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Abstract:

An ideal supporting material improves both activity and durability of noble-metal nanoparticles in
electrocatalytic reactions. Graphene possesses a high transport rate of electrons in-plane, a low. cost,
and stability, but, the restacking of graphene layers trap noble-metal nanoparticles and make them
inaccessible to reactants and results in reduced catalytic activity. Here, haley-graphene as the
supporting materials for Pt nanoparticle catalysts is deeply investigated in the electrocatalytic
reaction of methanol oxidation (MOR). The holey-graphene can be scalable Bsynthesize using our
simple method described herein. The holes on the holey-graphene layer promote the access of
reactants with Pt nanoparticle catalysts compared with carbon black and graphene when used as
supporting materials. Density functional theory (DFT) calculatlons and molecule dynamic (MD)
simulation further explain the function of holey=graphene in the promotion of electrocatalytic activity.

Holey-graphene may open extraordinary possibilities as asupporting material for electrocatalysts.

Keywords: Holey graphene, Electrocatalyst, Methanol oxidation reaction, Electrocatalyst support,

Platinum nanocrystals ~
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1. Introduction

Nanosized noble metal particles are the most commonly used catalysts in electrochemicalreactions
for energy transformation.” For example, the anode and cathode reactions in polymer electrolyte
membrane fuel cells (PEMFCs) are catalysed by Pt or Pd noble metals. The reactions such as the
methanol oxidation reaction (MOR), ethanol oxidation reaction, formic acid oxidation reaction,
oxygen reduction reaction (ORR), and so on, are greatly promoted by these catalysts.®** To prevent
the significant loss of noble metal catalysts in electrochemical surface ar& (ECSA) due to the
aggregation and Ostwald ripening during the reactions, the NPs are usually separated and supported
on supporting materials such as carbon materials. As supporting materials some properties are
required such as the high electrical conductivity, the appropriaie pore structure, the high specific
surface area, the excellent crystallinity, andathe stable surface properties in aqueous solution
system.™ The long-term performance and durability ofsthe carbon supported catalysts are usually
affected by carbon corrosion. The sites that anchor noble metal NPs will decrease induced by carbon
corrosion. Thus, the detachment and aggregation of noble metal NPs will happen and lead to
structural collapse of the eIectrodng an extreme case.'® To achieve the reliability of PEMFC in
widespread use, the development/of high activity electrocatalysts dispersed on inexpensive supports
with high electric conduetivity andcorrosion-resistance is necessary.

High conductivity carbon blacks (CBs) such as Ketjen Black, Vulcan XC-72R, Black Pearl
2000, Shawinigan, and Denka Black possess turbostratic structures with high surface areas and are
widely used as supports for electrocatalyst metal NPs due to their low cost and easy availability.'’
The organo-sulfur groups and micropores on CBs will result in poor utilization and aggregation of

metal NPs. The degradation of the catalyst also can be induced by the thermochemical instability
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of CBs in the actual catalytic conditions in fuel cells.®*° These drawbacks to carbon black will limit
the performance the electrocatalysts.?

Over the last decade or so, plenty of nanomaterials other than CBs have been/developed as
support materials for noble metal catalysts, including carbon based support nanomaterials and
non-carbonaceous support nanomaterials.” Carbon based support nanomateridls.such as the carbon
nanotubes (CNTSs), the mesoporous carbon, the graphene and the carbon nanofibers (CNFs), possess
properties like the good stability, the high specific surface area, and\ the high electrical
conductivity.?** Among them, graphene possesses a high in-plane electron transport rat and low
cost compared with CNTs, thus, it has attracted / more, research interest as catalyst
support.’®?>?*Various noble-metal nanocatalysts, such.as Pt-on-Fld nanodendrites,*® PtPd@Pt NPs,*!
PtPd concave nanocubes,* PtPd dendritic NPs,> star-shaped Pd@Pt NPs,** and PtPd nanowires®
have been investigated by using the graphene as supports. Paul Alivisatos and coworkers have
reported that the layers of graphene will attach.each other and will prevent or limit molecular and ion
diffusion between layers of graphene:*® Similar results have been reported in porous carbon
supporting materials. The noble-mgtal catalyst NPs would be trapped deeply in recesses or
micropores and made inaccessible'to reactants, result in the decrease  of catalytic activities.”’

