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ABSTRACT

Here we design and synthesize the novel Pt-MoO3;-RGO (reduced graphene oxide) ternary hybrid hollow
nanorod arrays (HNRAs) as anode catalysts for methanol electrooxidation. These fabricated Pt-MoOs-
RGO HNRAs own high dispersive MoOs;, RGO, and Pt nanocrystals (~3 nm), which leads to rich
heterogeneous interfaces and strong synergistic effects among Pt, MoOs; and RGO. The Pt-MoO3;-RGO
HNRAs exhibit high electrochemically active surface area (ECSA) of 71.20 mz'(g, Pt)'l, which is much
higher than those of Pt-MoOs; HNRAs (34.23 mz-(g, Pt)'l) and commercial Pt/C catalysts (52.89 mz'(g, Pt)'l).
Because of the strong synergistic effects and structural advantages, these Pt-MoO3;-RGO HNRAs show
much enhanced electrocatalytic activity, durability and CO antipoisoning ability compared with Pt-MoO;
HNRAs and commercial Pt/C catalysts. Besides, the electrocatalytic activity of Pt-MoO3;-RGO HNRAs
alos exceeds many Pt-based catalysts reported in the literature. Our finding demonstrates the importance
of the interfacial and structural effects in harnessing the true electrocatalytic potential of Pt-based
catalysts and will open up new strategies for the development of high-performance catalysts for methanol

electrooxidation.
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1. Introduction

Direct methanol fuel cells (DMFCs) have been regarded as promising future power sources, especially for
mobile and portable applications.'” The main reactions in the DMFCs include methanol oxidation on
anode and oxygen reduction on cathode.”™ Among the different catalysts for anode reactions, platinum
(Pt) exhibits the highest electrocatalytic activity for methanol oxidation and there is not yet any choice to
replace Pt.”'! However, with Pt alone as anode catalysts, several obvious disadvantages, such as insuffici-
ent activity, unsatisfied durability and high cost, largely limit its wide application in the DMFCs.'*"* It
has been a long-standing challenge to develop the efficient and durable Pt-based electrocatalysts at low
cost.'* !

Recently many efforts have been devoted to developing strongly coupled Pt/metal oxide hybrid mater-
ials for advanced electrocatalysts for DMFCs.'*" However, the metal oxides are limited by their intrinsic
poor electrical conductivity and the difficulties in achieving morphological stability and accordingly they
are hard to maximally promote the performance of Pt electrocatalysts.”**' Graphene (or reduced graphene
oxide, RGO) as a new generation support also has attracted much interest because of its high electrical
conductivity, high surface area, good chemical stability, and strong adhesion to catalyst particles.”** But
it is very easy to stack together because of the n-m interactions. As an effective way to improve the elec-
tronic conductivity and synergistic effects, the Pt/metal oxide/RGO hybrid catalysts should be proposed.**
It is expected that the novel Pt/metal oxide/RGO ternary hybrid electrocatalysts with high performance
could be designed and fabricated because the multicomponent active sites, particularly Pt-metal oxide and
RGO interfaces, will facilitate the activation of reagents to improve catalytic activities. On the other hand,
it is essential to design favorable nanostructures of hybrid catalysts so that to reduce undesirable side effe-
cts, such as low utilization ratio of catalyst and poor interaction between Pt and electroactive species.”” 2
The following three important issues associated with the design of hybrid electrocatalysts with high
performance should be taken into consideration: (i) the hybrid catalysts should own high dispersive
components so that they have rich heterogeneous interfaces and strong synergistic effects; (if) the hybrid

catalysts should have large surface area and well organized porous channels in order to afford more
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exposed active sites, which in turn will provide much more effective interactions with active species; (iif)
the hybrid catalysts should can efficiently resist dissolution, Ostwald ripening, and aggregation of catalysts
to maintain high catalytic activity and durability. However, at present, almost no effective method exists
for addressing all of above considerations simultaneously.

