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Dear Editor,

We are electronically submitting for your consideration as a potential contribution in Journal of Materials
Chemistry A manuscript entitled “Colloidal Ni-Co-Sn Nanoparticles as Efficient Electrocatalysts for the
Methanol Oxidation Reaction” Junshan Li, Zhishan Luo, Feng He, Yong Zuo, Junfeng Liu, Xiaoting Yu,
Ruifeng Du, Ting Zhang, Maria F. Infante-Carrid, Pengyi Tang, Jordi Arbiol, Jordi Llorca and Andreu Cabot.
This work has not been published previously, nor is it under consideration elsewhere.

The deployment of direct methanol fuel cells requires the design and engineering of cost-effective and durable
electrocatalyst for the methanol oxidation reaction (MOR). As an alternative to noble metals, Ni-based alloys
have shown excellent performance and good stability toward MOR. Herein, we present a series of Ni;,Co,Sn,
colloidal nanoparticles (NPs) with composition tuned over the entire range (0 < x < 3). We demonstrate
electrodes based on these ternary NPs to provide improved catalytic performance toward MOR in alkaline
medium when compared with binary Ni;Sn, NPs. A preliminary composition optimization resulted in
Ni, sCoosSn, NP-based electrodes exhibiting extraordinary mass current densities, up to 1050 mA mg™, at 0.6
V vs. Hg/HgO in 1.0 M KOH containing 1.0 M methanol. This current density was about a two-fold larger
than that of Ni;Sn, electrodes (563 mA mg™). This excellent performance was associated with an increase of
the surface overage of active species and an enhancement of the diffusivity of the reaction limiting species
with the substitution of small amounts of Ni by Co. Additionally, saturation of the catalytic activity at higher
methanol concentrations was measured for Niz ,Co,Sn, NP-based electrodes containing a small amount of Co
when compared with binary Ni;Sn, NPs. While the introduction of small amounts of Co improved the activity
toward MOR, a slight decrease of the catalyst durability with the Co introduction was obtained. Additional
density functional theory calculations on metal alloy surfaces showed the incorporation of Co within the
Ni;Sn, structure to provide more effective sites for CO and CH;OH adsorption. However, the relatively lower
stability could not be related with CO or CH;0H poisoning.

Thank you for your consideration of this manuscript.
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Prof. Andreu Cabot
Advanced Material Research Department
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Phone: +34 625615115
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Colloidal Ni-Co-Sn Nanoparticles as Efficient Electrocatalysts for
the Methanol Oxidation Reaction

Junshan Li,*® Zhishan Luo,”" Feng He,~¢" Yong Zuo,”® Junfeng Liu,*” Xiaoting Yu,”® Ruifeng Du,*”
Ting Zhang,® Maria F. Infante-Carrié,® Pengyi Tang,® Jordi Arbiol,*" Jordi Llorca, Andreu Cabot * "

The deployment of direct methanol fuel cells requires the design and engineering of cost-effective and durable
electrocatalyst for the methanol oxidation reaction (MOR). As an alternative to noble metals, Ni-based alloys have shown
excellent performance and good stability toward MOR. Herein, we present a series of Ni34Co,Sn, colloidal nanoparticles
(NPs) with composition tuned over the entire range (0 < x < 3). We demonstrate electrodes based on these ternary NPs to
provide improved catalytic performance toward MOR in alkaline medium when compared with binary NisSn, NPs. A
preliminary composition optimization resulted in Ni,sC0sSn, NP-based electrodes exhibiting extraordinary mass current
densities, up to 1050 mAmg™, at 0.6 V vs. Hg/HgO in 1.0 M KOH containing 1.0 M methanol. This current density was
about a two-fold larger than that of NisSn, electrodes (563 mA mg™). This excellent performance was associated with an
increase of the surface overage of active species and an enhancement of the diffusivity of the reaction limiting species
with the substitution of small amounts of Ni by Co. Additionally, saturation of the catalytic activity at higher methanol
concentrations was measured for Nis.«CoxSn, NP-based electrodes containing a small amount of Co when compared with
binary NisSn, NPs. Additional density functional theory calculations on metal alloy surfaces showed the incorporation of Co
within the NisSn, structure to provide more effective sites for CO and CH;OH adsorption. However, the relatively lower
stability could not be related with CO or CH30H poisoning.