Due to the hugesspecific, surface area and high conductivitythe two dimensional (2D)
nanomateirals have attracted great interest in many research fields.>”*° The restacking problem of
graphene has been encountered by researchers in Li ion storage, ultracapacitors, and electrochemical
catalysis. To.overcome graphene restacking, graphene foam,*® graphene frameworks,** sponge-like

graphene,*? and holey graphene®®*“*® have been developed as electrode materials or supporting

materials for metal nanocatalysts. However, as supports, the restacking effect of graphene on the
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electrocatalytic properties of noble metal NPs has not been deeply investigated. In our previous work,
a simple method has been developed for the scalable holey graphene synthesis and obtained high
performance in ultracapacitors.* In this paper, we study the restacking problem of graphene and the
holey graphene as a new kind of supporting material in overcoming the restacking problem in
electrocatalytic systems. The methanol oxidation reaction (MOR) canalized by Pt NPs catalyst was
selected as a model reaction system to investigate the properties of graphene and holey graphene as
supporting materials. The unique nanostructure of holey graphene as suppo\rts for Pt NP enabled
higher catalytic activity than the graphene and carbon black and indicates that holey graphene can

overcome the restacking problem and improve the catalytic properties of noble metal NPs.

2. Methods section y

2.1 Synthesis of holey graphene

The synthesis of holey grapheme is similafwith.our\previous report.* In a typical reaction, 200 mg
starting graphene (Vor-X from Vorbeck Materials; grade, reduced 070; lot, BK-77x) was heated in
air using an open-ended tube furnace (Thermolyne 21100) through placed in an alumina crucible.
The increase rate of temperature E 10" <C/min. Then, the tube furnace was held at 430 T
isothermally for 3 hours. After thetube furnace was naturally cooled down to room temperature, the
holey graphene was obtained.

2.2 Synthesis of Pt NP catalysts

Specifically;/1 ml chloroplatinic acid hexahydrate (H,PtCls 6H,0, purchased from Aldrich) aqueous
solution®(30 mM)-was mixed with 18 ml deionized water (DI water, 18 MU cm, Millipore) in a
50-ml three-neck flask under magnetic stirring (rotation rate of magnetic bar was 700 rpm).

Following, 25 mg Poly(N-vinyl-2-pyrrolidone) (PVP K30, molecular weight 30000-40000) was
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added into the solution. After keeping rotation of 5 minutes, 4.5 ml freshly prepared sodium
borohydride (NaBH,) aqueous solution (40 mM) was put into the solution. The solution was kept 12
hours under magnetic stirring with the color changing from colourless to black. The Pt NPs was
produced in the solution. Following, this mixture solution was used for the preparation of supported
Pt NPs catalysts.

The preparation of the supported Pt NPs catalysts is similar with our previous teport.*”* Firstly,
2.4 mg supporting materials, i.e. carbon black (Vulcan® XC-72), graphene\(Vor-X from Vorbeck
Materials), and holey-graphene (synthesized in this work), were separately dispersed in 10 ml
ethanol solution in three 20 ml scintillation vials, with 30 /minutes sonication. Then, 6 ml aqueous
solution containing 0.6 mg Pt NPs (measured by the inductivelz/ coupled plasma atomic emission
spectroscopy (ICP-AES)) was put into the mixture solution for further 10 minutes sonication.
Following the solution was kept stirring for 24 hourss Finally, the product was collected using
centrifugation (5000 rpm) and washed with ethanol 3 times. Thus the catalysts that Pt NPs loaded on
carbon black (Pt/C), graphene (Pt/G),.and.holey graphene (Pt/HG) were obtained.
2.3 Characterization of structure.and morphology
The morphology of the graphene,/holey-graphene and their Pt NPs loaded samples was characterized
by transmission electronsmicroscopy (TEM) (JEOL JEM-2100) with an accelerating voltage of 200
kV. The Raman spectrum measurements of the graphene and holey-graphene were carried out on a
Horiba Yvon LabRam ARAMIS confocal Raman spectrometer with a 633 nm He—Ne laser line (10
mW). The signal collection time was 10 s and 2 times of acquisition with 2 pm laser beam spot size
and power of laser beam being adjusted to 0.1mW.

