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ABSTRACT:The methanol oxidation reaction (MOR) is the

limiting factor in direct methanol fuel cells (DMFC). There is an
urgent need to improve the catalytic activity and stability of MORQOCU
catalysts. This study reports a highly active PtRu catalyst for MO
based on a hybrid multifunctional catalyst support consistingof a~ =
conformal amorphous hydrogenated, $i@ll wrapped around the
oxygenated N-doped carbon nanotube core, denoted as PRu/TiO
ONCNT-400. Both the Ti@shell and the subsequent PtRu \\
nanoparticles are deposited by a rapid microwave-assisted sypthe
processes. The hydrogenated, St@ll is found to exhibit a strong
interaction with the deposited PtRu catalyst nanoparticles and ="
e ectively prevent them from agglomeration during the post-°
deposition thermal annealing to form more active crystalline PtRu

alloy catalysts. In addition, the defective hydrogenatedh€iDenhances the PtRu catalyst activity by the synergittcoé

partial charge transfer from Jit@ PtRu and high oxophilicity, which improves the kinetics of oxidation of poisonous CO
intermediate to COThe mass activity for MOR and long-cycling stability of the PtRR@TIONT-400 catalyst surpass the two
benchmark commercial PtRu/C catalysts from Johnson Matthey (JM) and Tanaka KiKinzoku (TKK), respectively. The resu
demonstrate that PtRU/TY®NCNT-400 can serve as anaent catalyst for MOR in DMFC.

KEYWORDS:hydrogenated Tj@iltrathin shell, microwave synthesis, PtRu nanoparticles, methanol oxidation reaction (MOR),
CO oxidation, strong mesabpport interaction (SMSI)
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1. INTRODUCTION date, PtRu nanoparticles (NPs) on nanoscale carbon supports,
, PtRU/C, is the state-of-the-art MOR catalyst in acidic
dium owing to its excellent mass actideuertheless, the
Issolution of PtRu NPs due to carbon corrosion during fuel
ell operations, particularbt the start-up/shut-down
rocessésstill limits the durability of PtRu/C catalysts in
MFCs. There is a strong demand for the design and
development of highly active electrocatalyst and catalyst
Zupports which can impart a strong metadport interaction

The ever-increasing demand for replacing fossil fuels Has
stimulated the investigation of renewable energy conversi
devices such as fuel ceffsDirect Methanol Fuel Cells
(DMFCs), a type of proton exchange membrane fuel celi
(PEMFC), have attracted considerable attention owing to t
low cost, high energy density (6.08 kWh/kg for liquid
methanol), and ease in handling methanol*fisdsever,
sluggish kinetics of the methanol oxidation reaction (MOR MSIJ2! to improve the catalyst stabilit
and severe methanol crossover limit the power density al . pré y Y

conversion eciency that can be obtained, which hinders the arious graphitic nanocarbon supports such as carbon

T Sue . > " “hanotubes (CNTs)? carbon nanders (CNFs), and
cqmmermah;auon of DMFCs. At present, pIatmum (P is th%raphene were studied to reduce carbon corrosion in PEMFCs
primary choice of electrocatalyst for catalyzing MOR.

However, the strong adséopt of methanol oxidation owing to their intrinsic high chemical stability and outstanding

H w1315
intermediates such as carbon monoxide (CO) on Pt Surfagéectromc conductivity: Among these, several reports

causes poisoning of the Pt catalysts and impedes th& MOR: -
General strategies to overcome this issue is to incorpordtgceived: November 5, 2021
other precious platinum group metals (PGMs) or transitiorf:ccepted: December 28, 2021
metals (TMs) to form binary alloys, such as PtRu, PtPd, PtCu,

PtRh, PtCo, and PtMayhich can provide abundant hydroxyl

species and exhibit electronic ligaedts on Pt to eciently

oxidize CO to CQ thus improving the MOR kinetics. To
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demonstrate that nitrogen (N) doping in graphitic carbonwhen hydrogen-treated Ti@anotube was used as the catalyst
supports not only enhances the stability but also increases #upport for PEMFCs, owing to the SMSI and enhanced
activity of PGM NPs toward MOR due to the SMSI providedelectronic conductivit§f.To the best of our knowledge, there
at the doped graphitic edges of the suppdftRecently, our  is no report so far on studying theea@ of the defective
group reported the enhanced MOR activity and stability of Riydrogenated TiCfor MOR in DMFC applications.
and PtRu NPs deposited on N-doped vertically aligned carbonAnother approach to mitigating the low electronic
nano bers (N-VACNFs) owing to the SMSI provided by the conductivity of TiQis to make it as a hybrid structure with
graphitic edge and N-dopirig\e revealed that the electron highly conductive carbon materials. The morphology of the
transfer between PGM catalysts and the N-VACNF suppottietal oxide in the hybrid support has a signi eect on the
promotes the binding of Okbver CO on the Pt surface, electrochemical performance of catalysisid the various
which accelerated the oxidation of CO tg. @0addition, the  morphologies (such as NPs, nanotubes, nanoarrays), of TiO
oxygenated functional groups present on the N-VACNFs magigat have been studied as the catalyst supports, ultragin-
the carbon surface more oxophilic, which assistetheCO  or nanocoating on carbon supports attracted special attention
oxidation at the neighboring Pt sit€S.Hence, graphitic  due to the SMSI and maxim&®H groups that it can provide
carbon supports with synergistic enhancement by N-dopiRg the PGM NPs. In addition, they can provide a continuous
and oxygenation are potential candidates for MOR co-catalyglgctron conductive network, mimic the high surface area of
and catalyst supports. _ underlying carbon support for better NP dispersion while
In other circumstances, metal oxides such asQeQ, e ectively protecting the underlying carbon from corro-
RuQ, and TiQ were studied as co-catalysts, non-carboRjonl®3t ntil today, only a few vacuum-based and/or
catalyst supports, and hybrid catalyst supports to enhance H??ergy—intensive methods have been reported fothii©
catalytic activity and stability of Pt-based electrocatalysts singg, synthesis/deposition, such as atomic layer deposition

the metal oxides caneetivel;l/ hinder carbon corrosion in (ALD),%° chemical vapor deposition (CVB)and hydro-
PEMFCs, including DMFCY! Among them, Ti@is the  thermal/solvothermal methddd® Microwave-assisted syn-

most promising candidate due to its low COSt, SUPeriQhegis has attracted a lot of attention due to its low cost, facile,
corrosion resistance in fuel cell operation conditions, a

. ! . c . id, and scalable nattiten addition, since carbon materials
strong interaction with PGM NPs. TJiGerves multiple P

. . : ! ._have a higher microwave absorptivity than the solvent (as
functions, including preventing the PGM NP agglomeration, o a4 in its high dielectric tangent loss value<Xéeic
during high-temperature annealing and providing abundagl iiny by microwave irradiation can be used to enable
hydroxyl species to accelerate CO oxidation 6 For

example, Huang et al. showed enhanced power density %ﬁferentlal Ti@ nucleation and thinlm growth on the

o . . : . bon support, unlike the presence of large bulk reaction in
stability of Pt electrocatalysts using corrosion-resistaasTiO conventional synthesis metttfadanthiram et al. and Vigil
the support based on SM3However, the wide bandgap (3.2

eV) makes the pristine Ti@n intrinsically poor electronic et al. re'ported Tipthin Im deposmon from solution on
conductor (with a conductivity in the order of cm)?2’ conductive ITO substrate using the microwave-assisted

