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Highlights
Enhanced Electrocatalytic Performance for Methanol Oxidation with a Magnéli Phase
Molybdenum Oxide/Pt-black Composite

1. Crystallised Magnéli phase M04011 used as a co-catalyst support to
enhance MOR

2. Multiple Mo valence states coexist in h

3. These promote hydrogen spillover and oxygen bufeim the Pt/MgO;;
catalyst.

4. The catalyst shows improved poisoning toleranceed@ctrocatalytic activity.

Graphical abstractENhanced Electrocatalytic Performance for Methanol
Oxidation with a Magnéli Phase Molybdenum Oxide/Ptlack

Composite

Abstract

A composite electrocatalyst composed by preparedynéla phase MgD;; and
Pt-black (Pt/M@O;;) was found with highly effective for the methanmtidation
reaction (MOR). Cyclic voltammetry (CV) result sheavthat the mass activity for the
forward peak () of Pt/MaOy1; was determined to be 722.20 m#j’s, e.g., about
twice of the mass activity of the stand-alone Rkl This suggested that the
electrocatalytical reactivity is improved when theystallised M@O1; assists for
methanol oxidation. It is also found that the peakrent ratio of the forward versus
the reverse {lly) is 1.21 for Pt/M@O1; and 0.81 for Pt/C, respectively. X-ray
photoelectron spectroscopy (XP&sults indicated that different valence states of
molybdenum coexist in M@®:;; this promotes both hydrogen spillover and oxygen
buffering effects. The synergistic effects of PdaWo,0O;; on the electrochemical
properties represent a critical advantage of tiield0,; catalyst for anti-poisoning
towards the intermediates in the MOR.



Keywords: crystallised Magnéli phase, M®O.,;, methanol oxidation reaction,
poisoning tolerance

1 Introduction

Diversified energetic resources, growth in generatiapacity, and feasible strategies
are required to meet the increasing energy needsiro$ociety [1-2]. One promising
alternative strategy is to use fuel cells as greerargy sources to spontaneously
convert chemical energy into electricity, releasihgat and water when the
electrochemical reactions occur [3-4]. Direct matiiduel cells (DMFCs), which use
liquid and renewable methanol as fuel suppliesehagently received much attention
by the scientific community. The advantages of DMFwer hydrogen-fed fuel cells
include convenient storage and transportation elisfthigh specific energy density at
low operating temperature, and flexible desigrheffuel cell devices [1-3]. However,
several issues hinder their commercialization, agturability, efficiency, and costs.
One of the major difficulties is the sluggish kiiest for the methanol oxidation
reaction (MOR) of the most commonly used Pt-anatalgsts in DMFCs; this is the
result of the self-poisoning caused by stronglyoaolsd intermediates such as CHO
and CO, ect.. [4-8]. In order to address this @altissue, in the last decade different
kinds of co-catalytic elements, such as Ru, CeVdndave been incorporated into the
Pt-based catalysts [9-14]. The presence of secontdoma third elements in the
Pt-based catalysts may improve the MOR kineticsaviafunctional mechanism or a
synergistic effect.

Numerous studies have shown that Mo-modified Rttedeatalysts possess effective
poisoning tolerance towards MOR. Ross and his cdk@rs [15,16] confirmed that
PtMo alloys have exceptional low-temperature C@stmhce in bulk electrodes.
However, synthesis of PtMo nanoparticles is paldity challenging, because of the
large negative redox potential of the WitvMo® couple and the low miscibility of Pt
and Mo. Yet, Pt catalysts modified by molybdenundesx (instead of simple Mo)
displayed high tolerance toward CO [17-19]. Althbu$loO; is an effective