2:4.Measurement of electrocatalytic properties
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Using a VersaSTAT 3 electrochemical working station, the electrocatalysis measurement was
performed in a three-electrode cell. The samples were loaded on a glassy-carbon rotating disk
electrode (GCE, 5 mm in diameter) and used as the working electrode. A 1 cm>1 cm/platinum foil
and a double junction Ag/AgCI electrode were used as the counter electrode and the reference
electrode, respectively. The working electrode was prepared as following procedure. Firstly, the
supported Pt NP catalysts (Pt/HG, Pt/G and Pt/C) were dispersed in. DI water with 10 min
sonication. Following, 15 ul water suspensions was dripped onto the surface\of the GCE and dried
naturally. After the evaporation of water, a quantity of 10 ul Nafion solutien (0.05 wt %, diluted with
mixture solution of DI water and isopropanol from 5 wt % Nafion, lon Power, Inc.) was covered on
the surface and dried naturally to attach the catalyst on to.the surface of GCE. All of the
electrocatalysis measurements were carried out at room temperature (25 <C). The ECSA were
calculated by integrating the charge of hydrogen adsorption from the cyclic voltammetry (CV) curve
which was measured in the argon-saturated 0.1 M HCIO,4 aqueous solution (diluted from the stock
HCIO, solution (70.0% to 72.0%, Tianjin Xinyuan Chemical Reagent)). The catalytic property for
MOR was measured in an oxygen-\ﬁee HCIO,4 (0.1 M) aqueous solution (bubbled 30 mints with
nitrogen) containing different concentrations of methanol (HPLC grade, 99.0%; Aladdin Reagent).
2.5 Method of density functional.theory (DFT) calculation

Typically, the DFT calculation was carried out using Dmol3 code.”® Based on the generalized
gradient approximation (GGA), the Perdew-Wang exchange-correlation function (PW91) was used
to optimize the adsorption structures of molecules or ions on the Pt and graphene surfaces.® The

symmetry and‘spin restrictions were not applied in the structure DFT optimization. The multipolar

expansion of charge density and Coulomb potential was described by using a double numerical basis
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set with polarization p-function, octupole scheme and DFT semicore pseudopots. The criteria for the
obtained final structure were set as following: 1) the maximum displacement per atom and the
correlated force due to the displacement should be less than 0.005 A and 0.002 Ha/A, réspectively: 2)
the convergence tolerance of self-consistent field energy should be less thans10° hartree (Ha;
2.72x10"° eV) in the conjugate gradient algorithm.. The adsorption energy (E4)iwas calculated using
the following equation:

Ea = Etotal - Es— Em

where En, Es and Eqa are the bond energies of free molecules or ions, surface, and whole system,
respectively.