To increase the electronic conductivity, loroi et al. reporte ethod at a relatively low Fempergturém%gfsn compared
the synthesis of substoichiometric Magneli phasg Ti 0 those used in conventional T&ynthesis.™ However,

(Ti O, ;) by reducing TiQ in a hydrogen atmosphere at deposition of Ti@as_ thin—.lms or coreshell structures on
1050°C and using it as a Pt catalyst support for PERIFCs. carbon supports using microwaves has not been explored for

The Ti,0, phase exhibits an increased electronic conductivi§€V€!0Ping MOR electrocatalysts. . o
to the order of 10 S/cm?%2° Several other researchers 'ierein, we report the microwave-assisted deposition of a

reported that doping metal or nonmetal atoms intg TiO cqnformal ultrathin Ti© Im (or shell) on oxygen function-
lattice can increase the electronic conducfivitHowever,  @lized N-doped carbon nanotubes (ONCNT), to form a core
the above-mentioned strategies involve thermal treatment !l hybrid support for PtRu alloy NPs to enhance the MOR
metal oxides at high temperatures (>P@)0which cause activity and stability. The PtRu NP; were also dep05|_ted on
particle agglomeration and decrease the speciace area 11O2/ONCNT support by the rapid microwave-assisted
(SSA). This limits its ability to support welI-disperseosyntheS'S followed by a .post—deposmon thermal annealing
electrocatalysts. Recent studies show that defect engineeRFFeSS at 40 in a reducing atmosphere (3%9M% Ar).

in TiO, lattice, without phase change, by inducing oxygef'ystalline PtRu alloy NPs anchored on the defective
vacancies with thermal annealing, TaD relatively lower hydrogenated ultrathin TiGshell, named as PtRu/HIO
temperature (300 to 500°C) in hydrogen atmosphere, has ONCNT-400, have been obtained. The as-prepared PtRu/
the potential in improving the electronic conductivity of TiO TIO/JONCNT-400 catalyst exhibited enhanced CO oxidation
as the delocalized electrons near the oxygen vacancies calfifgtics, superior MOR activity, and excellent stability when
excited easily to the conduction b4ridFor example, the compared to two types of benchmark commercial PtRu/C
black TiQ anatase nanocrystals (otherwise called hydrgatalysts from Johnson Matthey (JM) and Tanaka KiKinzoku
genated Ti¢) synthesized by Chen et al. have attracted a lofTKK), respectively. We illustrate that this is attributed to the
of attention due to enhanced solar light absorption foBMSI, continuous electron conductive network, and the
photocatalysis provided by the oxygen vacancies ®and Tincreased hydroxyl groups provided by the ultrathin defective
lattices in the disordered black Ji@yers**%*" Followed  hydrogenated Ti{xoating on the ONCNT. The systematical

by that, Myung et al. reported the synthesis of blagk TiOmaterial and electrochemical characterizations reveal that the
anatase nanocrystals (bandgap of aldo8teV) for ultrafast SMSI between the PGM catalyst and, T@ating is critical in

Li* insertion into and extraction from the anatase fo&X, reducing the CO poisoning on Pt sites by enhancing the CO
making it a unique high-rate electrode for Li-ion batteries. oxidation kinetics via stronger O&tisorption and abundant
Zhang et al. showed improved activity and stability of Pt NPSOH groups on the underlying Ti6urface. Such multifunc-
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tional hybrid MOR catalysts can be synthesized in a scalabfeditions as mentioned above with appropriate precursors but
process for future DMFCs. skipping some speciintermediate steps.
2.3. Material Characterization. The structure of the catalysts
was characterized using three transmission electron microscopes

2. EXPERIMENTAL SECTION (TEM) at di erent stages of the project, including a Tecnai Osiris

2.1. Chemicals and Materials.The potassium hexachloroplati- Scanning/Transmission Electron Microscope (S/TEM, FEI, Hills-
nate (KPtCL), ruthenium chloride (RugtH,O), and Naon boro, OR) at a 200 kV acceleration voltage, a Hitachi H-8100 TEM
solution (5 wt % in lower aliphatic alcohols) were purchased frorftiitachi, Krefeld, Germany) at a 200 kV acceleration voltage and a
Sigma-Aldrich (St. Louis, MO). The titanium tetraisopropoxide”hilips CM 100 TEM at a 100 kV acceleration voltage. The crystal
(TTIP), ethylene glycol (EG), sulfuric acid,®@)), nitric acid structure of the catalysts was examined using Bruker AXS D8 Advance

(HNO3), pure ethanol 200 proof, and methanol (ACS grade) werdiscover Diractometer (Bruker Corporation, Karlsruhe, Germany)
purchased from Fisher ScienHampton, NH). Ultrapure water with a Cu K radiation of wavelength 0.15418 nm and a detector slit
(182 M .cm at 25°C) puri ed from a Millipore water system width of 1 mm. XRD reference spectra are used from Joint
(EASYPURE I, Thermo Scienti Waltham, MA) was used to Committee on Powder Dction Standards (JCPDS). The
prepare all aqueous solutions for the experiments. The commer&GgPosition of the catalysts was determined using a Thermogravi-
PY/C catalyst (20 wt % Pt on carbon, HISPEC 3000) and PtRu/CMelric Analyzer (TGA) QS0 system (TA Instrumenaters LLC,
catalyst (48.0 wt % Pt and 23.1 wt % Ru on carbon, HISPEC 1210pfW Castle, DC) from the room temperature to* an air

by Johnson Matthey (JM) were purchased from Alfa Aesdt mosphe_re. Th(_e surface chemical composition of the catalysts was
(Tewksbury, MA) as the benchmark reference. Another benchma‘fpar"’mter'zeOI using a PHI 5000 Versa XPS system (Chanhassen, MN)
commercial PtRu/C catalyst (TEC 66E32.8 wt % Pt and 16.9 wt with a monochromatized Al Ksource (1486.7 eV). All the XPS

o . tra were obtained using a 480spot size. Shirley background
% Ru on carbon) was purchased from Tanaka Kikinzoku InternationalC . . - oF
(America) Inc. (Schaumburg, IL), referred as TKK. was used in the curviting. The binding energy (B.E.) of all XPS

2.2. Material Synthesis.2.2.1. Preparation of NCNT&.doped data was calibrated vs the standdr@ §s peak at 284.60 eV.

. - . 2.4. Electrochemical MeasurementsAll the half-cell electro-
CNTs (NCNTs) were synthesized from the pristine CNTs (Obta'nedchemical experiments were performed in a standard three-electrode

from _Zhongshan CNM. Plastic .CQ" Ltd., Zhongshan,_ C_hlna) b)éetup using a CHI 760D electrochemical workstation (CH Instru-
chemical vapor deposition of pyridine on the cleaned pristine CNTrchents, Austin, TX) at room temperature. A sibiter chloride

Brie y, CNT was placed into a quartz _tube and heated from rOOH@Ag/AgCI in 1.0 M KCI) reference electrode and a coiled Pt counter
temperature to 76W at a rate O_f 16C/min under N atmosphere. electrode (0.55 mm in diameter and 23 cm in length) were used. The
Pyridine solution was charged into the quartz tube at 2 mL/h for 4 B inq electrode was prepared by drop-casting the catalyst ink onto
After that, the furnace was cooled down stNosphere and NCNT 5 4555y carbon electrode (GCE) encased in a PEEK rod. Before drop-
was obtained. casting the catalyst ink, the GCE was polished usingn®05mina

2.2.2. Preparation of TYIDNCNT.The NCNT was rst slurry. The catalyst ink was prepared by dispersing the required
oxygenated by treating 1.0 g of NCNT in an aqueous mixture Qfmount of catalyst powder in 1.0 mL of mixture of ethanol and