. . . . 10413 -,
mechanical refueling and simple operation. In addition,

methanol not only provides a high energy density, but also an easy
storage and distribution, which makes it one of the most interesting
fuels.'®* In this scenario, the development of electrocatalyst for

The development of renewable energy technologies able to reduce
the use of fossil fuels is one of the biggest challenges we face this
21st century. To this end, direct alcohol fuel cells able to convert
chemical energy stored in alcohols into electricity, are regarded as a
very promising energy conversion technology.lﬁ9 More particularly,
direct methanol fuel cells (DMFCs) provide several advantages,
including high energy density, high efficiency, low emissions, fast
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the methanol oxidation reaction (MOR) has become a very dynamic
research field.">"

State-of-the-art electrocatalysts for MOR are generally based on
noble metals and their alloy, e.g. Pt,m_21 PtNi,ZZ_28 PtCo,Zg_31
PuCu,[32’33] Pth,34’35 and Ptsn*™ etc. However, the low tolerance
to CO and the high cost and scarcity of these materials have
strongly limited the commercialization of DMFCs. 24 Therefore,
over the past years, researchers have devoted increasing attention
in searching for alternative earth abundant and cost-efficient MOR
electrocatalysts.

While no single metal has provided electrocatalytic properties
comparable to Pt and Pt-group metals, particular bimetallic
compositions have demonstrated very promising performances and
stabilities. Among the earth-abundant elements, the most
promising MOR catalysts under alkaline condition are bimetallic
alloys based on Ni, e.g. Ni—Cu,M’M_46 Ni-Mn,"’ Ni—Fe,“g’49 Ni—Co,SO_57
Ni-Sn.% In a previous study, we demonstrated NiSn NPs to present
outstanding performance for electrocatalytically MOR in alkaline
medium, and particularly an enhanced stability compared with
state-of-the-art elemental Ni NPs.*®

A main advantage of bimetallic catalysts over elemental
compositions is their offering of additional degrees of freedom to
control the surface electronic structure, to provide optimum active
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sites for one or various concatenated catalytic reaction, and to
improve stability by combined catalytic reactions.”* ™! In the same
direction, ternary compositions provide even larger oportunities to
optimize electronic properties and provide suitable active sites for
one or multiple reactions. However, few ternary alloy catalysts have
been reported toward MOR and other electrocatalytic reactions.
This is in large part due to the difficulty of producing ternary alloys
with controlled composition. As an example, Hamza and coworkers
demonstrated ternary oxide electrocatalysts CuCoNiO, supported
on carbon nanotubes to have a notable activity toward MOR.%
Recently, Rostami et al. demonstrated that NiCuCo on graphite
electrodes enhanced activity and stability towards MOR.>
However, in none of these previous works the full potential of
ternary compositions to optimize catalytic properties could be
demonstrated because no composition adjustment was attempted.

In this work, we detail a procedure to produce ternary Niz,Co,Sn,
NPs with tuned composition in all the Ni:Co ratio range (0 < x < 3).
Subsequently, these NPs are supported on carbon black and tested
as electrocatalysts toward MOR.

Experimental

Chemicals: Nickel(ll) acetylacetonate (Ni(acac),'xH,0 (x~2), 95%,
Sigma-Aldrich), cobalt(ll) acetylacetonate (Co(acac),, 97%,
Sigma-Aldrich),  tin(ll)  acetate  (Sn(oac),, 95%,  Fluka),
tri-n-octylphosphine (TOP, 97%, Strem), oleylamine (OAm, 80-90%,
TCl), borane tert-butylamine complex (TBAB, 97%, Sigma-Aldrich),
oleic acid (OAc, Sigma-Aldrich), hydrazine monohydrate (N,H,, 64-
65%, reagent grade, 98%, Sigma-Aldrich), Nafion (10 wt. %,
perfluorinated ion-exchange resin, dispersion in water), methanol
(anhydrous, 99.8%, Sigma-Aldrich), carbon black (CB, VULCAN
XC72), potassium hydroxide (KOH, 85%, Sigma-Aldrich) and
acetonitrile (CH3CN, extra dry, Fisher) were used as received
without any further treatment. Chloroform, hexane, acetone, and
ethanol were of analytical grade and purchased from various
sources. MilliQ water was obtained from a PURELAB flex from ELGA.
An argon-filled glove-box was used for storing and handling
sensitive chemicals.