co-catalyst owing to the several accessible valetates of Mo (IV, V, and VI), its



amorphous characteristics lead to poor conductj@@}. To solve this issue, MgO
particles have been deposited on carbon-basediatateuch as carbon black, carbon
nanotubes, or carbon nanofibers [21-23]. To datejepositions [24] and consecutive
impregnations [25] have been developed to prepeo®,/C catalysts. However, a
certain amount of Pt is embedded and capped asult i&f these methods; this
problem reduces their applicability. New approadhes improve the conductivity of
Mo oxides are thus highly desired. For instance/ais found that a sub-stoichiometric
compound in MoO systems (e.g., the Magnéli phase & suitable electronic
conductivity. Among these Mo oxides, M®; has received much attention because
of its quasi-two-dimensional [26,27]; for instanedectrical resistivity ofy-Mo4011
single crystals is about £@'m at 300 K [28]. Based on the results of our presio
study on Magnéli phase 40, as a novel durable Pt catalyst support [29], wehér
showed in this study that the electron conductorghdéi phase MgD;; can be
employed as a co-catalyst support, with a high gyorgy tolerance. In particular,
electrochemical tests indicated that crystallised,®; mixed with Pt-black shows
improved anti-poisoning for the intermediates ie MMOR. Results based on X-ray
photoelectron spectroscopy (XPS) also suggestetl @hastrong metal-support
interaction occurs between Pt and /@@, and that different valence states of
molybdenum (1V, V, and VI) coexist in M®11. This is a favourable feature that can
promote hydrogen spillover and oxygen bufferingeet, which may contribute to
improve the anti-poisoning properties and the ebeectalytic activity of the Pt/
Mo40,; catalyst. The synergistic effect of the Pt/ /&g catalyst and a possible

mechanism of the catalytic process were also sluaghel discussed in detail.

2 Experimental

2.1 Synthesis of the MgD1; support

All reagents were of analytical grade and usecasived without further purification.
In a typical procedure, the M01; support was synthesiseth two steps. Firstly, the
MoOs; precursor was obtained as follows: 15 g of (NM070,44H,0 (AMT) was

dispersed in an alumina ceramic boat and placed itmbe furnace in ambient



atmosphere; the temperature was then raised t&k8%&h a rate of 5 Kmin™, and
kept constant for 5 h; finally, the system was radty cooled to room temperature.
Secondly, 5 g of the Mofprecursor was reduced in & (3 vol%)-Ar mixing-gas
flow at 873 K for 4 h to synthesise the Mh; support. To load the Pt nanoparticles
on the MQ@Os1 support, 20 mg of Pt-black and 80 mg of the ask®gised MgO;;
support were mechanically mixed for 0.5 h.

2.2 Characterizations of materials

The crystalline phases of the Mg@recursor and M@®1; were characterised by
X-ray powder diffraction (XRD) analysis (D8 AdvanceBruker, Karlsruhe,
Deutschland). Morphologies were observed using anrsog electron microscope
(SEM, Hitachi S-4300Tokyo, Japan). Transmission electron microscopyMT&nd
high-resolution transmission electron-microscopyR{EM) images of Pt/MgD1;
were taken by a JEOL JEM2100 (TEM, JEOL JEM210%kydo Japan). Surface
properties and the electronic structure of thelgsimwere evaluated by XPS with Al
Kq radiation (Kratos AXIS Ultra DLD, Manchester Biitq The binding energy was
calibrated with the C1s position of the carbon suppt 284.80 eV. The composition
of the catalysts was determined by inductively d¢edpplasma atomic-emission
spectrometry (ICP-AES, Thermo Fisher, IRIS Intrepi/S Waltham, USA).

2.3 Electrochemical measurements

Glassy carbon (GC) electrodes were polished withmala powder, ultrasonic
washing and blow drying, before dropping the catialgk. Based on the ICP-AES
measurements, Pt/MO;1 and Pt-black (Hispec 1000, Johnson Matthey) wéuted
to 1.3 mghL™ and 0.8 mgnhL™ with 0.05 wt% ethanol diluted Nafion solution,
respectively. Then, 10l of the two suspensions were transferred ontopthlieshed
GC electrode substrates. Before testing, the eldesr were solidified for 0.5 hours
under ambient conditions.

Electrochemical measurements were performed byiccydltammogram (VMP3,
Bio-Logic SA). The GC electrode (@5 mm, with anaacé 0.196 crf) was set as the
working electrode. A Pt foil (10x10x0.3 mm) and eversible hydrogen electrode

(RHE) were used as the counter electrode and fieeeree electrode, respectively.



The RHE was filled with 0.1 M HCI® solution. Cyclic voltammetry (CV)
measurements were carried out in an Ar-purged 0.H®IO, solutions at a sweep
rate of 100 m\&™. The electrochemically active surface area (ECBA$ calculated
based on equation (1), as follows:
QH
ECSA= 1)
0.21JPt ]

where the correlation constant of 0.21 (@@ represents the charge required for

the monolayer adsorption of hydrogen on a Pt sarfdPt] is the Pt loading
(mgém?) on the eIectrodeQH is the amount of charge exchanged during the

adsorption of hydrogen atoms on Pt (@@?), which measured under the
electro-adsorption curves between 0.05V and 0.4 V.

