonically dispersing
4 mg catalyst in the solution of 0.2 mL ethanol, 0.8 mL ultrapure
water and 20 pL Nafion (5 wt% solution in a mixture of lower
aliphatic alcohols and DuPont water) for 30 min. A glassy
carbon electrode (GCE) with the diameter of 4 mm was polished
with alumina suspensions and served as the underlying
substrate of the working electrode. A quantity of 5 pL of the
dispersion was extracted out on the top of the GC followed by
drying at room temperature for 4 h.

2.3 Electrochemical measurements

Electrochemical characterizations of the catalysts were carried
out in a standard three-electrode cell using a Pt wire counter
electrode and a Hg/Hg,SO, reference electrode at room
temperature (ca. 298 K). In the following, all potentials were
given relative to a reversible hydrogen electrode (RHE). Cyclic
voltammetry (CV) was conducted at a scan rate of 50 mV s~ '
with the potential range from 0V to 1.2 V. To compare the long-
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term performance of the catalysts for methanol oxidation,
chronoamperometry (CA) tests were used in a solution of 0.5 M
H,SO, and 0.5 M CH;O0H for 3000 s with the step potential of
0.6 V. All the electrochemical tests were carried out with
CHI650D electrochemical working station.

3 Results and discussion

The elemental and phase compositions of the catalysts were
characterized by energy dispersive X-ray spectroscopy (EDS) and
X-ray diffraction (XRD). As shown in Fig. 2a, elements of Ni, P
and Pt are observed in EDS spectra of Pt-Ni,P/graphene.
Elemental mapping images in Fig. 2b shows that Ni, P, and Pt
homogeneously distribute on the transparent graphene nano-
sheet. The formation of Ni,P phase in the as-prepared catalyst
was confirmed by the XRD patterns, as shown in Fig. 2c, where
the observed diffraction peaks of Ni,P can be indexed to
a hexagonal phase. Besides this, the diffraction peaks of Pt (1 1
1), Pt (2 2 0), and Pt (3 1 1) are also observed, indicating Pt forms
the face-centered cubic (fcc) crystal structure. These results
suggest that nanoparticles of Pt and Ni,P have been successfully
synthesized and supported on graphene. Moreover, it should be
noteworthy that the C (002) peak near 25° appears in the pattern
of Pt/graphene but is absent in the pattern of Pt-Ni,P/graphene.
This big difference reveals that Ni,P nanoparticles could reduce
the stacking of graphene sheets, acting as a kind of spacer to
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Fig. 2 EDS spectra (a) and elemental mapping images (b) of Pt—Ni P/
graphene; XRD pattern (c) of Pt—Ni,P/graphene and Pt/graphene.
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help graphene maintain its large surface area and high mass
transfer efficiency.

The structure and morphology of the prepared catalysts were
characterized by TEM, and the results are shown in Fig. 3a and
Fig. 3b. It can be seen that platinum particles are well dispersed
on graphene support. The diameters of the Pt particles on the
two catalysts range from 2 to 4 nm (Fig. 3d), and the incorpo-
ration of Ni,P does not lead to an obvious change in the sizes of
Pt particles. On the HRTEM image (Fig. 3c) describing the
crystalline nature of Pt-Ni,P, Ni,P nanoparticles can be
observed with a finger lattice of 0.502 nm, corresponding to the
(111) facet. It also shows the reduced Pt particles have
successfully adhered to Ni,P particles deposited on graphene
sheets. In this contact, electron transfer might occur and
changes the crystal lattice of atoms, which decrease van der
Waals forces between separated graphene sheets, well
accounting for the reduced aggregation and disappeared C
(002) peak.

To confirm the existence of electron interaction, X-ray
photoelectron spectroscopy (XPS) was carried out, and the
results are shown in Fig. 4. It can be seen that the Pt 4f peaks of
the Pt/G catalyst at binding energies of 69.88 (Pt 4f;,,) and 72.98
(Pt 4f5;,) eV move to lower binding energies of 69.08 and
72.28 €V in Pt-Ni,P/G catalyst, respectively. This shift is likely to
an indicator of a partial electron transfer from Ni,P to Pt, which
might change the electronic structure and density of state of Pt
atoms and thus weaken the binding energy of strongly adsorbed
and poisonous intermediates,* laying a theoretical foundation
for the enhanced catalytic activity and stability in following
electrochemical tests.