2.6 Method of molecule dynamic (MD) simulation )

The diffusion processes of molecules betweenstwo layers of graphene and on surface of graphene
were simulated with MD method. A force field named PCFF30 was used in a Forcite package. This
PCFF30 force field was built basing on empirical parameters and ab initio principle. The geometric
optimizations were converged by following criteria: the maximum displacement should be than
1.0x10° A and the energy tolerance s@ould be less than 2.0x<10" kcal mol™ using a smart algorithm.
3. Results and discussion

Following our previouslysdevelopéd methods,* the sheets of holey-graphene were synthesized by
directly heating the starting graphene in air under certain conditions. This scalable one-step synthesis
process is illustrated in Figure la. The starting graphene that was used for the preparation of
holey-graphene was bought from the company of Vorbeck Materials (the average size is 5-20 um

with 5-15 layers, information of the materials report from the company). The morphology of the

starting graphene are shown Figure 1b and the BET measured surface area is 471 m? g™ (shown in
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our previous work).*® Figures 1c and d show the TEM image and the high resolution TEM (HR-TEM)
image of the starting graphene, respectively. After being heated at 430 <C for 3 hours (details in
Methods Section), the graphene was transformed to holey-graphene. The detailed characterization in
our previous work suggests that the noncrystalline areas on the pristine sheet of graphene were
oxidized preferentially and converted to holes that distributed on the graphene surface after gasified
to CO and CO,.*® The TEM image (Figure 1e) shows that the total morphology of holey-graphene
has no obvious change compared with the starting graphene. The HR-TEM irﬁige (Figure 1f) shows
that the holey-graphene possesses a large amount of holes. The statistical.analysis indicates that the
average size of the holes was 8.2 nm (inset of Figure 1e) with.a density of 1.78x<10° um™. Our
previous study shows that the more aggressive conditions in the.thermal treatment, such as a longer
residence time or a higher temperature will further gasify the remaining graphitic carbon and enlarge
the holes.*®

In this paper, we study the electrochemical properties of the as-synthesized holey-graphene as
supporting materials for the Pt NPs catalysts. As composition, the properties of graphene and carbon
black (commercial commonly-used\supporting material) are also measured. Figure 2 shows the
Raman spectra of carbon black,/starting graphene and as-synthesized holey-graphene after being
subtracted with baselinezsThe 5. curves for each sample is the 5 times measurement at different
locations. When the.grapheng transform to holey-graphene, the average ratios of ID/IG (D band
centered at 1333 c¢cmi™ to,G band centered at 1593 cm™) in the Raman spectra (Figures 2b and c)
decreased from 1.8 to 1.3, indicating the improved graphitic crystallinity of holey-graphene relative

to thelstarting‘graphene. In the starting graphene, the carbon atoms connect with with sp® bond

(contributing to the D band) in the noncrystalline areas and defective regions. During the thermal
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treatment, the carbons connected with sp* bonds are susceptible to oxidative removal via gasification,
while, the carbons connected with sp® bonds (contributing to the G peak) remained Stable. The
improved graphitic crystallinity of holey-graphene also was confirmed by X-ray jphotoelectron
spectra (XPS) analysis in our previous work.*°

To study the feasibility of holey-graphene as supporting materials for metal NP catalysts, Pt NPs
were synthesized and loaded on the holey-graphene due to their wide spread use and broad
applicability. The details of synthesizing and loading of Pt NPs can be seenﬁl the method section.
Figure 3a shows the TEM image of Pt/H-G (Pt NPs loading on holey-graphene) and indicates that
the size of the Pt NPs is uniform and around 3 nm. On the whole surface of the holey-graphene, the
Pt NPs are evenly distributed. Figures 3b and c are two HR-TEI\f images, showing two typical area
of Pt/H-G, where the arrows indicate the holes./The Pt NPs are seemingly preferential to locate at the
step of graphene layers and the edge of the holes. Theicarbons at the step and edge are not fully
connected with neighboring carbons and possess affinity to the Pt NPs. During the loading process of
Pt NPs, the step and edge may limit_thesmovement of Pt NPs on the surface of holey-graphene and
attach together. The schematic imaggin Figure 3d illustrates Pt NPs loading on the holey-graphene.
As comparison, carbon black ‘and graphene are also used as supporting materials for Pt NPs. The
loading methods and procedures for carbon black and graphene are same with holey-graphene
(details are shown in_Methods Section). Figures 4a and b are the TEM images of Pt NPs loaded on
carbon black and graphene, respectively. The Pt NPs were distributed uniformly on the surface of
carbon black.and graphene. The loading ratios of Pt NPs on carbon black (Pt/C) and graphene (Pt/G)

are the same as on holey-graphene (20%).