MOR measurements were performed in a 0.1 M HG@I 0.1 M CHOH solution at
a sweep rate of 100 n&under ambient atmosphere. Durability tests (DTsjewe
performed in an Ar-purged 0.1 M HCJ®olution at a sweep rate of 100 @V for
1500 cycles.

3 Results and discussion

3.1 Crystalline phase analysis
Morphologies and crystal structures of the Mg®ecursor and of the synthesised

Mo40,; support are shown in Fig. S1. In particular, XRétad(Fig. S1B) indicated
that MoQ has an orthorhombic crystalline structure and ihatell-indexed with the
standard profiles (PDF 35-0609). The molybdenunoszigde Mq,04; (Fig. S1D) was
formed in the reducing atmosphere at the temperaitiB73 K, and it consists of a
mixture of monoclinic and orthorhombic phases @gb222°). The principal phase of
orthorhombic was well-indexed with the standardifge (PDF 05-0338). In line with
previous studies [30,31], about 8.7 (wt.) % of Mofas found in the as-synthesised
of Mo4O1; (Fig. 1A). It was also found that the orthorhompltase transforms into
the monoclinic phase when kept for a relativelygldime at high temperatures (such

as 873 K), while the orthorhombic phase is thernmadyically stable at temperatures



higher than 1000 K. In order to prevent agglomeratf MoQ; particles during the
high-temperature reduction and to improve the puwftthe MqO,; product will be
systematically investigated in future. As showrfig. 1B, both M@O,; and Pt were
detected when the electrocatalyst Pt{lg was investigated with XRD. Pt displayed
a face-centred cubic and was indexed with the sran(PDF 04-0802). Because the
size of Pt-black is significantly smaller than tleditmicro-sized Mg@O;1, Pt/Ma,011
shows the electronic-conductor Magnéli phase;,®Mp decorated by Pt-black (Fig.
1B).
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Fig. 1 (A) Quantitative fit analysis of M@®;; by MDI Jade program; phases content
is shown in the inset. (B) X-ray powder diffractiofRD) patterns of Pt/MgD,; and

the atomic schematic graph shown in the inset.

3.2 Morphological analysis

The TEM micrograph (Fig. 2) confirmed that Pt-blaskdeposited on the surface of
the Magnéli phase M®1:. Orderly dispersed points were observed by thectsdl
area electron diffraction (SAED) pattern of theeblrore region (Fig. 2A), indicating,
in line with the XRD data, the formation of a mohiic Mo,0O1;. In contrast, ring
patterns of the small particles were collected he SAED (Fig. 2A), which are
indexed as (111), (200), (220), and (311) planethefface-centred-cubéc¢) of the
Pt crystal. This finding suggested that the core®pis decorated by the Pt-black
particles, in agreement with the XRD results (Fifg). To further investigate the
bonding between M®:; and Pt-black, high-magnification TEM and HRTEM wer
employed. Fig. 2B displays an enlarged image ofattea marked in Fig. 2A, which

clearly shows that the Pt-black nanoparticles @speisedly attached on the surface



of Mo4O13; Fig. 2C displays the HRTEM image of the marked,®lgarea (region
“a” in Fig. 2B), which indicates that the M0O:; (211) lattice plane is exposed. The
Fourier transform (FT) pattern (inset in Fig. 2@ijther proved this observation. Fig.
2D shows the HRTEM image of marked Pt-black aremign “b” in Fig. 2B),
showing that the Pt (111) lattice plane is expo&edvious studies showed that the Pt
(111) lattice plane of Pt exhibits highly electrtatgtic activity [32,33].
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Fig. 2 (A) Transmission electron microscopy (TEM) image RifMo,01; and the
selected area election diffraction (SAED) patteeshown in the inset, up-right (blue
area) is the monoclinic M®:; and down-right (red area) is the Pt-black,
respectively; (B) high-magnification TEM image bktarea marked with a red square
in Fig. 2A; (C) high-resolution transmission electfmicroscopy (HRTEM) image of
the marked MgO; area (a in Fig. 2B), with a Fourier transform (FTpattern shown
in the inset; (D) HRTEM image of the marked Pt-klacea (b in Fig. 2B), with a FT
pattern shown in the inset.