2.0 M HSQ, and 4.0 M HN@ at 120°C for 12 h under constant  irapyre water (at 3:1 volume ratio) with addition of thel.36f
stirring. The obtained oxygenated NCNT (ONCNT) was washedya on solution (5 wt % in lower aliphatic alcohols). The loading of
with ultrapure water until the pH reached Tiéed, and dried at 80 the platinum group metal (PGM, speaily Pt and Ru in this study)
°Cin avacuum oven. Then, 10.0 mg of ONCNT was dispersed in 6yfas maintained at 5¢/cnt for all catalysts in the half-cell studies.
mL of ethanol by ultrasonication for 30 min. Further, 10.0 mg oBefore studying the MOR catalytic activity, the catalyst-coated
TTIP was added to this dispersion and sonicated in a water batflectrodes were subjected to activation by cyclic voltammetry (CV) in
After 30 min sonication, this mixture was transferred to a 10 mL Pyregye potential range 0f0.2 to 0.8 V vs Ag/AgCI (1.0 M KCI) at a
glass microwave vessel and put into DiscoverSP microwaggeep rate of 100 mV/s for 50 cycles in Ar-purged 0.565® H
synthesizer (CEM Corporation., Matthews, NC). A microwaves|ectrolyte. The MOR experiments were performed by recording CV
iradiation was applied in the dynamic mode with the power up tfh the potential range 0.2 to 0.8 V vs Ag/AgCl (1.0 M KCI) at a
300 W to maintain a reaction temperature ofCH0r 5 min. The scan rate of 50 mV/s for 500 cycles in Ar-purged 0.59@H
reaction pressure rose th9 bar during the process. After reaction, solution containing 0.75 M methanol. The CV curves of the 100
the naturally cooled product mixture was wash@dides using  cycle was chosen to compare the MOR activity of various catalysts in
ethanol to remove the unreacted precursors. The solid materials weie paper unless otherwise speciFor direct comparison of the
collected by centrifugation and dried at@@n a vacuum oven to  potentials with literature, the measured electrode potential vs the Ag/
obtain the Ti@-coated ONCNTS, referred as JIGNCNT. AgCIl (1.0 M KCI) reference electrode is converted to the value vs the
2.2.3. Preparation of PtRu/5BIONCNT-400To deposit PtRu reversible hydrogen electrode (RHE) using the following equation:
catalysts, 12.5 mg of#Cl, 5.1 mg of RugkH-,0, and 16.0 mg of
TiO,/JONCNT were dispersed in 20 mL of mixture of ethylene glycol  Eusrre)= Ewsagiagaiit E(agiagei vs sty 0-0591
and water (at 4:1 volume ratio) by ultrasonication for 1 h. The - E + 0222V 1
solution was then transferred to 35 mL Pyrex glass microwave vessel. ~  (“SAd/AICHT = @

The weight ratio of Pt and Ru is maintained at 2:1 in the PrecursOfgherek . ayaqcyis the measured potential vs the Ag/AgCl (1.0 M
Ethylene glycol serves as a reducing agent and solvent in this reacmm reference electrodBagagci vs siey= 0.222 V is the Ag/AgCl

The mixture was irradiated with a 300 W microwave under thg1 0 M KCI) reference electrode potential vs SHE, and pH = 0 for
dynamic mode to maintain a reaction temperature 6C1fad 20 0.50 M HSQ,.

min in DiscoverSP microwave synthesizer to deposit Pt and Ru NPsThe CO stripping voltammetry experiments were performed in
onto TiO,/ONCNT. The reaction pressure rose ®bar during this  0.50 M HSQ, to evaluate the catalyst activity toward CO oxidation
process. The cooled product mixture was washed several times usifig to determine the active electrochemical surface area (ECSA) of
acetone to remove residual ethylene glycol. The solid materials wgie catalyst. In CO stripping experiments, the electrolytesivas
collected by centrifugation and then dried 8€8@ a vacuum oven  purged with Ar gas to remove any dissolved oxygen species in the
to obtain PtRuU/TIQONCNT. The dried catalyst material was electrolyte. Then, a pure CO gas was used to purge the electrolyte for
annealed in a tube furnace at 400for 2 h in 3% H97% Ar 10 min while the potential of the working electrode was held at 0.10 V
atmosphere at a ramp rate of°@dmin, to form crystalline PtRu  vs RHE. After 10 min, the purging gas was switched back to pure Ar
alloyed NPs and defective hydrogenategsri€ll on the ONCNT. to purge for 30 min to remove the dissolved CO gas from the
The as-prepared catalyst is named as PtRIONGNT-400. electrolyte, while the potential of the working electrode was still held
Synthesis of control samples was carried out using the same reac#inf.10 V vs RHE which retained the adsorbed CO monolayer on the

C https://doi.org/10.1021/acsanm.1c03742
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Scheme 1. Synthesis Process for PtRUA@NCNT-400

N-doped CNT Oxygenated NCNT

TiO,/ONCNT PtRu/TiO,/ONCNT PtRu/TiO,/ONCNT-400
(NCNT) (ONCNT) o/ Mo, T

400 °C

Strong acid Microwave TiO,

treatment deposition 3% H,/97% Ar
Oxygen containing Ultra-thin amorphous - TiO, nanocrystals embedded " By TR ' PtRu alloy NP
functional groups TiO, shell in hydrogenated TiO, shell t/Ru tRu alloy

Figure 1.(a) TEM image of TIGONCNT. (b) TEM image of PtRu/TIQONCNT-400. (c) High-resolution TEM (HRTEM) image of the
rectangular portion of panel (b) with the lattice fringes corresponding to C(002), angtt®®) Téadd PtRu(111). (d) HAADF-STEM image
and (e j) STEM-EDX elemental mapping of C, Ti, O, Pt, Ru, and N in PtRIONCNT-400. The scale bar in the (@l is 100 nm.

Pt surface. Subsequently, the CO monolayer on the Pt surface wagnples are carefully characterized to reveal the structure and

stripped o with a linear anodic sweep at 10 mV/s from 0.10 to 1.22%)r0perties_ The key features obtained at each step are
V vs RHE. A few CV cycles were taken following CO stripping t?lighlighted.

evaluate the baseline of the electrode. ;
The ECSA of Ptin the catalysts was determined using the fOHOWi'Eﬁe&Sll.J gf)zrrit)izgl?r?% r(')r;ﬁ%(r%?)tilgcs)\t;sb%;ar'IE(;\\//l\}Fr!r?;g;le]'aStigL
tion: : -
equation TEM images of the as-prepared PtRU/T®CNT-400 and
ECSA= Q. two benchmark commercial PtRu/C catalysts (JM and TKK).
- QY x My @) The catalyst support used in this study, i.e., NCNT, has a long

ber-like structure with the diameter ranging fro@@m
where Q( Cl/cn) is the charge associated with the integrated areand the length ranging from Z m. This is drastically
of CO oxidation peak),, = 420 C/cm?is the charge required to  di erent from the amorphous carbon support36f 50 nm
oxidize a monolayer of CO adsorbed onlo€mat Pt surface, and  diameter spherical NPs in the two state-of-the-art commercial
me, (gedcm?) is the mass loading of Pt on the working electrodeptRry/C catalysts.
surface. In addition, the NCNT catalyst support shows a character-
istic bamboo-like graphitic internal structure which consists of
3. RESULTS AND DISCUSSION stacks of conical graphitic layers along like axis. This
The process to synthesize the PtRufO®ICNT-400 unique structure presents abundant electrochemically active
catalyst is illustrated ficheme land is detailed in the graphitic edge sites at the sidewall which are expected to have
Experimental Sectiofihe nal catalyst as well as the control stronger interaction with metal oxides and PGM NPs. More