The electrochemical catalytic properties of Pt NPs loading on holey-graphene were evaluated.



Page 11 of 32 AUTHOR SUBMITTED MANUSCRIPT - NANO-117505.R3

oNOYTULT D WN =

First, in argon-purged 0.1 M HCIO, aqueous solution, the cyclic voltammetry (CV) curves were
recorded at room temperature. The CV curves obtained at the sweep rate of 50 mV/s for Pt/C, Pt/G,
and Pt/HG are shown in Figure 5a. In the CV curves, two distinct potential regions are associated
with the Hypg (H" + € = Hypg) desorption/adsorption between -0.2 and 0.1 V (vs/Ag/AgClyzand the
formation of OH adsorption layer (2H,O = OHaq + H30" + &) in the range of 0:4-1.0 V (vs Ag/AgClI),
respectively. The electrochemical surface areas (ECSAs) of the 3 samples were calculated by
measuring the charge collected in the Hyyq desorption/adsorption region after a)uble-layer correction
and assuming a value of 210 C/cm? for the adsorption of a hydrogen monelayer on Pt surface.” The
specific ECSAs (the ECSA per unit weight of Pt metal) of Pt/C, Pt/G, and Pt/HG are compared with
histograms in Figure 5b. No matter the sweep rate, 50.mV/s or 2.0 mV/s, Pt NPs possess the largest
specific ECSA when they are loaded on holey-graphene (Pt/HG). When the sweep rate decreased
from 50 mV/s to 20 mV/s, the ECSAs increased 23%,:52%, and 15% for Pt/C, Pt/G, and Pt/HG,
respectively. With a slow sweep rate the H™lions have more time to diffuse and attach with deeply
embedded Pt NPs. Compared with Pt/C.and Pt/G, Pt/HG shows both of the highest ECSA and the
slowest increasing rate of ECSA. ThQse results indicate that Pt nanoparticles are deeply embedded in
graphene and are inhibited to ‘accessing H* ions. The carbon black is better than graphene and the
holey graphene exhibits:thebest:properties.

The methanol._oxidation/ reaction (MOR) was selected as the targeted reaction system to
investigate the electrocatalytic properties of holey-graphene as a supporting material. By using
similar methods as our previous work,®°? the CV curves of MOR catalyzed by Pt/C, Pt/G, and Pt/HG,

in 0.5/M CH30OH + 0.1 M HCIO, aqueous solution at a scan rate of 10 mV/s were obtained and are

shown in Figure 5c. The similar CV curves for the three catalysts suggest the same reaction pathway.
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The Pt NPs show improved catalytic activity, when the holey-graphene is used as a supporting
material. Considering the normalized peak current against the mass, the Pt/HG has a mass activity of
65 pA/uger Which is 2.5 times greater than Pt/C and 6.1 times greater than Pt/G. The onset potentials
for Pt/C, Pt/G, and Pt/HG are 0.32 V, 0.31 V, and 0.29 V, and the oxidation peaks for themare'0.63 V,
0.64 V, and 0.66 V, respectively. The ratio of forward and reverse peak‘current densities can
demonstrate the tolerance of catalyst to the accumulation of carbonaceous species. The ratios
calculated from the CV curves for Pt/C, Pt/G, and Pt/HG are 2.8, 2.1, and\1.6, respectively. The
Pt/HG still possesses the highest catalytic activity for MOR when the conecentration of methanol and
scan rate increase to 1 M and 20 mV/s. The mass activities/of Pt/C, P/G and Pt/HG for the MOR in
the two conditions are summarized and compared with the histggrams in Figure 5d. These results
indicate that holey-graphene can greatly improve the catalytic properties of Pt NPs as supporting
materials.