3.3 Oxidation state analysis



XPS measurements were performed to examine the agitigqm of Pt/MQ@O,;; and
Pt-black as well as the valence state of the maahents. The Pt 4f spectra of
Pt/Mo,0,; and Pt-black are shown in Fig. 3A. Comparisorheke spectra suggested
that the binding energy of Pt 4f for Pt/M®, depends on the blue shifts (71.52eV),
indicating that an interaction between Pt and th&Q4; support exists. This shift
may be regarded as a strong metal-support interaaffect [19,29]This strong
interaction may promote the mass transfer betweadniaek and M@O;1, which in
turn may enhance the catalytic activity of the lyata Fig. 3B displays the results of
the deconvolution of Mo 3d peaks of the )@@, support. The Mo 3g signals at
230.11, 232.66, and 233.11 eV are assigned to Mp(Mo(V), and Mo(VI),
respectively. Our results thus indicate that diferstates of Mo 3d are coexisting in
Mo40,1.The presence of multiple valence could promoterdgyen spillover and
oxygen buffering effects, which may contribute tbetimprovement of the
intermediate-tolerance and electroactivity of thaMB,01; catalyst. Although peaks
of the binding energy and intensities of peaks af 88l for Pt/MQ@O;; significantly
changed before (Fig. 3C) and after (Fig. 3D) theablility tests, these spectra were
found to correlate with Mo(1V), Mo(V), Mo(VI) stase The deconvolution statistics

(Table S1) confirmed that synergistic effects ooediin the Pt/MgO;; composite.
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Fig. 3 (A) X-ray photoelectron spectroscopy (XPS) spedirdt 4f for Pt/MQOi;
(red) and Pt-black (black); (B) Mo 3d spectra foe Mq,0,; support; Mo 3d spectra
of Pt/Ma,011 before (C) and after (D) the durability tests.

3.4 Electrochemical behaviour of Pt/M@O11

According to previous studies [15,18], metallic gbmenum or molybdenum
oxide-modified Pt catalysts have shown enhanceddl#ance for the MOR. Fig. 4A
displays CV curves of Pt/M@®;; and Pt-black recorded at ambient conditions in an
Ar-purged 0.1 M HCIQ solution. The ECSA of the Pt/M0;; catalyst was calculated
via equation (1) to be 40.05°@* (Fig. S2), e.g., 1.62 times larger than that of
Pt-black (24.73 fig™). However, M@O1; has no obvious absorption and desorption
of hydrogen region (Fig. S3A), the ECSA of Mk, is negligible compared with that
of Pt/Ma,0O1; (Fig. S3B). These results indicated that the maia of Mq,Oy;is that

of improving the distribution and the activity of: ®n one hand, M@®;; acts as the
carbonaceous support to attach Pt-black nanopstidnd to increase the
electrochemically active sites, on the other hdhd,hydrogen spillover effects may
occur on the MgD1; support, due to the presence of the metal, whighies as a
lower-energy pathway for Ho firstly adsorb onto the metal and then diffosethe
support surface. As shown in Fig. 4, clear redoakpeof MoQ between 0.35 V and
0.55 V were detected. These were attributed to Heradaic process of
intercalation/de-intercalation of hydrogen into Mo@rming hydrogen molybdenum
bronzes, e.g., MoO, (0 < a< 2)[34-37].The stoichiometric formula can be depicted

as MoQy, where the hydrogen spillover occurs on the serfaicthe HMoOy, as in



equation (2).

(@a-b)H" +(a-b)e” + H,MoQ,, I H,MoO,,, (0<b<a<2)  (2)

We suggest for steps for the hydrogen spillovezatffFig. 4A): i), reactant molecules,
such as B and CHOH, are chemically adsorbed on the Pt surface é&eah t
dissociated to hydrogen atoms (H); ii), hydrogeoneat are oxidised to cation,
providing an extra electron for Magy;, iii), H is transferred to the Mo@,surface
by a spillover mechanism; iv) 'Hliffuses into the Mo@4 lattice, reacting with the
electron and the matrix to neutralise the charbes fkeading to the formation of
HaM0O114. Thus, both the enhanced dispersion by the,Qdo support and the
hydrogen spillover on the surface ofMbO;y/4 improved the ECSA of Pt/MO®1;