Synthesis of colloidal Ni;,Co,Sn, NPs: All the syntheses were
performed using standard airless techniques: a vacuum/dry argon
gas Schlenk line was used for the synthesis. Ni;,Co,Sn, NPs were
prepared following a similar protocol as the one we developed for
the scale-up production of NiSn NPs® In a typical synthesis of
Ni; 5Co15Sn, NPs, 20 mL OAm, 0.3 mmol Ni(acac),, 0.3 mmol
Co(acac),, 0.4 mmol Sn(oac), and 1.0 mL OAc were loaded into a 50
mL three-necked flask and degassed under vacuum at 80 °C for 2
hours while being strongly stirred using a magnetic bar. Afterward,
a gentle flow of argon was introduced, and then 5 mL of TOP was
injected into the solution. Subsequently, the reaction flask was
heated to 180 °C within 20 min, followed by quick injection of a
solution containing 5 mmol TBAB in 5 mL degassed OAm. A visible
color change, from deep pink to black was observed immediately.
The reaction was maintained at this temperature for 1 hour before
it was quenched using a water bath. The obtained NPs were
collected by centrifuging and washing the solid product with
acetone and chloroform 3 times. The as-prepared NPs were finally
dispersed in chloroform and stored for further use. NPs were
colloidally stable in chloroform for a couple of weeks. NPs with
different nominal Ni/Co ratios, Nis,CoSn, (0 £ x < 3), were
prepared following the same procedure (Scheme 1).
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Ligand removal: As-synthesized Ni;,Co,Sn, NPs dispersed in
chloroform were precipitated through addition of ethanol and
centrifugation. Then, they were dispersed in a mixture containing
25 mL acetonitrile and 0.8 mL hydrazine hydrate and stirred for 4
hours. NPs were then collected by centrifugation and washed with
acetonitrile 3 additional times. Finally, NPs were dried under
vacuum.

Characterization: Powder x-ray diffraction (XRD) patterns were
collected directly from the as-synthesized NPs on a Bruker AXS D8
Advance x-ray diffractometer with Ni-filtered (2 um thickness) Cu K
radiation (A = 1.5106 A) operating at 40 kV and 40 mA. 200 mesh
carbon-coated transmission electron microscopy (TEM) grids from
Ted-Pella were used as substrate. A drop of as-synthesized NPs
dispersion was casted and dried on the grids before measurement.
TEM analyses were carried out on a ZEISS LIBRA 120, operating at
120 kV. High-resolution TEM (HRTEM) and scanning TEM (STEM)
studies were carried out using a field emission gun FEI Tecnai F20
microscope at 200 kV with a point-to-point resolution of 0.19 nm.
High angle annular dark-field (HAADF) STEM was combined with
electron energy loss spectroscopy (EELS) in the Tecnai microscope
by using a GATAN QUANTUM filter. The Fourier transform infrared
spectrometer (FTIR) data of the as-synthesized NPs before and after
ligand removal were recorded on an Alpha Bruker FTIR
spectrometer with a platinum attenuated total reflectance (ATR)
single reflection module. Scanning electron microscopy (SEM)
analyses were performed on a ZEISS Auriga SEM with an energy
dispersive X-ray spectroscopy (EDS) detector at 20 kV. X-ray
photoelectron spectroscopy (XPS) was done on a SPECS system
equipped with an Al anode XR50 source operating at 150 mW and a
Phoibos 150 MCD-9 detector. The pressure in the analysis chamber
was kept below 107 Pa. The area analyzed was about 2 mm x 2 mm.
The pass energy of the hemispherical analyzer was set at 25 eV and
the energy step was maintained at 1.0 eV. Data processing was
performed with the Casa XPS program (Casa Software Ltd., UK).
Binding energies were shifted according to the reference C 1s peak
that was located at 284.8 eV.

