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CO poisoning and low durability of the anodic electrocatalyst is one of the obstacles restricting the practical
application of direct methanol fuel cells (DMFCs). In this work, a highly CO-tolerant and durable platinum
(Pt) electrocatalyst is fabricated by introducing double poly(vinyl pyrrolidone) (PVP) layers into the
electrocatalyst, in which the first PVP layer is utilized to coat carbon black before Pt deposition and the
second PVP layer is laid on the Pt nanoparticles. The first PVP layer on carbon black is favorable for
higher Pt utilization efficiency attributed to the capping of micropores on carbon black. The second PVP
layer on the Pt nanoparticles facilitates the removal of adsorbed CO species on the Pt nanoparticles and
suppresses the Pt aggregation; meanwhile, the PVP layer on the Pt nanoparticles showed a negligible

effect (7%) on the electrochemical surface area (ECSA) and methanol oxidation reaction (MOR). Thus,
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Introduction

Sustainable energy technologies (fuel cells, solar cells, lithium-
ion/sulfur batteries) have attracted much attention due to their
cleanness and sustainability.* The polymer electrolyte fuel cell
(PEFC) is one of the most-researched systems for electro-
chemical energy production. Based on the difference in fuel,
PEFC is classified as hydrogen PEFC or direct methanol fuel cell
(DMFC). DMFC is a promising alternative energy source for
portable devices due to its easy storage and high energy density
(5.04 kW h L™ ').** However, its commercialization is still
blocked due to three serious problems at the anode side: (i) low
durability of the electrocatalyst; (ii) carbon monoxide (CO)
poisoning caused by incomplete methanol oxidation; (iii)
sluggish methanol oxidation reaction (MOR).**

Alloying ruthenium (Ru) with Pt is proved as an efficient
method to enhance the CO tolerance of electrocatalyst due to
the easy formation of Ru(OH),qs species (Ru + H,0 —
Ru(OH).qs + H" + e7) under lower potential compared to
Pt(OH).q4s.° However, the alloying method sacrifices MOR
activity and durability of the electrocatalyst since Ru has lower
MOR activity and is dissolvable in acidic medium.'*'* Thus,
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double PVP layers coated Pt electrocatalyst is potentially utilizable for real DMFC operation.

development of Pt electrocatalyst with considerable CO toler-
ance is desirable for DMFC."*™** Pt deposited on carbon nano-
materials were numerously studied as electrocatalysts toward
methanol oxidation reaction.*** Xing?® and Li et al.** reported
that phosphorus facilitated the removal of adsorbed CO species
from Pt nanoparticle because phosphorus could weaken the
binding energy between Pt and CO. Doping carbon nanotubes
with boron was also reported an efficient method to promote
the CO oxidation by Pt nanoparticles;** while, doping with
phosphorus and boron suffers complicated process and the CO
tolerance was highly depended on doping amount. Coating Pt
nanoparticles with polybenzimidazole (PBI),> polyaniline
(PANI),** were numerously reported since these polymers
fastened the formation of Pt(OH),qs Species by nitrogen atoms.
Also, we have reported that poly(vinylphosphonic acid) (PVPA)
coated Pt electrocatalyst exhibited an enhanced CO tolerance
due to the presence of phosphorus in PVPA.>>*® Meanwhile, we
found that poly(vinyl pyrrolidone) (PVP) could be homoge-
neously coated on Pt nanoparticles with the assistance of PBI
due to the hydrogen bonding and PVP coated electrocatalyst
showed enhancement in CO tolerance and durability of Pt
electrocatalyst because PVP facilitated the water adsorption
resulting in formation of Pt(OH).qs species (Pt + H,O —
Pt(OH),qs + H' + €7), which consumes Pt(CO),qs species.?
Based on above consideration, here, we reported a Pt elec-
trocatalyst with double PVP polymer layers as schematically
shown in Fig. 1, in which the first PVP layer was homogeneously
coated on carbon black (CB) similar to carbon nanotubes (CNT)
as reported by us* and the second PVP layer was coated on Pt
nanoparticles due to the hydrogen bonding between polymer
chains of PVP. Due to the presence of PVP, the CO tolerance
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Fig.1 Schematicillustration of synthetic procedure of CB/PVP/Pt/PVP
electrocatalyst.