catalyst.
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Fig.4 Comparison of the electrocatalytic activities ofMRi,O,; and Pt-black. Pt
loading was 2.6 and Bg for Pt/MqO;; and Pt-black, respectively. (A) CV curves
recorded in an Ar-purged 0.1 M HCJ6olution with a sweep rate of 100 8V of
Pt/M040O1; (red) and Pt-black (black), as well as a schembuistration of hydrogen

spillover effect shown in inset, the green ball Mg, with the violate ball (H)



together to form hydrogen molybdenum bronzed/éD,1/5; (B) CV curves recorded
ina 0.1 M HClQand 0.1 M CHOH mixed solution at a sweep rate of 100 EV
under ambient atmosphere, and a schematic of n@thdsorption shown in the inset;
(C) enlarged images of the purple squares in F#g.(léft) and Fig. 4B (right),
respectively; (D) enlarged images of the CVs (3alidd MOR CVs (dash) between 0
Vand 0.7 V.

3.5 Comparison of Pt/Mq@O1; and Pt-black behaviour

MoOy materials have recently received much attentiare tb their high oxygen
storage capacity, similar to that of GgB8]. Enhancement of the utilization and
stability of Pt catalyst activity with these serie§ oxides is critical for MOR.
Crystallised Mo@y4 becomes an option because of its intrinsic progeeri.e., the
high electronic conductivity and the oxygen buffigrieffect [22,39]. Redox couples
in different valence states of molybdenum can itatd oxygen transfer to the
interface between Pt and Me. The CV curves of MOR for Pt/M@®:: and Pt-black
(Fig. 4B) showed that the forward peak curreptdf Pt/Ma:Oy1 (722.20 mAMg )

is 2.03 times larger than that of Pt-black (356r8Mhg's). The forward peak
potential (F) of PMaO.1 was found to be shifted to a lower value (0.87 V),
compared with the potential of Pt-black (0.93V)eTratio of the forward peak current
to the back peak current/(}) is 1.21 for Pt/MgO;4, 0.94 for Pt-black, and 0.81 for
Pt/C (Fig. S4),. These data indicated that Pt-btacted with crystallised MgD1; has

a higher poisoning tolerance than that of the Btibland Pt/C catalysts. The peak
potentials and currents of the MOR on the elecsodable S2) suggested that the
Pt/Mo,O,; can provide comparable electrochemical reactiviytlaat of the Pt/C
catalyst. Thus, it can be concluded that the Pidgocatalysts are characterised by an
improved tolerance to CO poison.

Fig. 4D shows the comparison between the CVs (salidi MOR CVs (dash) for
Pt/M0,O,; and Pt-black, with an applied voltage ranging leemw 0.0 V and 0.7 V.
Although the onset potential of Pt/M®y; is equivalent to that of Pt-black, thevalue

of Pt/Mq,O11 is higher than that of Pt-black, this suggests$ tha kinetics of MOR

reaction catalysed by Pt/MD:; are more effective; in contrast, thepbtential of



Pt/M0,O4; is lower than that of Pt-black, which shows thatM®eO,; catalytic
dehydrogenation of methanol are thermodynamicalbjez. This observation may be
attributed to the intense dehydrogenation from w@m®bh occurring after
de-intercalation on the surface ofMbO;1/4. In particular, theslvalue results from the
methanol adsorption on the surface of Pt, followgdhe dehydrogenation reaction.
Hydrogen intercalation/de-intercalation on the acef of MQO11, (HoM0O11/4
H.M0011/4) plays an essential role in the removal of a aeréanount of produced
intermediate poisonous substances from the surfeicePt; more hydrogen
de-intercalation from EMo00O11/4 results in more hydrogen dissociated from methanol
adsorbed on Pt. This process can be describedtigthollowing equation (3), its

schematic demonstration being shown in Fig. 5I:

aPt- [CHXOLdS+5HbMooll/4\—IBPt_ [CH/ Olds +0 I_L MOQ1/4+ O_ﬂ )P'

(B<a,0<b<a<2,0<y<x< 4) (3)

The dissociated hydrogen can be embedded igk®oB11/4 to form HMo0O14by the
hydrogen spillover effect, releasir{g-p) Pt active sites. As the reaction proceeds,
oxygen rapidly diffuses and binds to the surfacehef(a-f) Pt active sites to form
Pt-O,gs Speciesyia an oxygen buffering effect of the M0y; support. The formation
of Pt-QOusin turn promotes the oxidization gfPt-[CH,OJ.4sto HO and CQ, and
regeneration of free Pt sites for further oxidatedrmethanol. This also explains the
highly anti-poisoning (removal the adsorbed intetiag product) property of
Pt/M0,O4;. This process can be described with the followeguation (4), its
schematic demonstration being shown in Fig. 5II:

(a - pB)Pt-[OH]

+ BPt-[CH, O],,.0 1?3 . a Pt+ (3+x8)H, O+ B CQ

ads ads

(a=3B8+xB) 4)



- B o oo @@

Fig. 5 Schematic illustration of methanol oxidation réacton the Pt/MgO;;catalyst;

| and Il represent the hydrogen spillover effent] ghe oxygen buffering effect,
respectively.
3.6 Stability of the electrocatalysts
Stability is a critical criterion to evaluate therformance of an electrocatalyst. The
DTs were estimated by CV sweeps at 100EiMn an Ar-purged 0.1 M HCI
solution at room temperature (Fig. S5). The ECSA®teblack and Pt/MgD;; are
reduced with the increment of the CV circles, aswsh in Figures S5A and S5B,
respectively. After 500 cycles, the loss rate ebRatk was found to be 16.91% (to
compare with 8.93% of Pt/M@,;). The ECSA loss of the Pt-black was attributed to
the aggregation of the nanoparticles during thieaed it may be explained as follows:
the Pt is separated from the surface of supporingysreparation, because of the
mechanical mixing and the solubility of hydrogenlyhdenum bronzes after MO11
intercalation of hydrogen. The molybdenum dissoluttan be detecteda the colour
change of the supernatant (composed g¥i¢0,1/9) to blue (Fig. S6). To further
illustrate the presence of soluble molybdenum besnwe performed accelerated DTs
by increasing the CV scanning potential range, betw0.0 V and 1.2V (Fig. S7). The
XRD results (Fig. S8) showed that the relative nstty ratio of Pt to MgO1;
increases significantly after 1500 cycles of the Dfis may result from the loss of
Mo40,; during the process. Therefore, we suggest thatidigeneration of ECSA of
Pt/M0,Oq; is related to the instability of M@®:1.

Although the mechanical mixing showed some limitasi in the effective

dispersion of Pt on the surface of Mi;, the ECSA of Pt/MgO;1 is 1.62 times larger



than that of Pt-black. Even after 1500 cycles of i€ ECSA obtained from the CV
curve of Pt/MQ@Oy; (26.28 miig™) hardly changed from that of Pt-black (24.74g)
before DT. This demonstrates the evident advantafjasing the co-catalyst support
composed of crystallised MO, over traditional catalysts. Although methods for a
efficient Pt loading need to be developed, our datawved that Pt/M@1; displays a
reasonably high electrochemical activity for MORedpite the formation of hydrogen
molybdenum bronzes accelerated the ECSA loss &fld?@,;, it also promoted
hydrogen spillover and oxygen buffering effect, gthmay contribute to improve the
poisoning tolerance and electrocatalytic activitytlee Pt/MQO,; catalyst towards

MOR.

4 Summary

In this work, crystallised Magnéli phase Mm; as a quasi-two-dimensional
conductor has been used as a co-catalyst suppedmwith Pt-black to enhance
MOR. XPS results revealed a strong metal-suppdetraction between the Pt and
Mo40,4; in addition, various valence states of Mo (IV, and VI) were found to
coexist in MQO13, which  may promote hydrogen spillover and oxyderffering.
These effects together contributed to the improveréthe poisoning tolerance and
the electrocatalytic activity of the Pt/M0,; catalyst for MOR. Thus, the results
collected in this work demonstrated that the ciijsead Magnéli phase M@®;1 may
be regarded as a promising co-catalyst suppoiM{OR. Further studies are needed to
improve the stability of the crystallised Magnéhgse M@O11, which is a critical

property for the performance of an electrocatalyst.
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Enhanced Electrocatalytic Performance for MethanolOxidation with

a Magnéli Phase Molybdenum Oxide/Pt-black Composite
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Fig. S1(A) Scanning electron microscope (SEM) image anyl XBD pattern of