In electrochemical tests, the cyclic voltammogram (CV)
curves of Pt-Ni,P/graphene and Pt/graphene were character-
ized in N, saturated 0.5 M H,SO, solution, and the results are
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Fig. 3 TEM images of Pt/graphene (a) and Pt—Ni,P/graphene (b);
HRTEM image of Pt—Ni,P/graphene (c); particle size distribution (d) of
Pt—Ni,P/graphene and Pt/graphene.
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Fig. 4 XPS spectra of Pt 4f region of Pt—Ni,P/graphene and Pt/gra-
phene catalysts.

shown in Fig. 5a. The electrochemical surface area (ESA) is
estimated from the integrated charge in the hydrogen/
adsorption region (0.03 to 0.4 V vs. RHE) of the CV curves.*
The ESA of Pt-Ni,P/graphene is calculated as 86.87 m” g™,
23% higher than that of Pt/graphene (70.32 m® g~ ), and these
values are larger than the previously reported results,* indi-
cating that graphene may be able to provide better support for
Pt nanoparticles than carbon-black. Moreover, the peak
potential of the Pt-Ni,P/graphene catalyst shifts towards
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Fig. 5 Cyclic voltammetric curves with a scan rate of 50 mV s~ for
Pt—Ni,P/graphene and Pt/graphene catalysts in N, saturated 0.5 M
H»SO4 (@) and 1 M CHzOH + 0.5 M H,SOy4 (b) solutions.
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a negative direction when compared to that of the Pt/graphene
catalyst, indicating the weakened adsorption strength of
hydrogen on the Pt surface.*® This might be attributed to the
hydrogen spillover effect of Ni,P, which is considered to be
beneficial for increasing the electrochemical surface area and
eventually enhancing the utilization of Pt catalyst. Further-
more, additional experiments showed that compared with Pt-
Ni,P/graphene, the Ni,P has almost no catalytic activity
(Fig. S11). The results further illustrated that introducing Ni,P
as cocatalyst can enhance the catalytic activity of the Pt-Ni,P/
graphene due to changing the electronic structure and density
of state of Pt atoms and thus weaken the binding energy of
strongly adsorbed.

The CV tests in N, saturated 0.5 M CH;OH + 0.5 M H,SO,
solution were also conducted to examine the catalytic ability
toward methanol oxidation, and the results are shown in
Fig. 5b. It can be seen that the Pt-Ni,P/graphene catalyst
exhibits a higher peak current density than Pt/graphene does.
The ratio between peak current densities in the forward (if) and
backward (i,) scan for Pt-Ni,P/graphene and Pt/graphene is
valued as 1.15 and 1.02 respectively, which reflects that Pt-Ni, P/
graphene has better tolerance to carbonaceous species.*” This
result was further confirmed by the CO stripping test, as shown
in Fig. 6. Compared to the Pt/graphene catalyst, the onset
potential for CO,q4s oxidation on Pt-Ni,P/graphene catalyst is
shifted negatively. ESA was also calculated from the CO oxida-
tion area with an assumption that the charge of CO monolayer
adsorption is 484 uC cm 2, and the values for the Pt-Ni,P/
graphene and Pt/graphene catalysts are 80.7 m> g~ " and 65.9
m? g™, respectively. This result proves that higher MOR activity
and tolerance can be achieved with the corporation of Ni,P
cocatalyst in Pt nanoparticles. The reason may be that the
addition of Ni,P can weaken the accumulation of CO-like
intermediates at Pt active sites. Moreover, as an initial
hydrogen evolution catalyst, the presence of Ni,P self might also
active water and accelerate hydrogen adsorption, producing
-OH,q4s to oxidize CO and other poisoning intermediates
adsorbed at adjacent Pt sites through the so-called bifunctional
mechanism.*
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Fig. 6 Cyclic voltammetric curves with a scan rate of 50 mV s~ for
Pt—-Ni,P/graphene and Pt/graphene catalysts in CO,q4s Stripping
voltammograms.
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Finally, the typical current density-time responses at a fixed
potential of 0.6 V vs. RHE were measured in N, saturated 0.5 M
CH3;0H + 0.5 M H,SO, solution to test the stability toward
methanol oxidation, and the results are shown in Fig. S2.f
Because of the formation of intermediate species, such as
COaqs, CHO,q4s during the methanol oxidation reaction,* the
current densities decrease rapidly with the increment of time
from the initial values of ca. 4.80 and 3.67 mA cm ™2 at Pt-Ni,P/
graphene and Pt/graphene, respectively. But, the decay rate at
the Pt-Ni,P/graphene catalyst is obviously smaller than that at
the Pt/graphene catalyst. Moreover, after 3000 s, the stable
current density at the Pt-Ni,P/graphene catalyst (ca. 1.35 mA
cm?) is evidently higher than that at the Pt/graphene catalyst
(ca. 0.77 mA cm™?). The result illustrates that the catalyst con-
taining Ni,P displays favorable stability and higher catalytic
activity for methanol oxidation, in agreement with the above
results. Furthermore, the TEM images depicted in Fig. S3t
showed that the original morphology of the Pt-Ni,P/graphene
catalyst was well preserved after typical current density-time
responses measurement.

4 Conclusions

In summary, the Pt-Ni,P/graphene catalyst was successfully
synthesized via a microwave-assisted glycol process. The phys-
ical and chemical tests reveal that the addition of Ni,P greatly
improves the electrocatalytic activity and stability with respect
to methanol oxidation, which is probably attributed to the
synergetic effects of an interface between the platinum and Ni,P
and of a spillover due to diffusion of the reaction intermediates.
Ni,P as a cocatalyst of Pt appears to be a promising application
for less expensive direct methanol fuel cell.
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