would be enhanced and growth of Pt nanoparticle also would be
suppressed due to the sandwich structure. The importance of
two PVP layers was systematically studied by durability test,
methanol oxidation reaction (MOR) and CO stripping voltam-
metry. Compared to our previous reports,*>*”*® in this work, we
utilized two PVP polymer layers for fabrication of electrocatalyst
and the Pt stability and CO tolerance were simultaneously
enhanced.

Experimental

Materials

Methanol, H,SO,, isopropanol, N,N-dimethylformamide (DMF),
hydrogen hexachloroplatinate hexahydrate (H,PtCls-6H,0),
ethylene glycol (EG) and poly(vinylpyrrolidone) (PVP, K30) were
purchased from Sinopharm Chemical Reagent Co., Ltd.
Commercial CB/Pt (Pt: 40 wt%) and were purchased from Alfa
Aesar. Nafion solution (5 wt%) were purchased from Sigma-
Aldrich. Aqueous solutions were prepared using Milli-Q water
and all chemicals were used as received without further
purification.

Synthesis of CB/PVP/Pt/PVP

The CB/PVP/Pt was synthesized according to our previous
reports.® Briefly, 20 mg of CB was wrapped by PVP (10 mg)
using sonication for 1 h in water. The composite was collected
by filtration, washing and drying under vacuum at 80 °C. 20 mg
of CB/PVP was dispersed in EG aq. (v/v = 3 : 2). The Pt loading
was carried out by reduction of H,PtCls-6H,0 (17.7 mg) at
140 °C for 6 h under argon atmosphere. The resultant solution
was filtered, washed, and dried overnight under vacuum at
80 °C to completely remove solvent. 20 mg of CB/PVP/Pt was
dispersed in 20 mL of water by sonication for 10 min to which
10 mg of the PVP was added, then ultra-sonicated for 1 h fol-
lowed by filtration using a 0.2 um PTFE filter paper to collect the
product, which was washed several times with Milli-Q water to
remove free PVP, then dried overnight at 80 °C under vacuum to
remove any residual solvent.

Material characterization

X-ray photoelectron spectroscopy (XPS) was carried out using
a ThermoScientific K-Alpha instrument. The pressure in the XPS
analysis chamber was kept below 10~° Pa during the measure-
ments. During the calibration process, the binding energy (BE)
of Cy5 peak was fixed at 284.5 eV as standard. Thermogravimetric
analysis (TGA) was conducted using a TGA analyzer (NETZSCH5)
at the heating rate of 10 °C min~" and 100 mL min~" oxygen-
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flow. The TEM micrographs were measured using JEM-2010
(JEOL, acceleration voltage of 120 kV) electron microscope.

Electrochemical measurements

The electrochemical measurements were performed using
a glassy carbon electrode (GCE) with a conventional three-
electrode system in a vessel at 25 °C. GCE with a geometric
surface area of 0.126 cm” was used as the working electrode. Pt
wire and Ag/AgCl were used as the counter and reference elec-
trodes, respectively. The potential of the electrode was
controlled by CHi604e potentiostat. The electrocatalyst ink was
prepared as follows. The electrocatalyst (1.0 mg) was ultrason-
ically dispersed in 80% isopropanol aq. (v/v =4:1, 2.0 mL) to
form homogeneous suspension, which was casted on GCE and
the loading amount of Pt was controlled at 14 ug cm ™2, then air-
dried. Cyclic voltammetry (CV) measurement was carried at the
scan rate of 50 mV s~ in Ny-saturated 0.5 M H,SO, electrolyte
after activation of the electrocatalyst and electrochemical
surface area (ECSA) value was determined from CV curves. All
the potentials were referenced to the reference hydrogen elec-
trode (RHE).