D https://doi.org/10.1021/acsanm.1c03742
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Figure 2 XRD patterns (a) in the full 2ange of 20to 9C¢° and (b) in the narrower Zange of 30to 5C of TiO, anatase (JCPBR1 1272),
graphite reference (JCRDIS 1621), Pt reference (JCRE®B! 0802), and Ru reference (JCROX¥ 0663) compared with Pt/C JM, PtRu/
C JM, PtRu/C TKK, PtRU/TIONCNT-400, and PtRu/ONCNT-400.

details of the internal conically stacked graphitic structure biPs in PtRu/TiQ/ONCNT-400 is clearly illustrated in the
the NCNT are illustrated with the high-macgtion TEM high-resolution TEM image fingure t. The lattice fringes
image irFigure S28As NCNTSs are hydrophobic, they tend to match that for anatase Bi(201), PtRu (111) and C (002),
aggregate and are not easy to form a stable well-dispersespectively. It corms that the crystalline PtRu catalyst NPs
solution. This was improved by treating it with strong acids tare anchored on the surface of a,T8@ell consisting of
incorporate oxygenated functional groups at the graphitamatase Tignanocrystals (about 5 to 8 nm in dia.) embedded
edges along the sidewall. The resulting hydrophilic ONCNin a continuous amorphous Ji0Om. The yellow arrows
(Figure S2benabled uniform dispersion in aqueous solutionsighlight the region where the PtRu NPs are in direct contact
for subsequent reactions. After microwave-assisted depositigith the crystalline TiOsupport. The HAADF-STEM
an ultrathin conformal Ti&hell was formed on the ONCNT elemental mapping of PtRu/LIONCNT-400 (shown in
core, making it a TYLIDNCNT hybrid material as shown by Figures d j) further conrms the presence and uniform
the TEM image ifrigure &. As will be discussed later, the as-distribution of C, Ti, O, Pt, Ru, and N elements. It is to be
deposited Ti@ shell is a disordered amorphous materialnoted that the diameter of the ONCNT is increased in Ti and
Thus, the TEM contrast between J&bd ONCNT was quite O mapping (se€igure 1,g) when compared to C mapping
low and inadequate to clearly reveal the interface. HowevéFjgure &), depicting the formation of Ti®Ghell around the
after thermal annealing the as-producedMINT at 400 ONCNT. This further reveals that the average thickness of the
°C for 2 h in 3% H97% Ar atmosphere, denoted as,liO TiO, shell is 5 nm. Comparing-igures d j with the
ONCNT-400, the contrast was improved, and a clear coreHAADF-STEM elemental mapping of J@NCNT (before
shell structure can be observed by TENpinre S2avith the PtRu deposition) ifrigures S4a, the microwave-assisted
TiO, shell thickness about 5 nm. PtRu deposition and subsequent thermal annealing process did
The TiO, shell was found to eiently improve the not change the morphology and distribution of C, Ti, O, and
nucleation and anchoring of Pt or PtRu NPs in the subsequeNtin the TiO/ONCNT support.
microwave process for PGM catalyst deposition. As shown irAdditional TEM images and NP size distribution histograms
Figure b, uniform and well-separated PtRu NPs are retaineaf Pt and PtRu catalysts deposited on three types of supports,
on the surface of THDNCNT support after post-PGM- including ONCNT, TiQGFONCNT, and TiG/ONCNT-400,
deposition thermal annealing at 200or 2 h in 3% H97% are shown ifrigures S5 and Senoted as Pt/ONCNT, Pt/
Ar atmosphere, denoted as PtRubf@DICNT-400. The TiO,/ONCNT, Pt/TiO,/ONCNT-400, PtRUu/ONCNT,
average particle size was found to ke @.8 nm as shown in  PtRuU/TiO,/JONCNT, and PtRu/TiG/ONCNT-400. The
the histogram iRigure S3This is in the right range for highly particle size distribution of these samples is quite similar,
active PGM catalysts. The nature of the $i@ll and PtRu  with the average size 08.2 to 3.8 nm. In contrast, the
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average size of PGM NPs increases tv 4.8 nm in Pt/ Ru in the PtRu alloy in PtRu/T'%ﬂDNCNT-400 can be
ONCNT-400 figure Shaand 5.4+ 1.4 nm in PtRu/  calculated as 1.6:1 using Vegaas.>>° as described in the
ONCNT-400 Figure S7) respectively, which do not have S| le. The average crystallite size of PtRu alloy NPs is
the TiO, coating. Clearly, the TjGhell helps to prevent PtRu estimated to be 3.2 nm in PtRu/HONCNT-400 and 5.6
agglomeration during thermal annealing, presumabllly due no in PtRu/ONCNTs-400 using the Scheésrarmula:
stronger PGM-Ti@interaction as reported in literattife"*® oy