Preparation of Catalysts inks: In a typical preparation of a catalysts
ink, 5 mg of purified NPs together with 5 mg of CB were added to 2
mL MilliQ water/ethanol solution (v/v = 1:1) containing 50 pL of a
10 wt% Nafion solution. Then the mixture was vigorously sonicated
for 1 hour to obtain a homogeneous mixture. A glassy carbon (GC, 5
mm in diameter) electrode was polished using diamond paper and
0.05 pum alumina slurry, followed by water flush with MilliQ water.
Subsequently, the electrode was ultra-sonicated in ethanol and
MilliQ water separately for ~20 s before it was flushed with MilliQ
water again and dried under argon flow at room temperature.
Finally, 5 puL of the prepared ink was evenly loaded onto the GC
electrode and was allowed to dry naturally in air at room
temperature.

Electrochemical characterization: An electrochemical workstation
(AutoLab, Metrohm) was employed for the electrochemical
measurements in open air at room temperature. The conventional
three-electrode system consisted of a counter electrode (Pt mesh),
a working electrode and a reference electrode (vs. Hg/HgO). The
Hg/HgO was placed in a salt bridge of 1.0 M KOH. All the
measurements were performed in N,-bubled 1.0 M KOH solution
with and without addition of variable concentrations of methanol
with magnetic bar stirring. All potential values presented in this
paper were referred to the reference electrode, vs. Hg/HgO. Cyclic

This journal is © The Royal Society of Chemistry 20xx
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voltammetry (CV) and chronoamperometry (CA) measurements
were performed to investigate the activity and stability for MOR.
The current densities were calculated taking into account the
geometric surface area of the GC electrode (0.196 cm'z) or the
metal mass loading (~ 0.012 mg NPs). The CO poisoning
experiments were conducted in 1.0 M KOH containing 1.0 M CH;0H
using CA at 0.6 V simply by introducing a gentle gas (10% CO + 90%
He) flow into the solution.

DFT calculations: To figure out the change of activity of NisSn,
surface with the introduction of Co atoms, the adsorption of CH;0H
on the Ni3Sn, and Ni, sCog5Sn, surfaces was investigated using the
Vienna ab-initio simulation package (VASP) based on the density
functional theory (DFT).“_66 An eight-layers slab was constructed in
our models. During the structural optimization calculations, the
atoms in the two bottom layers were fixed in their bulk positions,
and those in the other six layers were allowed to relax. The (001)
and (110) surfaces of both NisSn, and Ni, sCogsSn, were employed
in our DFT calculations. The adsorption energies of CH;0H on the
surfaces, AE,q,, was defined as follows

AEﬂ.ds = Ladsorbate/slab — Eslab - Eadsorbates

where E,gsorbate/siab IS the total energy of CH;0H on the surfaces, Eq,p
is the total energy of the isolate surfaces and E,gsorbate/siab iS the total
energy of isolate CH3;OH molecule. The first two terms were
calculated with the same parameters. The third term was calculated
by setting the isolated adsorbate in a box of 20 A x 20 A x 20 A.
Thus, negative AE,y indicates exothermic chemisorption and
positive values indicate an endothermic process.

Results and discussion

Synthesis of Niz,Co,Sn, colloidal NPs: Nis,Co,Sn, (0 < x < 3)
colloidal NPs were produced from the reduction of proper amounts
of the different metal salts in the presence of TOP, OAm and OAc
(see experimental section and Scheme 1 for details). Figures 1a and
S1 display representative TEM micrographs of the quasi-spherical
Ni3,Co,Sn, NPs produced. Table 1 displays the average diameter of
NPs with different compositions. For the ternary compositions, a
slight increase of size was obtained when increasing the amount of
Co, from 4.2 £ 0.7 to 5.4 £ 0.8 nm. The size of the binary CosSn, NPs
was slightly larger, 7.5 £ 1.0 nm (Table 1).
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Figure 1. a) Representative TEM micrographs of Ni;Co,Sn, NPs
with different Co contents: x = 0, x = 1.5, x = 3.0. Scale bars: 50 nm.
b) Size distribution histograms obtained from TEM images of Nis.
«C0o,Sn, (0 < x < 3) NPs. ¢) XRD patterns of Niz,Co,Sn, (0 < x < 3) NPs.