Based on the above considerations, here the Pt-MoO3-RGO ternary hybrid hollow nanorod arrays
(HNRAs) were designed and synthesized as anode catalysts for DMFCs. It has been well recognized that
the one-dimensional (1D) hollow nanostructures are highly favorable for catalysts because the large speci-
fic surface area and anisotropic morphology will obviously improve catalyst utilization and mass transport
and are much less vulnerable to aggregation, Ostwald ripening and dissolution than nanoparticles.”’
However, up to now, there is almost no report on the synthesis of Pt/metal oxide/RGO ternary hybrid
HNRASs because of the difficulties involved in controlling growth of the composite nanostructures in the
presence of different precursors with various reduction kinetics. Here we successfully fabricate Pt-MoOs-
RGO ternary hybrid HNRAs with high dispersive Pt, MoO; and RGO, which own favorable structures and
rich heterogeneous interfaces for catalytic reactions.The fabricated Pt-MoO3-RGO hybrid HNRAs also
exhibit obvious electron delocalization among Pt 4f orbitals, Mo 3d orbitals and RGO z-conjugated ligands
and show the strong synergistic effects among Pt, MoO; and RGO. The results in this paper prove that the
fabricated Pt-MoQO3-RGO hybrid HNRAs show much enhanced electrocatalytic activity and durability

compared with Pt-MoO3; HNRAs and commercial Pt/C catalysts. To the best of our knowledge, this is the

first study of methanol electrooxidation on the Pt-MoQO3-RGO ternary hybrid HNRAs.

2. Experimental Section

Synthesis of MoO3;/RGQO/Pt hybrid hollow nanorod arrays (HNRAs): All chemical reagents were
analytical (AR) grade. Electrodeposition was carried out in a simple three-electrode electrolytic cell via
galvanostatic electrolysis. A saturated calomel electrode (SCE) was used as the reference electrode that
was connected to the cell with a double salt bridge system. All potentials used in electrodeposition were

the values vs SCE. The graphite electrode was used as a counter electrode (spectral grade, 1.8 cm?). A Ti
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plate (99.99%, 1.0 cm”) was used as working electrode, and it was cleaned ultrasonically in 0.1 M HCI,

distilled water, and acetone and then rinsed in distilled water again before electrodeposition. The Pt-MoQO;-

RGO hybrid HNRAs were fabricated by the procedures described as follows and shown in scheme S1 in

supporting information (SI):

(1) ZnO nanorod arrays (NRAs) templates were electrodeposited on Ti substrate in solution of 0.01 M
Zn(NO3), +0.05 M NH,NO;s at current density of 0.5 mA-cm™ at 70 °C for 90 min. SEM image of
7ZnO NRAs is shown in Figure S1.

(2) The ZnO@Mo00O3-Mo-RGO NRAs were fabricated as following: Electrodeposition was first carried
out on the surfaces of ZnO NRAs in solution of 0.02 M Na;Mo0O4+8 mg L1GO+0.8 M Na,SO4+0.02
M CH3COONH4+0.02 M Na,EDTA at current density of 0.75 mA-cm? at 70 °C for 6 min, and then
the samples were immersed in solution of 0.05 M H,PtCls for 10 h. SEM of ZnO@Pt-MoO;-RGO
hybrid NRAs is shown in Figure S2.

(4) Finally Pt-MoO3;-RGO hybrid HNRAs were fabricated by etching ZnO from the ZnO@Pt-MoOs-
RGO NRAs in 0.002 M NaOH solution for 4 h. SEM image of Pt-MoO3-RGO hybrid HNRAs is
shwon in Figure 1a-b.

Structural Characterization: Surface morphologies and microstructures of the fabricated Pt-MoOs-

RGO HNRAs were characterized by field emission scanning electron microscopy (FE-SEM, JSM-6330F)

and transmission electron microscope (TEM, JEM-2010HR). The fabricated samples were also

characterized by energy-dispersive X-ray spectroscopy (EDX, INCA 300) to determine the compositions.