The properties of holey-graphene as supporting materials were further investigated in more
conditions. Figure 6a shows the CW. curves of MOR catalyzed by Pt/HG with different
concentrations of methanol at constant scan rate of 20 mV/s. The peak current increases with the
increasing of methanol concentration, indicating that more methanol molecules are oxidized in per
circle. As comparison, the:CV eurves measured with same conditions for Pt/C and Pt/G. The peak
currents of the three catalysts with different methanol concentrations are summarized and compared
in Figure 6b. At'any methanol concentration, Pt/HG shows the highest catalytic activity. At the same
time, Pt/HG possesses the highest slope of peak current versus methanol concentration. Similarly,
when the scan rate was kept at 10 mV/s and the methanol concentration increases from 0.1 M to 3.0

M,.same result is obtained as that at 20 mV/s.
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When the concentration of methanol was kept at 0.5 M and the scan rate increased from 5 mV/s
to 100 mV/s, the obtained CV curves for Pt/HG are shown in Figure 6c. With the increase of scan
rate, the electrocatalytic current become high. Compared with Pt/C and Pt/G, Pt/HG /possesses the
largest increasing rate of peak current versus the square root of the scan rate (Figure 6d). The slopes
of the fitting lines for peak current versus the square root of the scan rate are 3.6, 3.2 and 2.6
nA/(mV/s)*? for PYHG, Pt/C, and Pt/G, respectively. By keeping the methanol concentration at 1.0
M and changing the scan rate from 5 mV/s to 100 mV/s, Pt/HG samely%ows the largest rate
increase of peak current versus the square root of the scan rate.

The surficial poisoning process of the three catalysts was evaluated using chronoamperometry
in the solution of 0.5 M CH3OH + 0.1 M HCIO,at a constant p(itential of 0.65 V (vs Ag/AgCl) for
1000 s. As shown in Figure 7, the polarization.eurrents for all'of the 3 catalysts decrease rapidly due
to the formation of intermediate species during the MOR process. Compared with Pt/C and Pt/G,
Pt/HG shows the higher reaction current during the poisoning process, indicating that Pt/HG
possesses higher stability property innthe MOR. The durability of the catalysts was further
investigated in an accelerated durabil'{ty test'(ADT), same as that performed in our previous work, by
applying linear potential sweeps,from 0.4 to 0.9 V (vs Ag/AgCl) at 50 mV/s in oxygen-saturated 0.1
M 0.1 M HCIO4 solution:Figures.8a-c show the CV curves of Pt/C, Pt/G, and Pt/HG catalysts before
and after 1000 ADT cyeles. During the process, the losses of ECSA are 19 %, 13%, and 11% for the
Pt/C, PUG, and Pt/HG lcatalysts, respectively. These results further indicate that Pt/HG have
enhanced durability in the electrochemistry catalysis system.

The diffusion of ions on the electrode was analyzed using the Nyquist electrochemical

impedance spectroscopy (EIS) plots. The EIS plots of Pt/C, Pt/G, and Pt/HG decorated electrodes are
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shown in Figure 9. At the high frequency range (Figure 9b), the resistance capacitor semicircle was
no longer clearly obtained after the graphene or holey-graphene being loaded with Pt NPs;@lthough
it appeared in the pure graphene or holey-graphene as shown in our previous work. This may indicate
that the conductivity become increase after Pt NPs loading. The curves in the low frequency range of
the EIS plots (Figure 9a) show that the impediment of ions on Pt/HG decorated electrodes is lower
than that of Pt/C and Pt/G.