Ni3Sn, and Cos;Sn, share the same orthorhombic crystal phase
(Pnam space group) and have very similar lattice parameters, owing
to their virtually equal ionic radius (0.135 nm).‘”'68 Thus, very similar
XRD patterns were obtained for all compositions, although the XRD
patterns of the ternary structures pointed at slightly more defective
crystals (Figure 1c).

EDX analyses showed all compositions to be Sn-rich (Figure S2 and
Table 1), i.e. (Ni+Co)/Sn < 1.5. The Ni/Co ratio obtained by EDX
analyses matched relatively well the nominal composition, which
was not surprising taking into account the similitude of the two
elements, with similar standard reduction potentials, Ni?* (-0.25 V)
and Co™* (-0.28 V). *®

Vacuum Ar Ar Table 1. Average NPs size (TEM) and Ni:Co:Sn composition of
- / " Ni;_Co,Sn, NPs.
L 4 A 4
Top ’/T/BAB X Average Size EDX
OAm .
Niz.Co,Sn, (nm) Ni Co Sn*  (Ni+Co)/Sn
80°C 5°C/min 180 °C

2h 180 °C 1h 0.0 49+0.8 2.5 0.0 2.0 1.25

O [&]
0.5 4.2+0.7 1.8 0.3 2.0 1.05

I Temperature Controller

1.0 4.7+0.7 1.4 0.7 2.0 1.05
Scheme 1. Schematic drawing of the synthesis procedure 15 47107 13 13 2.0 130
produce Niz,Co,Sn; NPs 2.0 4.7+0.7 0.8 14 2.0 1.10
2.5 5.4+0.8 0.4 1.9 2.0 1.15
3.0 75+10 0.0 2.1 2.0 1.05

This journal is © The Royal Society of Chemistry 20xx

*The amount of Sn was fixed to 2.0 to calculate the Ni and Co
composition.
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Figure 2 shows HAADF-STEM, EELS compositional mappings and
HRTEM micrographs of Ni,sCopsSn, NPs (see Figure S3 for
additional compositions). All NPs within each sample contained the
three elements in similar ratios. Within each NP, the three elements
were found to be homogeneous distributed. HRTEM micrographs
revealed NPs to have a crystal structure compatible with that of
Ni3Sn;, orthorhombic phase (space group = Pnma) with a = 7.1100 A,
b =5.2100 A and c = 8.2300 A.

-

-{1110] Pnma Ni;Sn,

Figure 2. a) STEM micrograph and EELS chemical composition maps
for Ni, sCopsSn, NPs. Mappings correspond to the individual Ni L 5-
edges at 855 eV (red), Co L,3-edges at 779 eV (green) and Sn M-
edge at 485 eV (blue) as well as composites of Ni-Sn, Co-Sn and Ni-
Co-Sn. b) HRTEM micrograph, detail of the orange squared region
and its corresponding power spectrum. Lattice fringe distances
were measured to be 0.211 nm, 0.205 nm, 0.306 nm and 0.302 nm,
at 89.149, 44.382 and 50.222 which could be interpreted as the
orthorhombic Ni3Sn, phase visualized along its [110] zone axis.

XPS analyses of the Ni; sCo455n, sample showed all elements to be
present in two oxidation states: a minoritary metallic state and a
majoritarian oxidized phase (Figure S4). This result pointed at a
partial surface oxidation of the NPs occurring due to their air
exposure during purification, ligand removal and handling
process.sg’eg’70 Additionally, XPS analysis showed the Ni;5Co; 55N,

NPs to be slightly Sn rich, with (Ni + Co)/Sn = 0.91.