Chemical-state analysis of the samples was carried out by X-ray photoelectron spectroscopy (XPS) using

an ESCALAB 250 X-ray photoelectron spectrometer. All XPS spectra were corrected using the C 1s line

at 284.6 eV. Curve fitting and background subtraction were accomplished. The Pt-MoO3;-RGO HNRAs
were also characterized by Raman spectroscopy (Renishaw inVia) and Fourier transform infrared

spectroscopy (FTIR, Nicolet 330).

Electrochemical Characterization: The electrochemical performance of the fabricated electrocatalysts

were investigated in a standard three-electrode electrolytic cell. The Pt-Mo0O3;-RGO HNRAs grown on Ti
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substrate served as working electrode. A Pt foil served as the counter electrode. A SCE was utilized as the
reference electrode. All potentials utilized in this study were the values vs SCE. Cyclic voltammetry (CV)
and chronoamperometry measurements were carried out on a CHI 760D electrochemical workstation (CH
instruments, Inc.). Before electrochemical measurements, the surface of the electrocatalyst was covered
by 4.5 uL Nafion (5 wt%) solution. CV curves for methanol oxidation were recorded between -0.20 and
1.00 V vs SCE at 50 mVs™. Chronoamperometry curves for methanol oxidation were recorded at 0.60 V
vs SCE. An aqueous solution of 0.5 M CH30H +0.5 M H,SO4 was utilized for CV and chronoamperom-
etry measurements, and the solution was purged with high purity Ar gas for 10 min prior to all of the

above experiments. The electrochemical measurements all were carried out at 25 °C.

3. Results and Discussion

The details of the fabrication of Pt-M00O3;-RGO hybrid HNRAs are described in the Experimental
Section in supporting information. The typical scanning electron microscopy (SEM) image of the
fabricated Pt-M00O3;-RGO hybrid HNRAs is shown in Figure 1a, which shows the diameters are ~300 nm
and the lengths are ~1.5 um. A magnified SEM image of a broken Pt-MoO3;-RGO hollow nanorod is
shown in the inset in Figure 1a, and the hollow structure is clearly seen. The structure of the Pt-MoO;-
RGO hollow nanorods is further characterized by transmission electron microscopy (TEM), and the
typical TEM image is shown in Figure 1b, which shows the wall thickness is homogeneous and is ~30 nm.
The inner diameter is 200~300 nm. The magnified TEM image of the walls of Pt-M0O3-RGO HNRAs is
shown in Figure 1c¢, which shows that the Pt nanocrystals and amorphous MoO; uniformly disperse on
RGO sheets. The sizes of Pt nanocrystals are 3~5nm. Figure 1d shows the high resolution TEM image of
Pt-Mo0O3-RGO HNRAs. The lattice fringes of Pt nanocrystals are clearly seen, and the lattice spacing is
determined to be 0.224 nm, which corresponds to (111) planar spacing of Pt. The HRTEM image also
shows the sizes of Pt nanocrystals are 3~5 nm. The lattice fringes of MoO; and RGO are not seen,
indicating the amorphous structure of MoO3; and RGO. The compositions of Pt-Mo0O3;-RGO HNRAs were

studied by energy dispersive X-ray (EDX), and the mass ratio of Pt: MoO; : RGO is 15:45:40 (15 wt%
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Pt, Pt loading is 98.5 ug/cm?). To investigate the distribution states of Pt, MoO3; and RGO in the sample,
EDS mapping was measured on the end tip of a broken Pt-MoO3;-RGO hollow nanorod (Figure S3) and the
results are shown in Figure 1e-h, which shows the elements of Pt, Mo, O and C are uniformly dispersed,
indicating high dispersive Pt, MoOs; and RGO in the Pt-MoOs;-RGO HNRAs. High dispersive Pt
nanoscrystals are also proved by the HRTEM image shown in Figure S4. Therefore, based on the above
results, we successfully fabricated Pt-MoO3-RGO ternary hybrid HNRAs with low-content of Pt (15 wt%)
and high dispersive Pt, MoO; and RGO.