To explain the experimental results, the method of density functional the;ry (DFT) was used to
calculate the adsorption energy of reactants, such as CH3OH, OH and HCOO , on the surface of the
catalysts. During the MOR process, there are many transition states that occur on the metal catalyst
surface.>® The premise for the reaction catalyzed on the'metal'surface is that the reactants and their

4

products should be adsorbed on the surface ofithe catalysts. Using similar DFT methods as that in

our previous work,>*>°

the adsorption energy of CH30OH, OH and HCOO on a Pt crystal surface
and graphene were calculated. The Pt NPs usually are covered by the low index crystalline surface,
i.e. (100) and (111) facets. In the MOR system, the Pt (100) possesses the higher catalytic property
than Pt (111) surface.>® Thus, in the\DFT calculation, Pt (100) was selected and studied. Figure 10
shows the top and side views of the most likely configurations of the HCOO ion on Pt(100) surface,
one layer of graphenePt(100).surface covered by one layer of graphene (1LG/Pt), and Pt(100)
surface covered by two layer of graphene (2LG/Pt) (fully optimized based on DFT). The adsorption
energies are tabulated and shown in Table 1. The Pt(100) surface possesses the highest adsorption
energies for all of the molecules and ions compared with the graphene and the graphene covered

Pt(100) surface (LLG/Pt and 2LG/Pt). Although the adsorption energies of molecules or ions are

obviously higher on 1LG/Pt than that on pure graphene and 2LG/Pt, they are still much lower than
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pure Pt crystal. This result indicates that the covering of platinum by graphene will prevent the
reactants and their products in the MOR process to be adsorbed on the surface of the catalyst.

The molecular dynamic (MD) simulation was further to investigate the diffusion‘of molecules
on or between the layers of graphene. Figures 1la and b are the MD simulation results of the
diffusion of one methanol molecule between two layers of 3 nm %3 nm graphene and diffusion on
their surface. Figure 11c shows that much higher energy is needed for the diffasion of methanol
molecule between layers of graphene than that diffusion on their surface. -

Combined with the results of the theoretical calculation, the experimental results can be
explained. As schematically illustrated by Figure 12a, when the graphene is used as supporting
material for Pt NPs, they will wrap the Pt NPs and prevent reaciant adsorption (Figure 10). On the
other hand, the restacking of graphene due to.the strong interaction formed by the ‘xn’ electrons
between layers of graphene will limit molecule and iondiffusion between layers of graphene (Figure
11). Because Pt NPs are deeply wrapped by graphene, some Pt NPs cannot access the reactants and
some Pt NPs need a long time to accessithe reactants by diffusion of reactants through the layers of
graphene. Thus, in the eIectrocataIytiQ reaction, with higher scan rates, the ECSA and electrocatalytic
activity of Pt NPs become worseusing /graphene as supporting material compared to holey-graphene
used as supporting material. “As_llustrated by Figure 12b, using holey-graphene as supporting
material allows reactants,to diffuse through the holes to access the Pt NPs during the electrocatalytic
reaction. Likewise,/the products such as CO; in the MOR also will diffuse and release from the
electrode by diffusing out of the holes of holey-graphene. At high concentrations of methanol, the

methanol molecules can quickly diffuse through the holes of holey-graphene to the surface of Pt NPs

and. be electrocatalytically oxidized. Thus, with the increase methanol concentration, Pt/HG shows a
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more quick increase in the electrocatalytic current than that of Pt/G and Pt/C.

4. Conclusions

In summary, this paper elucidates the effect of graphene and holey-graphene as supporting materials
for Pt NPs catalysts on the methanol oxidation reaction. Although graphene as.a catalyst-Support
possesses high electrical conductivity, high specific surface area, and relatively. good stability, the
restacking of graphene layers wrap the Pt NP catalysts and limit accessing of reactants to the catalyst
surface. To overcome the restacking problem of graphene, holey-graphene Was\developed and loaded
with Pt NPs. By using a simple thermal treatment method, the holey-graphene could be scalable and
low cost to synthesize. In the electrocatalytic reaction system, the reactants could easily diffuse
through the holes on the holey-graphene and could access the Pt.NP catalysts. Thus, the ECSA and
electrocatalytic activity of the catalyst were greatly improved 'when using the holey-graphene as the
supporting material when compared with carbon black or, graphene. Our study provides a new route
for enhancing the catalytic properties of noble.metal NPs by using holey-graphene as the supporting