3.2. Composition of the Catalysts by TGA.TGA D= K/ cos )

analyses of PtRU/TYNCNT-400 and its corresponding \yhereD is the crystallite sizéjs the shape factor (0.89)is
control samples were carried out in air atmosphere tghe X-ray source wavelength (1.5418 A for Gadation),
determine the weight percentage (wt %) of each element g the full width at half-maximum of therafition peak (in
compound present in the catalyst, as shofigine S8an radians), and is the half of the 2angle of the draction
the temperature range of 440 to 680the control carbon  peak. The resulting values are close to the average particle size
support ONCNT-400, i.e., ONCNTs annealed at®@h  measured with TEM, which further reveals thatcEigting is
3% H/97% Ar, is almost burnt out, leaving o6 graphitic  critical in conning PtRu NPs on the surface and preventing
residue. In the TGA measurements, Ru atoms in the NPs affsir agglomeration during the thermal annealing.
oxidized into RuQwith x = 1.20) in the range of 400 to 625  Figure S9tshows that Pt(220) diactions also shift to
°C leading to increase of the weight1d9% as showninthe higher 2 angles after forming PtRu alloy in the annealed
control Ru NPs (purple curvefofjure SgaThe weight of Pt samples and the two PtRu/C commercial catalysts. In contrast,
and TiG, control samples remain nearly constant in the wholthe XRD patterns of the bare supports, including/ TiO
temperature range from room temperature t6@00n the ONCNT and TiQ/ONCNT-400 (seeFigure S9¢only show
basis of these observations and reaction stoichiometry, thegmtlear C(002) peak and a very weak C(101) peak. It is to be
% of each component can be derived. Detailed explanatiaited that the draction peaks for anatase Ji@re not
and calculations of TGA are given inShee. The wt % of  observed [when compared to Ji@natase (JCPDS: 21
Pt, Ru, TiQ, and ONCNT in the PtRu/TigONCNT-400 1272) reference spectra] in any of the,Ti@ated ONCNT
catalyst is found to be 25.5%, 10.2%, 20.4%, and 43.994mples, which could be due to the dominance of the defective
respectively. The total PGM wt % is 35.7%. disordered nature of the Ti€pating. Only a small amount of
The TGA curves of commercial PtRu/C catalysts from JMijO, anatase nanocrystals are embedded in the amorphous
and TKK are compared with our PtRu/JI@NCNT-400 shell as shown in the HRTEM image Fiyure €.
catalyst irFigure S8bWhile all curves show decrease in theFurthermore, the XRD patterns of Pt/ONCNT, Ru/
weight in a well-deed step function due to burning o  ONCNT, and PtRu/ONCNT inFigure S9aeveal that Pt
carbon supports, the starting and ending temperatures of aiid Ru form separate nanocrystals matching the standard
PtRU/TiO,/ONCNT-400 catalyst are more than 100 reference spectra of Pt (JCPDS:(892) and Ru (JCPDS:
higher than those of the two commercial catalysts. Thes 0663). XRD results provide further evidence that thermal
graphitic NCNT support is indeed more stable than theannealing is essential for forming crystalline PtRu alloy NPs
amorphous carbon supports in the commercial catalysts. Tit are required for high catalytic activities, while the TiO
wt % in the stabilized region above ®D@re 78.9% for the coating on the carbon support, though in a disordered form, is
PtRu/C JM and 55.6% for the PtRu/C TKK. By applying thee ective in anchoring the PGM NPs during thermal annealing
above TGA analysis method to the commercial PtRu/Go prevent agglomeration.
catalysts, the derived PtRu wt % are 73.2% (JM) and 50.6%3.4. Chemical Analyses of the Catalysts by XPS.he
(TKK), which are within 1 to 2% from the vendor spea strong PGM-TiQ interaction and the surface chemical
values of 71.1% (JM) and 49.7% (TKK) (see details #i the composition of all catalysts were investigated by-)XB&:
le). This validates the reliability of TGA in determining theS11shows the XPS survey spectra of the catalysts. The at% of
wt % of individual components in the catalyst and support. each element calculated from the survey spectra are
3.3. Crystal Structure of the Catalysts by XRDThe as- summarized ifmable S1The surface atomic nitrogen content
deposited PtRu catalysts by the microwave process were foiMICNT and ONCNT was found to beé at% and 10 at%,
to be disordered. Thermal annealing af@0d6 3% H/97% respectively, which cems the high nitrogen-doping in the
Ar was applied to convert them into crystalline PtRu alloygristine NCNT and oxygenated NCNT (ONCNT). The
XRD analysis was carried out to understand the crystalirface oxygen content in ONCNT (16 at%) was slightly
structure of the catalysts as showridares ZandSQ The higher than in the pristine NCNT (15 at%).
di raction peaks of the PtRU/T#ONCNT-400 at 2 angles The high-resolution spectra of C 1s, N 1s, and O 1s were
of 26.2, 40.3, 44.2, 46.72, 68.4, and 82.8are indexed as  rst collected from NCNT and ONCNT to investigate the
C(002), Pt(111), Ru(101), Pt(200), Pt(220), and Pt(311), surface chemical environment changes before and after strong
respectively. In expanded plotSigure B, the Pt(111) peak acid treatment. The C 1s of NCNT and ONCNT were
of thermal annealed PtRu catalysts, i.e., PtRU/ONCNT-40fleconvoluted into six components with binding energies (BES)
and PtRu/TIQ/ONCNT-400 shifts slightly to higher 2  of 284.60, 285.12, 286.20, 287.35, 289.03, and 291.10 eV, as
angles compared to Z 39.78 in PtRu/TiO/ONCNT shown inFigure S12dt is dominated by the spybridized
(before annealing, segure S1)0and Pt reference spectrum carbon atoms at 284.60 eV with a much smaller conteht of sp
(JCPDS: 040802)*" A similar peak shift is observed in both hybridized carbon atoms in the NCNT plafAg&The peaks
JM and TKK commercial PtRu/C catalysts compared to Pt/Gat 285.12, 286.20, 287.35, 289.03, and 291.10 eV correspond
from JM. The shift to higher 2ngles reveals the successfulto sp hybridized C atoms, ®/C N,C O,andOC O
incorporation of Ru atoms into the Pt lattice to form abonds and * of the shakeup satellite peak fromGsp’
crystalline PtRu alloy with a contracted lattice since the atomiespectively. (N bond at 285.12 eV further validates the
radius of Ru is smaller tharPEhe atomic fraction of Pt and  nitrogen doping in NCNT. Similarly, the O 1s of NCNT and

F https://doi.org/10.1021/acsanm.1c03742
ACS Appl. Nano MatexXXX, XXX, XXX¥XXX


https://pubs.acs.org/doi/suppl/10.1021/acsanm.1c03742/suppl_file/an1c03742_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.1c03742/suppl_file/an1c03742_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.1c03742/suppl_file/an1c03742_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.1c03742/suppl_file/an1c03742_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.1c03742/suppl_file/an1c03742_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.1c03742/suppl_file/an1c03742_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.1c03742/suppl_file/an1c03742_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.1c03742/suppl_file/an1c03742_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.1c03742/suppl_file/an1c03742_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.1c03742/suppl_file/an1c03742_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.1c03742/suppl_file/an1c03742_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.1c03742/suppl_file/an1c03742_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.1c03742/suppl_file/an1c03742_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.1c03742/suppl_file/an1c03742_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.1c03742/suppl_file/an1c03742_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.1c03742/suppl_file/an1c03742_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.1c03742/suppl_file/an1c03742_si_001.pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.1c03742?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Nano Materials WWw.acsanm.org

Figure 3.XPS analysis of (a) Ti 2p spectra of commercialnEi powder, TIQONCNT-400, and PtRu/TiQONCNT-400; (b) Pt 4f
spectra of commercial PtRu/C JM, PtRuU/ONCNT-400, and PtRONINT-400; and (c) Ru 3p spectra of commercial PtRu/C JM, PtRu/
ONCNT-400, and PtRu/Ti@QONCNT-400. The legends in each panel apply to all three curves in that panel.