XPS spectra of the Pt-Mo00O3;-RGO HNRAs and Pt HNRAs in Pt4f regions were shown in Figure 2a-b.
For Pt HNRA, it is clearly seen that the Pt 4f peaks all can be deconvoluted into two pairs of doublets.
The Pt4f peaks at 71.3 and 72.5 eV are assigned to Pt’ and Pt", respectively. A comparison of the relative
areas of integrated intensity of Pt” and Pt" shows that plentiful Pt exists as Pt in the Pt HNRAs, while
almost no Pt" is observed in the Pt-M0oO;-RGO HNRAs, indicating that the introduction of MoO; and
RGO can significantly increase the relative content of Pt” in the Pt-MoO3;-RGO HNRAs. In addition,
Figure 2a shows that the Pt 4f;, and 4fs;, peaks of Pt-Mo0O3;-RGO HNRAs both shift to lower binding
energies (70.95 and 74.31 eV) relative to those of Pt HNRAs (71.31 and 74.67 eV), and this can be
attributed to the strong electronic interactions that originate from the special heterogeneous interfaces
among the Pt nanocrystals, MoO3; and RGO in the Pt-M00O3;-RGO HNRAs. Figure 2c-d shows XPS spectra
of Pt-Mo00O;-RGO HNRAs and MoO3; HNRAs in Mo 3d regions. For Pt-MoO3-RGO HNRAs, the Mo 3ds,
and 3ds, peaks at 232.65 and 235.81 eV, respectively, are well assigned to Mo®", indicating the existence
of MoQOj; in the composites. The Mo 3ds, and 3d;, peaks of the Pt-MoO3;-RGO HNRAs both shift to
higher binding energies compared with those of MoO3; HNRAs (232.51 and 235.67 eV), indicating that the
MoQOj; in Pt-M00O3;-RGO HNRAs takes part in synergistic effects among the Pt nanocrystals, MoOs, and
RGO. Figure 2e-f shows XPS spectra of the Pt-Mo00O3-RGO HNRAs and RGO in C 1s regions. For Pt-
Mo0O3-RGO HNRAs, the symmetric C 1s peak at 284.64 eV is clearly seen for C-C bonds, demonstrating
the existence of RGO. Additionally, the oxygen functionalities attached to the carbons show deconvoluted

peaks for C-O (285.48 eV) and C=0 (288.92 eV) at higher binding energies, indicating the existence of