material.
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Figure 1. (a) Schematic of ho ap ne synthesis with thermal treatment. (b) TEM image of the

starting graphene in a lar a scope. The (c) low and (d) high magnified TEM images of starting

graphene. The (e) lo igh magnified TEM images of holey graphene with the holes being
indicated by arro t image in (e) is the hole diameter distribution statistics for the

holey-graphene.
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Figure 4. TEM images of (a) Pt nanoparticles loading @

nanoparticles loading on graphene. : ‘

8§
X

n black and (b) TEM images of Pt
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30 Figure 5. (a) The CV curves obtained for Pt nanoparticles (NPs) loaded on carbon (Pt/C), graphene
32 (Pt/G), and holey graphene (Pt/HG) in 0.1 ‘™M HCIO, solution at 50 mV/s, respectively. (b)
34 Histograms of the specific electrochemical. surface areas (ECSASs) for the three catalyst systems
obtained with 50 mV/s and 20 mV/s sweep rates. (c) Methanol oxidation reaction (MOR) catalyzed
by the three catalyst systems in 0.1 M'HCIO, + 0.5 M CH3OH solution at 10 mV/s. (d) Histograms

of the activities of the three catalyst systems for the MOR at the two conditions.
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Figure 6. (a) Methanol oxidation reaction (MOR),catalyzed by the Pt/HG in solution with different
concentrations of methanol at 20 mV/s. (b). The'ealibration plot of MOR peak current density versus
concentration of methanol for three different catalyst systems. (c) MOR catalyzed by the Pt/HG with
different scan rates in 0.1 M HCIO, #+0.5M CH3O0H solution. (d) Dependence of the peak current of
the three catalyst systems on the squqe root of the potential scan rate for the MOR. The signal ‘S’ in

(b) and (d) indicate the slop of the fitting lines.
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Figure 7. The chronoamperometric response of oxidation of methanol in 01 M HCIO, + 0.5 M

CH3OH solution at a constant potential of 0.65 V (vs Ag/AgCl).
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Figure 8. The CV curves.of (a),Pt/C, (b) Pt/G and (c) Pt/HG obtained in 0.1 M HCIO, solution at 50
mV/s before and afteran accelerated durability test (ADT).
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Figure 9. Nyquist EIS plots of Pt/C, Pt/G, and Pt/HG "in.(a) the full of range and (b) the

high-frequency range.

Figure 10. Optimized.eonfigurations of HCOO ions adsorbed on (a) Pt(100), (b) graphene, (c) one

layer of graphene covered Pt(100), and (d) two layers of graphene covered Pt(100) surfaces in a

periodic cell using DFT method.
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16 Figure 11. The molecular dynamic (MD) simulation of methanol moleculediffusion‘(a) between two

18 layers of graphene and (b) on the surface of graphene. (c) The energy change during the MD process.
~

49 Figure 12. Schematic-image illustrating the mechanism of holey-graphene (bottom, b) improving the

electrocatalytic properties as a supporting material when compared with graphene (top, a).
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Table 1. Adsorption Energy (E.) of CH;OH Molecule, OH lon and HCOO ion, Obtained from

DFT Calculations, onto Pt(100), Graphene, Pt(100) Surface Covered by one layer of Graphene
(1LG/Pt), and Pt(100) Surface Covered by Two Layers of Graphene. (Units: eV)
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CH3OH molecule OH ion HCOO ion
Pt(100) -0.355 -1.636 -1.232
Graphene -0.080 -0.046 -0.049
1LG/Pt -0.116 -0.066 -0.095
2LG/Pt -0.097 -0.047 -0.093
4
N
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