ONCNT were deconvoluted into three components with BE2p, Pt 4f, and Ru 3p peaks of PtRUATINCNT-400 with
of 531.23, 532.10, and 533.57 eV corresponding to carboxyliose of PtRu/ONCNT-400 and other control samples
O C O group, CO group, and hydroxyl ©H bonds* including TiQ/ONCNT-400, commercial TiQ anatase
respectively, as showirigure S12iThe N 1s of NCNT and  nanopowder and PtRu/C JM catalyst, as shoWigime 3
ONCNT were deconvoluted intge components with BEs of The BE and relative at% of each deconvoluted peak are shown
398.57, 400.00, 401.20, 403.32, and 405.19 eV, whighTable S3Figure @& shows that the *ficontent in PtRu/
correspond to pyridinic N, pyrrolic N, graphitic N, pyridinic-TiO,/ONCNT-400 further increases t@7.0 at% from 16.7
N-oxide and CO N,>**° respectively, as shownFiigure  at% in TIQ/ONCNT-400. In addition, the BE of 2ppeak
S12cTable Ssummarizes and compares the relative at% aff Ti** in PtRu/TiOJONCNT-400 shifts up to 458.92 eV
each component of deconvoluted peaks in C 1s, O 1s, andddmpared to that in TYB'DNCNTs-400 (458.50 eV) and
1s of NCNT and ONCNT. With strong acid functionalization,commercial TiQanatase nanopowder (458.32 eV), suggesting
some shpcarbon has converted to @, C O, and O C a lower electron density at'Tsites likely due to electron
O, showing an increase in the relative at% of carbonyl at@dnsfer from Tt to PtRu in PtRu/TIiZONCNT-400
carboxyl groups in ONCNT when compared to NCNT. catalyst. It is to be noted that the Ti 2p doublets*fafid
Similarly, some of the @ O was transformed to © Ti%* states in PtRu/TI@ONCNT-400 partially overlap with
( 7.2 at%) and OH ( 3.2 at%) groups in O 1s of ONCNT the Ru 3p, peaks (at BE of 458.92 and 458.02 eV).
when compared to the © ( 4.2 at%) and OH ( 2.2 at%) Nevertheless, they can be separated by deconvolution.
in NCNT. The increase of carboxyl and carbonyl groups at theFigure B shows that the Pt 4f spectra of PtRuiTiO
edge sites of ONCNT can promote the,ldéposition inthe  ONCNT-400, PtRu/ONCNT-400 (the control w/o TjD
subsequent procé8s>>’ and the commercial PtRu JM catalyst can all be
The chemical composition of the J#ating on ONCNT  deconvoluted into three pairs of PL4fnd Pt 4f, doublets
is illustrated in the high-resolution Ti 2p XPS spedtrglre attributed to Pt(0), Bt, and Pt states in metallic, PtO and
S13aAs a reference, the Ti 2p spectra of the commercjal Ti®Pt(OH),, and PtQ specieS: respectively. Pt (0) is the
anatase nanopowder can be deconvoluted into a pair of pedksninant species consisting 6f1% of Pt atoms, which is
at 458.23 and 463.98 eV, respectively, corresponding to thehigher than 51% in PtRu/C JM catalyst. The BE of P} of
2py, and Ti 2g,, doublet of T ions in TiQ. Whereas for  metallic Pt in PtRu/TIgONCNT-400 downshifted to 71.41
TiO,/JONCNT, another pair of peaks (about 12.2 at%) ateV from 71.47 eV in PtRuU/ONCNT-400 and 71.82 eV in the
lower BE needs to be includedttthe Ti 2p spectra, which is commercial PtRu/C JM catalyst. This trend is opposite to that
due to the T ions in TiQ. Some of the Ti was reduced of the Ti 2p peaks, indicating a higher electron density at Pt
into Ti¥* during the microwave-assisted deposition. Isf TiO atomic sites in PtRu/TUDONCNT-400 due to partial
ONCNT-400, the " composition increased td6.7 at%  electron transfer from#Tito Pt. In Figure 8, the Ru 3p
(seeFigure S13bdue to H reduction during the thermal peak of PtRU/TIQONCNT-400, PtRu/ONCNT-400, and
annealing, recting the formation of defective hydrogenatedcommercial PtRu/C JM catalysts can all be deconvoluted into
TiO,>® ®° It is noteworthy that, for electrocatalysis, thetwo pairs of doublets, corresponding to Ru(0) afdliRu
defective hydrogenated %if9 benecial due to the hi%her metallic and Ruspecie8] respectively. Ru(0) comprises of
electronic conductivity than the pristine ;TaBatase>°° as high as69% of all Ru atoms in PtRu/L{ONCNT-400,
The interaction of PtRu catalyst with the,8@pport can  again higher than64% in PtRu/C JM catalyst. The BE of Ru
be derived by comparing the high-resolution XPS spectra of 3j;;, of metallic Ru in the three samples shows the similar
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Figure 4.CO stripping voltammograms of (a) commercial PtRu/C JM; (b) commercial PtRu/C TKK; (c) PtRu/ONCNT-400; and (d) PtRu/
TiO,/ONCNT-400 catalysts recorded in Ar-purged 0.508s0lution at a scan rate of 10 mV/s. () Comparisarsiohnodic scan of CO
stripping curves of PtRu/ONCNT-400 and PtRuA@CNT-400 in comparison with the commercial PtRu/C catalysts from TKK and JM. (f)
Bar plot of ECSA of dérent catalysts derived from the CO stripping measurementinglselution of Ag/AgCl reference electrode is 1.0 M
KCI.

downshift trend as Pt 4f peaks-igure B, with the lowest  oxidation onset potential increases in the order of PtRBU/TiO
value in PtRU/TIQONCNT-400 (461.32 eV) comparing to ONCNT-400 ( 0.170 V), PtRu/C TKK (0.170 V), PtRu/C
PtRU/ONCNT-400 (461.87 eV) and PtRu/C JM (462.43 eV). JM ( 0.190 V), and PtRu/ONCNT-400 0.205 V), versus
This indicates that electron transfer also occurs ffoto Ti  an Ag/AgCl (1.0 M KCI) reference electrode. The CO
Ru sites. Overall, the XPS spectfagure Jepict that there  oxidation peak potential appears in @réit increasing order
is likely a partial electron transfer froffidiies to the metallic  of PtRu/TiO/ONCNT-400 ( 0.214 V), PtRu/C IM
Pt and Ru sites, resulting in a SMSI between the PtRu NP ad0.228 V), PtRu/ONCNT-400 (0.234 V), and PtRu/C
TiO, support. This downshift in Pt 4f BE will give a strongefTKK (0.302 V), versus an Ag/AgCl (1.0 M KCI) reference
Pt-CO binding, but it has an even biggectin increasing electrode, respectively. This illustrates that the ultrathin
the OH binding on Pt which was found to accelerate thedefective hydrogenated Ji€hell in PtRu/TiFONCNT-
oxidation of CO to C®and enhance CH cleavage on Pt 400 indeed improves CO oxidation to surpass the state-of-the-
sites to improve MOR kinetiCs. art commercial PtRu/C catalysts, possibly by providing more
3.5. Assessment of CO Oxidation with Anodic CO OH species near the Pt sites. The critical role of ifiiO
Stripping. As CO is a strong intermediate which poisons thé*tRu/TiO,/ONCNT-400 can be clearly observed by the
Pt sites during MOR, it is important to investigate the anti-C@arlier CO oxidation onset potential (by 35 mV lower) relative
poisoning ability of a prepared catalyst. Linear CO strippirtg PtRu/ONCNT-400 (without Tig). In addition, the SMSI
voltammograms and the consequent CV curves are presentllusstrated by XPS, between PtRu and defective hydrogenated
Figures 4 d to evaluate the ability of CO oxidation and TiO,/ONCNT support also contributes to enhancing the
derive the ECSA of the optimal PtRU/F@NCNT-400 OH adsorption over the CO adsorption and thus lowers the
catalyst in comparison with PtRu/ONCNT-400 and theCO oxidation potentials.
commercial PtRu/C catalysts from JM and TKK. All The ECSA of the catalysts was derived from the charge
measurements were done in 0.50,805at a PGM catalyst associated with the CO oxidation peak and mass of Pt on the
loading of 54 g/cn?. All catalysts show a clear anodic electrode surfadeigure £ presents the derived ECSA values
stripping peak in thest positive scan due to electro-oxidation of the four catalysts, which are 672@gnfor PtRu/TiO/
of the pre-adsorbed CO on the Pt surface. All subsequent @NCNT-400, 37.6 fgp, for PtRU/ONCNT-400, 129.6%n
curves except the PtRu/C JM catalyst show onlyathe gy for PtRu/C JM, and 99.5%yg, for PtRu/C TKK. The
baseline comming the complete stripping of adsorbed CO.high ECSA of PtRu/C JM included an additional peak area
Figure € compares thest anodic CO stripping curve of the associated with the oxidation of Pt or Ru catalysts in the
four catalysts. subsequent CV 9 cycle as shown Figure 4. Subtracting
The CO oxidation onset potential for all catalysts ighis contribution gives a corrected ECSA of 93, rfor
determined when the oxidation current reaches 0.150 mAdtRu/C JM. The ECSA of PtRu/TJ@NCNT-400 is higher
cNnfye, and summarized iffable S4 The obtained CO  than the PtRu/ONCNT-400, depicting better PtRu NP
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Figure 5.(a) Cyclic voltammetry curves (in the 100th cycle) of PtRu/ONCNT-400 and PtR@NICNT-400 in comparison with the two
commercial PtRu/C catalyst from TKK and JM, with all PGM loadinggits#, recorded in Ar-purged 0.50 B, solution containing 0.75