Page 7 of 19 Journal of Materials Chemistry A

small amounts of oxygenated carbon species in the RGO. The atomic ratio of C/O ratio represents the
degree of reduction. On the basis of previous reports, the C/O ratio for hydrazine reduced GO is 3.62,*
and here the C/O ratio for electroreduced GO is 3.67. Both reduction methods yield similar C/O ratios,
with electroreduced GO having a slightly higher C/O ratio. So this result indicates that the
electroreduction method is a feasible method for the fabrication of RGO. Figure 2e also shows the C-C
peak of Pt-M00O3;-RGO HNRAs shift to lower binding energies (0.13 eV) relative to that of RGO HNRAs,
suggesting that the RGO in Pt-Mo00O3;-RGO HNRAs also takes part in electron interactions among Pt
nanocrystals, MoQ3;, and RGO. Therefore, the strong electron interactions involving Pt, MoOs3, and RGO in
Pt-MoO3;-RGO HNRAs are well demonstrated by the shifts of binding energies of Pt, Mo, and C, and the
changed electronic states of Pt will probably improve electrocatalytic activity and durability of catalysts.
Raman spectrum shown in Figure 2g exhibit the characteristic D and G bands of RGO in the Pt-MoOs-
RGO HNRAs at 1321 and 1603 cm™, respectively. The G band can provide information on in plane
vibrations of sp2 bonded carbon, and the D band is a common feature for sp3 defects in carbon.”'* The
calculated Ip/Ig ratio of Pt-MoQO3-RGO hybrid HNRAs is 1.13, while that of RGO HNRAs is 0.78 as
shown in Figure 2h. The increase in the Ip/lg ratio is a clear indication of the decrease in the number of
graphene layers and a higher density of defects.”® Therefore, the RGO in Pt-M0oO3-RGO HNRAs have
thinner graphene layers and higher defect density. In addition, it has been previously reported that an
increase in the Ip/Ig ratio also can be attributed to the fragmentation of sp2 domains,** and accordingly the
increasing of Ip/Ig ratio of the Pt-MoO3;-RGO HNRAs may be attributed to the strong electron interactions
among the RGO, MoOj3 and Pt nanocrystals that possibly lead to the fragmentation of sp> domains. In
addition, the D band of Pt-M0O3;-RGO HNRAs red shift by ~34 cm’! relative to that of RGO HNRAs,
which also demonstrates the strong electron interactions among the RGO, MoO; and Pt nanocrystals.
Therefore, the change of Ip/Ig ratio and red shift of D band also provide clear evidence for the presence of
graphene and the strong electron interactions among Pt nanocrystals, RGO, and MoQOs in Pt-MoO3;-RGO
HNRAs. In addition, Fourier transform IR spectroscopy (FT-IR) spectra of the Pt-Mo0O3-RGO HNRAs also

prove the existence of RGO and electron interactions among Pt, MoO3, and RGO as shown in Figure S5.
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The advantages of the Pt-M00O3-RGO hybrid HNRAs as electrocatalyts are shown in Scheme 1. Firstly,
the high dispersive Pt, MoOs, and RGO in the hybrid HNRAs provide rich heterogeneous interfaces,
which will be very beneficial to enhance the synergistic effect among Pt, MoOs; and RGO and
subsequently can promote electrocatalytic activity of the catalysts for methanol electrooxidation. Secondly,
the large open space among the neighboring nanorods and hollow structures of nanorods in Pt-MoO3;-RGO
HNRAs will provide three-dimensional (3D) space for transmission of reactant and resultant molecules
throughout the catalyst, and accordingly the active species can easily diffuse into the inside of catalysts
and the inner catalysts will efficiently participate in electrocatalytic reactions. Thirdly, the HNRAs own
excellent frame construction and can well resist the Ostwald ripening and coalescence of Pt nanocrystals
and accordingly will promote electrocatalytic activity and durability of catalysts. In addition, the existence
of RGO in the composites can well overcome the poor electrical conductivity of MoOs because of high
conductivity of RGO, and accordingly the Pt-MoO3;-RGO hybrid HNRAs as electrocatalysts will own
advisable electrical conductivity to promote methanol oxidation reactions commendably.

The electrochemical properties of Pt-MoO3;-RGO HNRA s electrocatalysts were firstly evaluated by the
electrochemically active surface area (ECSA) that is an important parameter for the assessment of
electrochemically active sites of catalysts. Cyclic voltammetry measurements of the Pt-MoO3;-RGO
HNRAs, Pt-MoO3; HNRAs (Figure S6) and commercial Pt/C catalysts (JM, Figure S7) were performed in
Ny-purged 0.5 M H;SO4 solution at 50 mV/s and cyclic voltammograms (CVs) are shown in Figure 3a.
The ECSA of catalysts can be calculated by following equation: ECSA=0Qy/(0.21xWp), where Wp,
represents the Pt loading (mg) in electrode, Qy represents the charge for H-desorption (mC/cmz), and 0.21
represents the charge required to oxidize a monolayer of H, on clean Pt. The ECSA of Pt-Mo0O3;-RGO
HNRAs is calculated to be 71.20 m?-(g, Pt)”', which is much higher than those of commercial Pt/C
catalysts(52.89 mz'(g,Pt)'l) and Pt-MoO; HNRAs (34.23 mz'(g, Pt)'l). The above results indicate that the
Pt-MoO3;-RGO HNRAs can effectively enhance ECSA because of the hollow nanorod arrays, high
dispersive Pt nanocrystals, and strong electron interactions among the RGO, MoO; and Pt nanocrystals.