Methanol oxidation reaction (MOR)

The MOR was evaluated in N,-saturated 0.5 M H,SO, and 1 M or
2 M methanol at 25 °C with the scan rate of 50 mv s~ .

Pt stability test

The Pt stability was tested using the protocol of the Fuel Cell
Commercialization Conference of Japan (FCC]J) (measured in
N,-saturated 0.5 M H,SO, at 25 °C), in which the potential was
kept at 0.6 V vs. RHE for 3 s, then applied up to 1 V vs. RHE for
another 3 s. The procedure was cycled, and the CV measure-
ment was carried out after every 600 cycles (see ESI, Fig. S17).*

Results and discussion

After synthesis of electrocatalysts, XPS was carried out to
determine the typical elements as shown in Fig. 2. From Fig. 2b,
obvious N;¢ peaks were observed at 400 eV for CB/PVP/Pt and
CB/PVP/Pt/PVP derived from PVP. Meanwhile, intensity of Ny
peak of CB/PVP/Pt/PVP was higher compared to that of CB/PVP/
Pt due to the additional PVP layer on Pt nanoparticles. Ny, peak
located at 400 eV was ascribed to the pyrrolic nitrogen. Pty
peaks (Pty; , and Pty ) were clearly detected at 75.0 eV (Fig. 2c)
for three electrocatalysts and intensity of Pt peak of CB/PVP/Pt/
PVP was lower with relative to that of CB/PVP/Pt due to the
coverage of PVP layer on Pt nanoparticles. The XPS results
suggested that PVP layer was successfully covered on Pt nano-
particles. Pt amounts in electrocatalysts were measured by TGA
as shown in Fig. 2d. After heating to 900 °C under air atmo-
sphere, Pt contents in CB/PVP/Pt and CB/PVP/Pt/PVP were
estimated as 40.6 wt% and 36.1 wt%, respectively. It should be
noted that the remained solid was Pt oxide after heating to
900 °C, while, oxygen atoms showed almost negligible effect on
Pt content, thus, the Pt content in electrocatalyst was roughly
determined by the weight residue. The decrease in Pt content

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 XPS survey (a) and narrow scans of commercial CB/Pt (black
line), CB/PVP/Pt (blue line) and CB/PVP/Pt/PVP (red line) in Ny (b) and
Pty (c) regions, respectively. (d) TGA curves of CB/PVP/Pt and CB/PVP/
Pt/PVP measured under stable air-flow from 30 °C to 900 °C.

was due to the second PVP layer on Pt nanoparticles, which was
calculated to be 11.1 wt%. From TEM images shown in Fig. 3, Pt
nanoparticles were homogeneously deposited on CB/PVP with
diameters of 2.8 + 0.2 nm and 2.9 + 0.3 nm for CB/PVP/Pt and
CB/PVP/Pt/PVP, respectively. Commercial CB/Pt was used as
control sample with Pt diameter of 3.3 + 0.3 nm (for histogram,
see Fig. S27).

In order to study the effect of two PVP layers in electro-
catalysts, electrochemical analysis was tested in N,-saturated
0.5 M H,SO, electrolyte. Electrochemical surface area is calcu-
lated based on the following equation from hydrogen adsorp-
tion peak of CV curve:

ECSA = Qy/(210 x Pt amount loaded on electrode) 6))]
Theoretical surface area = 6/pd (2)

Pt utilization efficiency = ECSA/TSA (3)

Fig. 3 TEM images of commercial CB/Pt (a), CB/PVP/Pt (b) and CB/
PVP/Pt/PVP (c) electrocatalysts before durability test.
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where, Qg is the charge of hydrogen electro-adsorption from
0.05 V to 0.35 Vvs. RHE. p and d is the density and diameter of
Pt, respectively.’>*