M methanol at a scan rate of 50 mV/s. (b) The bar plot showing the mass activity and ECSA-normelaiVgpelarived from CVs of the
four catalysts in panel (a) and PtRu/ONCNT. (c) Pld¥/ &f ratio and (d) plot of; of the four catalysts in panel (a) versus the cycle number
recorded in Ar-purged 0.50 M3, solution containing 0.75 M methanol at a scan rate of 50 mV/dlidgheolution in Ag/AgCI reference
electrode is 1.0 M KCI.

dispersion on the TiG&hell. However, it is still lower than the are more than 300 mV higher than their PtRu counterparts.
commercial catalysts. As shownFigure S14athe CO The ECSA values of these two Pt catalysts (584 vs8 56.6
oxidation peak potential of PtRu/BMONCNT-400 (an- m?/gpy) are also very similar. This clearly illustrates the critical
nealed at 40TC) shifts by over 200 mV comparing to PtRu/  role of Ru in providing OH species at much lower potential
TiO,/JONCNT (unannealed). This reiterates the necessity ofwhich signicantly enhances the CO oxidation kinetics of
thermal annealing to improve the catalytic activity by formingtRu/TiO,//ONCNT-400.

PtRu alloy NPs and generating SMSI between PtRu gnd TiO 3.6. Assessment of the Catalytic Activity of MORThe
However, the ECSA of the PtRu/FIONCNT-400 (67.0 electrocatalytic performance in MOR was investigated by CV
m?gpy is lower than the PtRU/TUPONCNT (unannealed), in Ar-saturated 0.50 M,80, containing 0.75 M methanol
75.0 Migp, due to the slight increase in the particle sizesolution at a PGM catalyst loading of §&n?. As shown in
during alloy formation by thermal annealing in 3%97% Ar Figure @, a typical CV curve of MOR consists of two
atmosphere. The ects of nitrogen doping and oxygen irreversible oxidation peaks, one in the forward anodic scan
functionalization in enhancing the CO oxidation kinetics arand the other in the backward cathodic scan. The forward peak
shown inFigure S14bThe earlier CO oxidation onset current densitylf is attributed to the methanol oxidation on
potential for PtRU/ONCNT when compared to PtRU/NCNT the Pt surface whereas the backward peak current dgnsity (
and PtRu/OCNT illustrates the synergistic of nitrogen dopings commonly attributed to the oxidation of carbonaceous
and oxygen functionalization in improving the CO oxidatiointermediate species formed in the previous anodi® scan.
kinetics. The ECSA values of PtRuU/ONCNT (55/§s) are However, some recent literature attributes|th® the

found to be higher than PtRu/OCNT (46.%gs,) showing methanol oxidation on regenerated Pt surface by reducing
the better PtRu nanoparticle dispersion on NCNT support duBtQ, formed in the high potential region (>0.6 V vs Ag/AgClI
to nitrogen anchoring sites. The critical role of Ru is furthefl.0 M KCI) or 0.8 V vs RHE) of the previous forward scan,
illustrated irFigure S15~or the catalysts without Ru, the CO based on the fact that tHg peak potential is strongly
stripping properties of PUTYINCNT-400 are very similar  dependent on the upper potential limit in the'®¥.%®

to the commercial Pt/C JM catalyst, with the peak potential dfience, thely/l, ratio is associated with the degree of
0.522 V vs 0.528 V (relative to Ag/AgCl (1.0 M KCI)), both oxophilicity of the catalyst.
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Since the NCNTs were oxygenated before da@@osition, Interestingly, if Ru is not included, the Pt catalyst RY/TiO
their eect on catalyst oxophilicity wasst studied by = ONCNT-400 produces a substantially highé8.73 mA/
comparing the MOR curves of Pt deposited on oxygenateningeQ than the commercial Pt/C JM catalyst (6.20 mA/
and pristine NCNT support, i.e., PYONCNT and Pt/NCNT, cn?y), as shown irFigure S18bClearly, the TiQshell
relative to the commercial Pt/C JM catalyst. To make iprovides certain degree of oxophilicity that helps to mitigate
consistent, all CVs are from the'l@gcle after the catalystis CO poisoning on Pt catalystgyure S18shows that MOR
stabilized. As shownFhigure S16&Pt/ONCNT has a higher  CV curve of TIQONCNT without Pt or PtRu deposition.

It (9.17 mA/cniye) than PUNCNT (6.39 mA/cr,.) but a TiO,/JONCNT alone does not show measurable catalytic
similarl{/ I, ratio of 1.1), both of which are higher than thoseactivity toward MOR. It only serves as a hybrid support to
of commercial Pt/C JM catalykt6.19 mA/chbeoandlf/ Iy enhance the catalytic activity of PtRu NPs.

= 0.6). This suggests that the additional oxygen functional Additional insights into the catalysts are illustratédtine
groups in ONCNT and the intrinsic N-doping in pristine 5b, which summarizes the mass activitypedeby the
NCNT supports are ective in facilitating facile oxidation of measured geometric current densifgnA/cm?) divided by
carbonaceous species on the Pt surface and thereby improthgmass loading of Pt (,g{ﬁgnz), and the ECSA-normalized
the MOR kinetic§-%?° Similarly, the MOR curves of PtRu/ specic activity, dened by I; (mA/cm? divided by the
NCNT and PtRu/ONCNT are compared to study the product of ECSA (ffgp) and Pt loading (nbgcmz) on the
contribution of Ru and ONCNTs in MOR, as shown in electrode surface. PtRu/LIONCNT-400 showed the
Figure S16bThel; values are 17.20 mA/%;,@gfor PtRu/C highest mass activity of 511.6 mAJmghich surpasses the
JM, 16.64 mA/cheo for PtRU/ONCNT, and 12.58 mA/ two state-of-the-art commercial PtRu/C catalysts from JM
cngeofor PtRU/NCNT, which are substantially higher than(472.6 mA/mg,), TKK (438.1 mA/mg) and PtRu/

the counterparts without Ru, while thg ratios maintain at  ONCNTs-400 (300.3 mA/mg. In terms of ECSA-
about 1.1, 1.1, and 1.0. These results agree well with the recemitmalized sped activity, PtRu/TIONCNT-400 exceeds
reports that the oxygen functional groups in the carbothe commercial PtRu/C catalysts even more, giving a value of
support improves the oxophilicity of the catalyst. 0.76 mA/criccsa Which is about 1.5-fold of the commercial

The catalytic MOR after Tj@eposition on ONCNT was PtRu/C JM catalyst (0.51 mA/égs) and 1.7-fold of PtRu/
then studied following the same protdéolure & presents C TKK catalyst (0.44 mA/Cgrs). This is largely due to its
the MOR curves from the #0QV cycle for the PtRu/Tig ability to present a slightly higher mass activity at the much
ONCNT-400 and PtRU/ONCNT-400 in comparison with the lower ECSA. The PtRu/ONCNT-400 catalyst (without the
commercial PtRu/C catalysts from JM and TKK. The PtRu/TiO, coating) shows an even higher ECSA-normalizedspeci
TiO,/JONCNT-400 catalyst exhibits the higHe€&l8.61 mA/ activity but suers from a low mass activity due to its very low
cnge() that outperforms not only PtRuU/ONCNT-400 (10.90 ECSA. Balancing all the trading factors, PtRyONCNT-
mA/cngeg but also commercial PtRu/C JM (17.20 mA/ 400 shows the highest MOR catalytic activity. Its mass activity
cnge() and PtRu/C TKK (15.91 mA/cﬁjg(). These trends  can be further enhanced by increasing its ECSA in the future.
corroborate with the corresponding CO stripping voltamme- The long-term stability is another important characteristic to
try. It is noteworthy that thermal annealing of PtRU/ONCNT evaluate the MOR catalysts for DMFC applications. In this
causes sigrmant drop in thé value from 16.64 mA/éggoin study, the long-term stability of the in-house prepared PtRu/
Figure S16io 10.90 mA/crfye, for PtRU/ONCNT-400 in  TiO,/ONCNT-400, PtRU/ONCNT and PtRu/ONCNT-400
Figure &, mainly due to PGM agglomeration without thecatalysts were evaluated and compared with the two
hydrogenated Tilshell as we discussed above. commercial PtRu/C cdyats from JM and TKK by