To evaluate the electrocatalytic activity of the Pt-Mo0O3;-RGO HNRAs, cyclic voltammetry experim-
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ents of Pt-Mo0O3;-RGO HNRAs, Pt-MoO; HNRAs and commercial Pt/C catalysts were carried out in
solution of 0.5 M CH30H+0.5 M H,SOy,, and the representative CVs are shown in Figure 3b. It is clearly
seen that the specific peak current density of Pt-MoO3;-RGO HNRAs (809.5 mA mg'l) is ~2.4 times
higher than that of Pt-MoO3; HNRAs (340 mA mg™) and ~2.0 times higher than that of Pt/C catalysts (400
mA mg™) (here the current densities all are normalized to the mass loading of Pt), indicating that the Pt-
Mo0O;-RGO HNRAs have a much higher catalytic activity towards methanol electrooxidation than the Pt-
MoOs; HNRAs and Pt/C catalysts. In addition, the electrocalytic activity of Pt-MoO3-RGO is compared
with other state-of-art electrocatalysts. The mass current densities of other Pt-based electrocatalysts are
summarized in Table S1, which shows that the Pt-MoO3;-RGO HNRAs catalysts exhibit high electro-
catalytic activity. The much enhanced electrocatalytic activity of Pt-MoO3;-RGO HNRAs can be mainly
ascribed to much larger ECSA and the synergetic effects among the Pt, MoO; and RGO. In addition, when
the current densities all are normalized to the ECSAs of catalysts, the Pt-Mo0oO3;-RGO HNRAs show ~3.9
and ~5.3 times higher catalytic activity than Pt-MoO3; HNRAs and Pt/C catalysts, respectively, as shown
in Figure S8.

Chronoamperometry curve of the Pt-MoO3;-RGO HNRAs was measured in solution of 0.5 M H,SO4
+0.5 M CH;0H to evaluate the rate of surface poisoning (The potential was held at 0.60 V vs. SCE), and
the result is compared with those of the Pt-MoO; HNRAs and commercial Pt/C catalysts as shown in
Figure 3c. It is obvious that the Pt-MoO3;-RGO HNRAs catalysts exhibit a slower current decay over time
in comparison with Pt-MoO3; HNRAs and Pt/C catalyst, indicating a higher tolerance to the carbonaceous
species generated during methanol oxidation. In addition, the Pt-MoO3;-RGO HNR As exhibit much higher
current densities than Pt-MoO; HNRAs and Pt/C catalysts, indicating that the Pt-MoO3-RGO HNRAs own
much higher catalytic activity for methanol electrooxidation. To further demonstrate the high durability of
Pt-Mo0O3-RGO HNRAs, we also performed the multiturn potential cycling test. CVs of the Pt-MoO3-RGO
HNRAs with 200 cycles in solution of 0.5 M H,;SO4+0.5 M CH30H at 50 mV/s are shown in Figure 3d,
and the corresponding changes of the forward peak current densities with cycle increasing are shown in

the inset in Figure 3d. The catalytic activity of Pt-MoO3;-RGO HNRAs drastically increases during the
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initial cycles and the stable peak current density appears at ~50th cycle. After 200 cycles, the peak current
density almost remains stable, indicating high cycle stability of the Pt-MoO3;-RGO HNRAs for methanol
electrooxidation. The Pt-MoO3-RGO HNRAs still keep the original morphology well after 200 cycles as
shown in Figure S9.