MoOs precursor; (C) SEM image and (D) XRD pattern of,Q.
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Fig. S2Histogram of the specific ECSA of the Pt-black @ijpand Pt/M@O;; (red).
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Fig. S3CV curves of M@O,; and Pt/M@O;;recorded in an Ar-purged 0.1 M HCJO
solution at a sweep rate of 100 f8Y. Mo,O; loading were 10 and 104g for
Mo401; and Pt/ MOy, respectively. (A) MgOi1, (B) Pt/MaOs; (red) and MgOiy
(black).
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Fig. S4CV curves of Pt/MgO,; (red) and Pt/C (blue) recorded in a 0.1 M HEA@d
0.1 M CHOH mixed solution at a sweep rate of 100 E™under ambient
atmosphere. Pt loading were 2@ and 2.4ug for Pt/Ma,0,; and Pt/C, respectively.
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Fig. S5CV curves recorded in an Ar-purged 0.1 mbHCIO, solution with a sweep
rate of 100 m\&.. Pt loading were 2 and 1Bg for Pt/MaOy; and Pt-black,
respectively. (A) CV curves of Pt-black before afidr a 500-cycle durability test, (B)
CV curves of Pt/MgO;1 before and after a 500-cycle durability test.

Fig. S6 Photograph of the aqueous of Pt/® and Pt-black in 0.1molt HCIO,

solution before and after standing for one weekeumgdrogen atmosphere.
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Fig. S7CV curves recorded in an Ar-purged 0.1mbIHCIO, solution with a sweep
rate of 100 m\&*. Pt loading were 8ig and 2.6 for Pt-black and Pt/W®,
respectively. (A) CV curves of Pt-black before aftér a 1500-cycle durability test,
(B) CV curves of Pt/Mg0;1 before and after a 1500-cycle durability test.
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Fig. S8 XRD patterns of MgO;; and Pt/M@O,; before and after a 1500-cycle

Intensity (a.u.)

durability test, respectively.
The change in the Pt-crystal size was calculatedh fthe Pt (111) peak in XRD
analysis based on Scherrer equation, as follows:

o= KV

Bcosd

WhereK is a dimensionless shape fact€r0.89.y is X ray wavelengthy=0.154056
nm. 8 is the line broadening at half the maximum intgnéFWHM). @ is the Bragg
angle.D is the mean size of the ordered (crystalline) domavhich may be smaller

or equal to the grain size.
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Fig. S9 Pt (111) peak in the XRD of (A) Pt/MO.;; and (B) Pt/M@O1:-CV,
respectively. The red line is the fitting curve.

The average crystallite sizes of Pt nanoparticlkeshe MqO;; support before and
after a 1500-cycle durability test are ca. 7 andn8 respectively. This shows that

there was a slight aggregation of Pt nanopartieliésr the durability test, which



corresponds to the reduction of electrocatalysviact

Table S1.Binding energy (3d, eV) and atomic content (%) dfedent Mo valence
states [Mo(1V), Mo(V), Mo(V1)] obtained from the Mdal XPS spectra.

Sample Mo** Mo>* Mo®*
MosOy  Bindingenergy 23011 232.66 233.11
Content 7.09 70.74 22.17
Pt/Mo,O,;  Binding energy 231 go 232.80 233.23
Content 3.99 80.01 16.00
Pt/Mo4O,-Cv  Binding energy 559 93 233.00 233.39
Content 1.47 44.94 53.59

In the mechanical mixing of Pt-black and Mua: support, M@O;; would occur
comproportionation (M8 + Mo — 2Mao™). The content of Mo(IV) specie in
Pt/Mo,O,; catalyst (3.99%) was decreased compare tgQviosupport (7.09%). In
theory, Md* and Md® should be equal to the amount of reduction in shee
comproportionation. But M8 (6.17%) decreased much more than that of“Mo
(3.1%), which proves that a strong interaction lestmvPt and Mg,;. Comparison of
Fig. 3A suggested that the binding energy of FbAPt/Ma,01; depends on the blue
shifts (71.52eV). This phenomenon shows that thdabon state of Pt increases in
Pt/Mo,O,; catalyst. That is to say, the electronic of P wélocalize to MgOs; to
reduce M&® (Mo™ + e — Mo™). This strong interaction between Pt and.,®g

leads to the unequal reduction of Mand Md®, naturally.

Table S2 Comparison of the electrochemical activities of\et/O,;, Pt-black and

Pt/C.
sample I+ potential ¢ currer;t I, potential Iy currer11t 1/
V) (MAIhg 'py) ) (MAhg 5y
Pt-black 0.93 356.10 0.81 380.43 0.94

Pt/C 0.90 823.65 0.72 1019.81 0.81




Pt/ M04O11 0.87 722.20 0.77 598.29 1.21
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