It is to be noted that thi¢ I, ratio is much higher in thest monitoring thd{/ I, ratio andl; values over 500 consecutive
few CV cycles but decreases fast within the initial 25 CV cycle¥ cycles, as shown kigure 8,d. InFigure 8, all ve
(as shown ifrigure 8). Most studies in literature only report catalysts show rapid decreask/ g ratio in the initial 25
the CVs in the early cycles. For comparison with literature, thogcles but become stabilized after thecg8le, being able to
MOR curves recorded at the third CV cycle of the aboveetain 97.3%, 96.0%, 89.5%, 94.6%, and 95.9% untifthe 500
catalysts are showrFigure SL17Theld/ |, ratio is found to be  cycle, indicating that the degree of oxophilicity of the catalysts
1.4 for PtRu/TIQ/ONCNT-400, 2.1 for PtRu/ONCNT-400, did not have sigréant change from the™8ycle to 500
1.4 for PtRu/C JM, and 1.8 for PtRu/C TKK, respectively.cycle. PtRu/TIQONCNT-400 and PtRu/ONCNT-400 have
The PtRu/TiQ/ONCNT-400 shows am/l, of 1.4 in the the similan{ I, values as PtRu/C JM while that of PtRu/C
initial cycles and maintalgd, > 1 until 500 cycles (shown in TKK is somehow much higher though it did not lead to higher
Figure B). Typically in literature, only PtRu/C catalysts MOR mass activity iRigure 5. In Figure 8, thel; value of
having high oxophilicity showldh, > 1, is attributed to the the two commercial PtRu/C catalysts steadily decreases over
tendency to form more oxygenated species that enhanime during the 500 cycles, giving a 20.7% drop for PtRu/C JM
oxidization of the poisonous CO intermediafthe MOR and 12.5% drop for PtRu/C TKK. In contrast, the two in-
activity of PtRu/TiIQONCNT (unannealed) catalyst is house prepared catalysts PtRufldBICNT-400 and PtRu/
compared with PtRu/TiDONCNT-400 in Figure S18a  ONCNT-400 show drastically dient behaviors. Thelif
The I; of PtRuU/TiO/ONCNT-400 (18.61 mA/crﬁ,eg is values increase in thest 100 to 200 cycles (due to catalyst
slightly higher than that of the unannealed PtRu/TiO activation) and then become relatively stable over the rest
ONCNT (18.54 mA/cr?beQ, but the I/l of PtRu/TiO)/ cycles, giving only 3.6% and 6.8% drop from the highest point
ONCNT-400 (1.1) is signtantly higher than that of PtRu/ in the 508} cycle. More importantly, thevalue of PtRu/
TiO,/JONCNT (0.9). Thermal annealing the catalyst in 3% TiO,/JONCNT-400 is about 20% higher than the two state-of-
H,/97% Ar is critical in enhancing the oxophilicity of thethe-art PtRu/C catalysts from the 2a6 500" cycles. In
catalyst, likely by the combine@as of forming defective addition, the MOR stability of the PtRu/HONCNT-400,
hydrogenated ultrathin Tj@hell and crystalline PtRu alloy. commercial PtRu/C JM, and PtRu/C TKK catalyst was also
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evaluated by chronoamperometric measurements at a constantASSOCIATED CONTENT

potential of 0.62 V vs Ag/AgCl (1.0 M KCI), as shown inx

Supporting Information

Figure S19aThe rapid loss in the initial MOR current was 1he gyupporting Information is available free of charge at
observed for all catalysts, which is due to the formation arPﬁ{tps://pubs.acs.org/doi/lo.1021/acsanm.1c03742

poisoning of catalyst surface by the intermediate carbonaceous

species. The PtRu/THNCNT-400 showed a slower loss in
initial current when compared to commercial PtRu/C JM and
PtRu/C TKK.

Electrochemical impedance spectroscopy (EIS) measure-

ments (see more details in ESI) of PtRuff@DICNT-400,
PtRU/ONCNT-400, commercial PtRu/C JM, and PtRu/C
TKK are shown inFigures S19b,cThe corresponding
equivalent circuit fortting the EIS is shown Figure S19d
and tted values are shownTiable S5The main electronic
charge transfer resistanBg for PtRu/TiO,/ONCNT-400
was found to be 4.45, which is lower than the PtRu/
ONCNT-400 without TiQ(32.5 ), commercial PtRu/C JM
(21.8 ) and PtRu/C TKK (18.3 ). This reveals that PtRu
NPS in PtRu/TiQ/ONCNT-400 have superior charge
transfer kinetics owing to its SMSI and increased charge
density provided by the hydrogenated $iell (as evidenced
in XPS). The small increase in the serial resisRwey be
due to the inclusion of ultrathin TiGhell on ONCNT. But
the value is very small and iteat is negligible.

These studies display that PtRULJ@NCNT-400 shows
an excellent stability and a higher electrocatalytic activity
toward MOR which can be attributed to the strong attachment
of PtRu on the ultrathin defective hydrogenategsFi€ll on
ONCNT support and the SMSI due to chemical interaction
and electron transfer from hydrogenated, 16Ghe PGM
NPs.

TEM images of NCNT, ONCNT, TUIDNCNT-400,
commercial (PtRu/C JM and TKK) catalysts; HAADF-
STEM elemental mapping of HONCNT; TEM
images and particle size distribution of PtRy/TiO
ONCNT-400, Pt/ONCNT, Pt/TIQ/ONCNT, Pt/
TiO,/ONCNT-400, PtRu/ONCNT, PtRu/TiQ/
ONCNT, Pt/ONCNT-400, and PtRu/ONCNT-400;
TGA curves and calculations of commercial (PtRu/C
JM and TKK) catalysts, PtRu/L{ONCNT-400, and

its control samples; XRD patterns of commercial
catalysts and control samples compared with PtRu/
TiO,/ONCNT-400; XPS characterization of NCNT,
ONCNT, TiO,/ONCNT, TiO,/JONCNT-400, com-
mercial catalysts, and PtRu/JI@NCNT-400; CO
stripping voltammetry curves of PtRULA@NCNT,
PtRuU/TiO,/ONCNT-400, Pt/TiO/ONCNT-400, and
Pt/C JM. MOR CV curves of Pt and PtRu deposited on
NCNT, ONCNT, TiG/ONCNT-400, commercial Pt/

C JM, PtRu/C JM, and PtRu/C TKK; chronoamper-
ometry and electrochemical impedance spectroscopy
measurements of PtRU/LIONCNT-400, PtRu/
ONCNT-400, and commercial PtRu/C JM and TKK;
table with EIS tting parameters values; and table
comparing the MOR electrochemical activity of PtRu/
TiO,/ONCNT-400 with various literatureBF
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