Commercial CB/Pt was used for comparison with ECSA of
71.1 m” gp * as shown in Fig. 4a. ECSA of CB/PVP/Pt was 95.2
m? gp ' (Fig. 4b), which was higher compared to that of
commercial CB/Pt due to the first coating of PVP on carbon
black. As well known, some Pt nanoparticles were deposited
into the micropores on carbon black and unable to be used
during electrochemical measurement;** while, coating carbon
black with PVP capped these micropores and all the Pt nano-
particles were able to be used resulting in higher Pt utilization
efficiency (95%) calculated from eqn (2) and (3). In contrast, Pt
utilization efficiency was 84% for commercial CB/Pt. Thus, the
first coating of PVP induced a higher Pt utilization efficiency of
electrocatalyst. ECSA of CB/PVP/Pt/PVP decreased to 89.5 m>
gp ' (Fig. 4c) due to the second coating of PVP layer on Pt
nanoparticles, which blocked some active sites of Pt nano-
particles resulting in lowering Pt utilization efficiency (93%).
However, CB/PVP/Pt/PVP showed stable CV curves during the
potential cycles and remained almost 100% of ECSA after
durability test. In contrast, ECSA retention of CB/PVP/Pt was
only 65%. The second coating of PVP was essential to enhance
the durability of electrocatalyst since Pt migration and aggre-
gation were suppressed during the potential cycling. After
durability test, the morphology changes were checked by TEM
as shown in Fig. 5. From Fig. 5(a and b), Pt sizes were grown to
5.4 + 0.5 nm and 4.3 £+ 0.5 nm for commercial CB/Pt and CB/
PVP/Pt, respectively (for histogram, see Fig. S31); while, the Pt
size were almost stable (3.1 £ 0.2 nm, Fig. 5¢) for CB/PVP/Pt/
PVP, which was the strong evidence for suppression of Pt
aggregation by two PVP coatings. Thus, the second PVP layer on
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Fig.4 Cyclic voltammetry curves of commercial CB/Pt (a), CB/PVP/Pt
(b) and CB/PVP/Pt/PVP (c) electrocatalysts with different potential
cycles from 0.6 V to 1.0 V vs. RHE. (d) Normalized ECSAs of
commercial CB/Pt (black line), CB/PVP/Pt (blue line) and CB/PVP/Pt/
PVP (red line).
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Fig. 5 TEM images of commercial CB/Pt (a), CB/PVP/Pt (b) and CB/
PVP/Pt/PVP (c) electrocatalysts after durability test.

Pt nanoparticles was of importance for enhancement in
durability.

Methanol oxidation reaction (MOR) is the anodic reaction
for DMFC and carbon monoxide (CO) generates during the
incomplete oxidation of methanol, which is poisoning for Pt
nanoparticles. The CO anti-poisoning (CO tolerance) could be
estimated from the ratio of I; and I;, peak values, which repre-
sent anodic and reverse anodic peaks, respectively. Higher I¢/I,,
ratio is indicative of higher CO tolerance since Pt(CO).qs is
generated in Ir peak and reduces to pure Pt in I;, peak.**” As
shown in Fig. 6, Ir and I, peaks were clearly observed from three
electrocatalysts and related Iy/I;, ratios were displayed in Table 1.
Compared to commercial CB/Pt, It/I,, ratio was increased to 4.7
after introducing PVP to electrocatalyst. It/I;, ratio of CB/PVP/Pt/
PVP reached 8.6 and 8.0 measured in 1 M and 2 M methanol,
respectively. The enhanced I/I,, ratio suggested that two PVP
layers in electrocatalyst were of significant importance to
eliminate CO poisoning problem. After durability test, If/I,
ratios of commercial CB/Pt sharply decreased to 1.3; while, CB/
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Fig. 6 Methanol oxidation reaction (MOR) curves of commercial CB/
Pt (a), CB/PVP/Pt (b) and CB/PVP/Pt/PVP (c) measured in N>-saturated
0.5 M H,SO4 with 1 M (black line) and 2 M (red line) methanol before
(solid line) and after (dotted line) durability test. (d) Mass activities of
commercial CB/Pt (1), CB/PVP/Pt (2) and CB/PVP/Pt/PVP (3) measured
in 1 M and 2 M methanol before and after durability test.
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Table 1 /¢/ly, ratios of commercial CB/Pt, CB/PVP/Pt and CB/PVP/Pt/
PVP
I, I/l I/, I/,
Electrocatalyst (1 M, before) (2 M, before) (1 M, after) (2 M, after)
CB/Pt 3.4 3.2 1.3 1.3
CB/PVP/Pt 4.7 3.9 3.1 2.5
CB/PVP/Pt/PVP 8.6 8.0 7.7 7.3
0.4 04
(a) (b)
- — CB/PVP/Pt <
& 0.3} |——CBI/PVP/Pt/PVP &
g —CBIPt 2 o3
< <
z 2 N
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Potential / V vs. RHE Potential / V vs. RHE