Here we also evaluate the ability of CO antipoisoning of Pt-MoQO3;-RGO HNRAs. High-purity CO gas
was bubbled into 0.5 M H,SO, solution for 15 min while keeping the electrode potential at 0 V to achieve
maximum coverage of CO at the Pt centers. The dissolved CO was then purged out of the electrolyte by
bubbling high purity Ar gas for 20 min. Two consecutive CVs were recorded for the catalysts between -
0.2 and 1.0 V at 50 mV/s, and the results are shown in Figure 4a. The hydrogen desorption region
disappears in the initial forward scan because of the adsorbed CO on Pt surfaces, and a large CO oxida-
tion peak is seen on Pt-MoO3;-RGO HNRAs, indicating large ECSA of the Pt-MoO3;-RGO HNRAs. After
CO,g;s stripping, the adsorption/desorption peak of hydrogen is clearly seen and the CO,q4s stripping peak
disappears in the second scan, indicating that the complete oxidation of CO,q4s during the 1st cycle.
Therefore, the Pt-Mo00Os-RGO HNRAs can facilitate removal of CO,q4s from their surfaces. In addition, the
disappearance of CO,gs oxidation peak after stripping indicates that the Pt-MoO3;-RGO HNRAs are free of
dissolved CO. We also studied CO oxidation on the Pt-MoO; HNRAs and Pt/C catalysts as shown in
Figure 4b and 4c, respectively. Compared with the results in Figure 4b-c, the Pt-Mo0oO3-RGO HNRAs
show much higher peak current density of CO,gs oxidation than Pt-MoO; HNRAs and Pt/C catalysts as
shown in Figure 4a. In addition, the onset peak potential (0.45 V) of CO oxidation on Pt-MoO3;-RGO
HNRAs is more negative than those on Pt-MoO; HNRAs (0.48 V) and Pt/C catalyst (0.58 V) during
CO,gs stripping. Therefore, the Pt-MoO3;-RGO HNRAs own higher CO oxidation ability than Pt-MoO;
HNRAs and Pt/C catalysts. This may be attributed to high dispersive Pt nanocrystals and abundant Pt-
MoO3-RGO three-phase interfaces. As we all know, the abundant heterogeneous interfaces will lead to
the formation of a large number of labile OH species,” which will easily exert electronic effect to the adja-
cent intermediate species absorbed on Pt surfaces to produce CO,, and consequently to achieve clean Pt

surfaces because of the removal of poisoning intermediate species. After CO,qs stripping, the Pt-MoOs-

10
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RGO hybrid HNRAs also show larger ECSA than Pt-MoO; HNRAs and Pt/C catalysts as shown in

Figure 4d.

4. Conclusions

In conclusion, we have designed and fabricated the novel Pt-MoQO3;-RGO hybrid HNRAs catalysts for
methanol electrooxidation. Besides the strong points of HNRAs including hollow nanostructures, high
utilization ratio and fast mass transport, the hybrid Pt-MoO3;-RGO HNRAs allow for strong electron
interactions among Pt, MoO; and RGO, which results in electron delocalization among Pt 4f orbitals, Mo
3d orbitals and RGO z-conjugated ligands and accordingly high electroactive Pt. The Pt-MoO3;-RGO
hybrid HNRAs also own rich heterogeneous interfaces for catalytic reactions because of high dispersive
MoO3;, RGO and Pt nanocrystals and significantly improve the relative content of Pt(0) in products. The
Pt-MoO3-RGO HNRAs exhibit much higher ECSA (71.20 m*(g,Pt)") than Pt-MoO; HNRAs (34.23
m?+(g,Pt)") and commercial Pt/C catalyst (52.89 m*(g, Pt)" ). The experimental results demonstrate that
the Pt-MoO3;-RGO HNRAs own significantly enhanced catalytic activity and durability for methanol
electrooxidation compared with the Pt-MoO3; HNRAs, commercial Pt/C and many other reported Pt-based
catalysts. Our current study suggests the possibilities for design of novel catalysts with superior electrocata-

lytic activity and durability by the combination of compositionally and geometrically favorable factors.