The presence of organic ligands at the surface of NPs strongly limits
their electronic interaction and their ability to interact with the
media.”’ Therefore, the use of NPs for applications where charge
transfer or transport is involved requires the removal of the organic
ligands used in the synthesis. Organic ligands were removed from
the surface of Ni;,Co,Sn, NPs using a solution containing a 1 M
hydrazine hydrate in acetonitrile.”*7? After successive cleaning with
acetonitrile, the disappearance of peaks at 2890 and 2822 em™tin
the FTIR spectra, corresponding to C-H stretching modes, proved
the effectiveness of the ligand removal (Figure S5).

4| J. Name., 2012, 00, 1-3

Electrochemical characterization: In our previous report, we
showed electrodes based on Sn NPs to show no oxidation and
reduction peaks in the voltage range 0-0.6 V vs. Hg/HgO and a very
limited performance toward MOR and OER in alkaline medium.*®
On the other hand, in alkaline medium, Co is found in an oxidized
form.”>”* During the forward scan, at 0.15 V vs. Hg/HgO, cobalt is
further oxidized probably to CoOOH and at ca. 0.55 V vs. Hg/HgO,
CoOOH is possibly oxidized to CoOz.‘r’A"r’7’75’76 These phases are
reduced during the reverse scan.

b
a OER OER
2,
CoOOH > Co0, 101
& | Cos0, > CoOOH \ ‘*E Ni(OH), > NiOOH
1S G 54
S <
£ :
£ g
v/
CoOOH = Co,0, €00, > Co0OH " NiOOH -> Ni(OH),
2

06 08 00 02 04 06 08
E (V vs. Hg/HgO)

00 02 04
E (V vs. Hg/HgO)

Figure 3. a) CV of CosSn, electrodes in 1 M KOH solution at a scan
rate of 50 mV s . Tentative reduction and oxidation products are
displayed. b) CV of Ni3Sn, electrodes in 1 M KOH solution at a scan
rate of 50 mV's™.

Figure 3a displays a CV of CosSn, NPs in 1 M KOH at a scan rate of
50 mVs™. CosSn, NPs show a low activity toward OER and small
oxidation and reduction peaks during the positive and negative
scans in the potential range 0-1.0 V vs. Hg/HgO, which correspond
to the successive oxidation and reduction between cobalt oxide,
hydroxide and/or oxyhydroxide phases.

In alkaline medium, Ni is generally found in the form of Ni(OH),,
which is oxidized to NiOOH at 0.45 V vs. Hg/HgO.SB‘W*80 The
formation of the nickel oxyhydroxide is considered to be a key step
in the electro-catalytic OER, which activates at E~0.65 V vs.
Hg/HgO.M’56 Figure 3b displays a CV of the electrode based on
NisSn, NPs where the anodic peak corresponding to the oxidation of
Ni(OH), to NiOOH at 0.45 V vs. Hg/HgO is observed. In the reverse
scan, a cathodic peak corresponding to the reduction of NiOOH to
Ni(OH), is clearly observed.

Figure 4a shows representative CVs of the NisCo,Sn, electrodes in
1 M KOH solution at 50 mVs™. Compared with Ni3Sn,, when
increasing the content of Co (0 < x < 1.5) the anodic peak
broadened and shifted to lower potentials, denoting a clear
influence of Co on the NisSn, alloy surface properties. At higher
amounts of Co (x > 1.5), a double peak was clearly observed,
pointing at the occurrence of two differentiated oxidation
reactions. Similar trends were observed for the cathodic peak.
Simultaneously, the peak current densities increased when adding
small amounts of Co, but decreased at higher Co loading (Table 2).

Figures 4b and S6a-e present the CV of Nis,Co,Sn, in 1.0 M KOH
solution obtained at different scan rates, between 10 and 100
mV s™. When increasing the scan rate, current densities increased,
the position of the anodic peak shifted to higher potentials, and the
position of the cathodic peak shifted to lower potentials. The peak
shift was attributed to a limitation of the reaction kinetics, which
we further analyzed.81 In the samples containing larger amounts of

This journal is © The Royal Society of Chemistry 20xx
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Co and presenting two redox peaks, we assumed the peak at higher
potential values, related to a Ni(OH), oxidation to NiOOH to be the
relevant in the MOR. Therefore, we just considered the peak at the
highest potential values in the following calculations.

b 100 mV s
."‘ .