Fig. 7 (a) CO stripping voltammetry curves of commercial CB/Pt
(black line), CB/PVP/Pt (blue line) and CB/PVP/Pt/PVP (red line) before
durability test. (b) Magnified CO stripping profiles of commercial CB/Pt
(black line), CB/PVP/Pt (blue line) and CB/PVP/Pt/PVP (red line) from
0.6 Vto 1.0 Vvs. RHE.

PVP/Pt/PVP showed only 10% degradation in I¢/I;, ratio due to
the stabilization of PVP in electrocatalysts since PVP accelerated
the adsorption of H,O resulting in formation of Pt(OH),qs
species, which reacts with Pt(CO),qs Species to pure Pt. After
durability test, CO tolerance of CB/PVP/Pt/PVP was 6 and 2
times higher compared to that of commercial CB/Pt and CB/
PVP/Pt. The CO tolerance was also confirmed by CO stripping
voltammetry as shown in Fig. 7. From Fig. 7b, CO oxidation
peak negatively shifted after coating with PVP, indicating that
PVP facilitated the removal of adsorbed CO species on Pt
nanoparticles. The mass activities of electrocatalysts before and
after durability test were shown in Fig. 6d. Mass activities of CB/
PVP/Pt (1.2 A mgp, ' and 1.4 A mgp ') was 2 and 1.4 times
higher compared to commercial CB/Pt (0.64 A mgp, " and 1.0 A
mgp, '), which was ascribed to the higher Pt utilization effi-
ciency triggered by PVP layer. Mass activity decreased by only
7% after further coating with PVP on Pt nanoparticles indi-
cating that methanol could penetrate PVP layer and PVP layer
showed negligible effect on MOR. Both of commercial CB/Pt
and CB/PVP/Pt lost 50% mass activities after durability test. In
sharp contrast, the mass activity was lost only 12% for CB/PVP/
Pt/PVP due to the higher durability. Thus, the first PVP layer on
carbon black improved the Pt utilization efficiency and the
second layer promoted CO tolerance and Pt stability.

Conclusions

In conclusion, we have successfully introduced two PVP layers
into the fabrication of Pt electrocatalyst, in which carbon black
was coated with PVP layer and second PVP layer was laid on Pt
nanoparticles. We found that the first layer on carbon black was

This journal is © The Royal Society of Chemistry 2017
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essential to enhance the Pt utilization efficiency as well as
methanol oxidation; the second layer on Pt nanoparticles
improved the Pt stability and CO tolerance of electrocatalyst.
The CO tolerance and mass activity measured in MOR of CB/
PVP/Pt/PVP were almost stable during the durability test,
imply that CB/PVP/Pt/PVP is a promising anodic electrocatalyst
for DMFC and could be applicable in real DMFC operation.
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