Supporting Information

SEM images, IR spectra, and CVs. This material is available free of charge via the Internet at http://pubs.
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Figure 1. (a) SEM; (b) TEM; (c) high-magnified TEM; and (d) HRTEM images (SAED) of Pt-MoQ:s-
RGO HNRAs. EDS mappings measured on the end tip of a Pt-MoO3-RGO hollow nanorod: (e) Pt, (f) Mo,

(g) O and (h) C elements.
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Figure 2. XPS spectra of Pt 4f performed on (a) Pt-MoO3;-RGO HNRAs and (b) Pt HNRAs; XPS spectra
of Mo 3d performed on (c) Pt-MoO3;-RGO HNRAs and (d) MoOs; HNRAs; XPS spectra of Cls performed
on (e) Pt-MoO3-RGO HNRAs and (f) RGO HNRAs; Raman spectra measured on (g) Pt-MoO3;-RGO

HNRAs and (h) RGO HNRAs.
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Advantages:
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Scheme 1. Schematic illustration for the advantages of Pt-Mo0oO3;-RGO HNRAs as electrocatalysts.

16



Page 17 of 19

Journal of Materials Chemistry A

900
,1120 (a) _ " —"Pt-Mo03-RGO HNRAs (b)
A E750_ Commerical Pt/C
"ap 60 "ep . +—— Pt-MoO3 HNRAs
> £ 6001
i 3
- E 4501
£ g
& = 3007
3-120 —— Pt-M0O3-RGO HNRAs ‘g
2 1801 Commerical Pt/C @ 1507
< <
— Pt-Mo0O3 HNRASs
= = 0
24055 " 00 02 04 06 08 10 02 00 02 04 06 08 10
EIV (vs. SCE) E/V (vs. SCE)
900
> 800, e L LLLTLLLLETT
_e001(C)  — piMoOrRGOHNRAS | E | h (d)
‘T‘n- Commercial Pt/C %D 400, ;:“:::::::::::::ll:
2600 —— Pt-MoOs HNRAs <600]200/ 8
g é % 1007180 200
S0 £ |mPt-MoOs-RGO HNRAs Y
_;‘ .ESOO' Bl Commercial Pt/C
2 S | Pt-MoOsHNRAs
1;,20 2
2 S o
g O T T T T T T T T T T T T T T T T T T T T T T T
0 150 300 450 600 02 00 02 04 06 08 1.0
Time (S)

Figure 3. (a) CVs measured in 0.5 M H,SO4 solution at 50 mV/s; (b) CVs measured in 0.5 M CH3;0H+0.5
M H,S0; solution at 50 mV/s; (c) Chronoamperometry curves measured in solution of 0.5 M H,SO4+0.5
M CH3;0H at 50 mV/s (The corresponding potential was held at 0.60 V); (d) CVs of Pt-MoO3;-RGO

HNRAs from Ist to 200th cycle (Inset shows the change of peak current density of forward peak with

E/V (vs. SCE)

cycle increasing for the Pt-MoQO;-RGO HNRAs, Pt-MoO; HNRAs, and commercial Pt/C catalysts)
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Figure 4. CO stripping CVs on (a) Pt-Mo00O3-RGO HNRAs; (b) Pt-MoO3; HNRAs; and (¢) commercial Pt/C
catalysts performed in solution of 0.5 M H,SO4 at 50 mV/s at room temperature; (d) The comparisons of

CVs after CO stripping on the Pt-Mo00O3;-RGO HNRAs, Pt-MoO; HNRAs and commercial Pt/C catalysts.
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