06 0.0 02 04 06
E (V vs. Hg/HgO)

0.0 02 04
E (V vs. Hg/HgO)

10
c n?F? d s 3,1 1
= . I, =2.69-10% n2 AD2 C vz
I, < TR ALY 10 s
§~514,=0079v+028 &« M
2 _ 5 - 112
g R?=0.991 § J,=086v"-1.76
< < R?*=0.91
Eo E
= \\ =0 J,=-072v"+ 24
J,=-0.059 v-0.089 %i:(fi
B 2 _
5 R? = 0.996 5
0 20 1 40 8 1/2 19/2 1/2 10
v (mVs™) v (mVTE sTF)

Figure 4. a) CVs of Niz,Co,Sn, NP-based electrodes in 1.0 M KOH
solution at a scan rate of 50 mV s™. b) CVs of electrodes based on
Ni; 5C0155n, (x = 1.5) NPs in 1.0 M KOH solution at increasingly
higher potential sweep rates: 10, 20, 30, 40, 50, 60, 70, 80, 90, 100
mv-s™. c) Linear fitting of the anodic and cathodic peak current
densities with the scan rate in the low scan rate range (10-50 mV
s™) for the Ni; sCo;55n, NP-based electrode. d) Linear fitting of the
anodic and cathodic peak current densities with the square roots of
the scan rate in the higher scan rate range (60-100 mV s'l) for the
Ni; 5Co4.5Sn, NP-based electrode.

The peak current (/p) was proportional to the sweep rate (v) in the
range 10-50 mV s, From the slope of I, vs. v (Figures 5c and S7),
the surface coverage of redox species (I'*) in the Ni;,Co,Sn, NPs
was estimated®®*;

ARTICLE

n?F?
Ip = (W)A[*U
Where n, F, R, T and A are the number of transferred electrons
(assumed to be 1), the Faraday constant (96845 C mol’l), the gas

constant (8.314 J k! mol'l), temperature and the geometric surface
area of the GC electrodes (0.196 cmz), respectively.

Averaging results obtained from the forward and reverse scans, the
surface coverage of redox species of Ni;Sn, NPs-based electrodes
was calculated to be 8.6 x 10 mol cm™. When introducing a small
amount of Co, Ni, 5Cog5Sn,, this surface coverage increased to 1.4 x
107 mol cm™. Higher amounts of Co decreased this coverage to
values below that of NizSn,.

In the high scan rate range, 60-100 mV 5'1, the peak current
increased linearly with the square root of the voltage scan rate,
pointing toward a diffusion-limited redox reaction®®%;

I, = 2.69 x 105n3/2ADY/2Cy1/?

where D is the diffusion coefficient of the reaction limiting specie
and C is the initial concentration of redox species. Qualitatively, we
observed the slope of /5 vs. v*? obtained from NisSn, NP-based
electrodes to increase when adding small amounts of Co. This
observation pointed out at a faster diffusion of the redox limiting
specie with the incorporation of Co. For Ni-based electrodes, the
proton diffusion is generally accepted to be the rate limiting step
that controls the oxidation reaction Ni(OH), <> NiOOH.>®®
Therefore, using the above equation and taking into account a
proton density of 0.043 mol em’ for all the electrodes, the proton
diffusion coefficient of the different materials was estimated.” The
proton diffusion coefficient of Ni;Sn, NP-based electrodes was 8.4 x
10° cm’s™. As qualitatively noted before, the diffusivity increased
when introducing a small amount of Co within the structure: 1.3 x
10% em?s? for Ni, sCog5Sn,, but decreased at higher Co
concentrations: 2.9 x 10° cm’ s™ for Ni,CoSn,, and 4.6 x 10° em® s
for Ni; sCoy5Sn;,.

Table 2. Summary of the electrocatalytic performance of Ni;,Co,Sn, NP-based electrodes

¥
X \f'::s pa 5 \f‘\,lcs Ipa 2 AE mo:-cm'2 cml.27 st El-; mA Jcm'z Al
Hg/Hgo ™A™ hg/mgo  MACM v (x10%) (x10°) 10mAcm® @0.6V @o.6v
0 0496 5934 0.417 2765 0079 8.6 8.4 0.525 344 152%
0.5 0461 8436 0.369 5756 0.092 14.2 12.8 0.452 65.5 23.5%
1.0 0457 2351 0.383 1564 0.074 41 29 0.479 51.8 -40.8%
15 0486  3.921 0.393 2970 0.093 7.3 46 0.464 53.8 31.7%
2.0 0364  1.682 0.330 1125 0.034 3.1 22 0.483 39.4 -81.4%
25 0391  2.187 0.356 1903 0.035 47 42 0.481 34.4 64.2%
3.0 0207 0579 0.172 0541 0.035 ; ; ; - -

Note: In samples showing two anodic/cathodic peaks, Jpa, Epa, Jpe Epc and AE were measured from the highest voltage peak. CVs were
carried out in 1.0 M KOH solution at a scan rate of 50 mV s ™. E, J, A) were calculated from the CVs in 1.0 M KOH solution containing 2.0 M
methanol at a scan rate of 50 mVs™.

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5

Please do not adjust margins




Page 7 of 25

Journal-of Materials Chemistry A

Electrocatalytic activity toward MOR: Figure S6 compares the cyclic
voltammograms in 1.0 M KOH solution of electrodes based on
CosSn, and NizSn, NPs in absence and presence of a low
concentration of methanol (0.5 M). CosSn, showed much lower
activities than the NisSn, catalyst toward both OER and MOR. The
OER onset was found at ca. 0.65 V vs. Hg/HgO for both samples.
While no significant MOR activity was appreciated in the CosSn,
electrode, MOR was activated at ca 0.45 V vs. Hg/HgO in Ni3Sn,-
based electrodes. This voltage coincided with the formation of
NiOOH. Indeed, it is generally accepted that in Ni-based catalysts,
MOR is activated by the formation of the NiOOH, which is believed
to directly participate in the reaction.****®

Ni(OH), + OH = NiOOH + H,0 + e
NiOOH + CH3;0H = Ni(OH), + products

To avoid the OER in the test of the MOR over Nis,Co,Sn, NP-based
electrodes, the potential range scanned was limited to 0-0.6 V vs.
Hg/HgO.
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Figure 5. a) CVs of Niz,Co,Sn, (0 £ x < 3) and CB electrode in 1.0 M
KOH containing 2.0 M methanol at a scan rate of 50 mV st b) Mass
current density and applied potential required to reach 10 mA em?
in Niz,Co,Sn, (0 < x < 3) electrodes at 0.6 V in 1.0 M KOH with 2.0 M
methanol. ¢) CVs of a Ni; 5Co45Sn, electrode in 1.0 M KOH solution
with different methanol concentrations from 0.1 M to 2.0 M at a
scan rate of 50 mV s™. d) Comparison of the current density at 0.6 V
of Ni;,Co,Sn, (0 < x < 2.5) electrodes as a function of methanol
concentrations from 0.1 M to 2.0 M.

Figure 5a shows CVs of a bare carbon black electrode and
Ni;Co,Sn, NP-based electrodes in 1.0 M KOH solution with 2 M
methanol at a scan rate of 50 mV s . CosSn, presented very limited
current densities toward MOR, similar to the carbon black
electrode. However, surprisingly, all Ni;,CoSn, NP-based

6 | J. Name., 2012, 00, 1-3

electrodes showed higher activity than the NisSn, NP-based
electrode, including a lower onset potential and higher mass
current densities. The onset potential (@ 10 mA cm'z) was reduced
from 0.53 V for Ni3Sn, to 0.45 V for Ni, sCog5Sn, and 0.46-0.48 V for
the other Co-containing NP-based electrodes (Figure 5). Similarly,
the mass current density increased with the incorporation of Co to
the NisSn, alloy, from 562.6 Ag'1 for NisSn, to 1070 A g'1 for the
Ni, sCog5Sn, electrode (Figure 5b). At higher Co/Ni ratios, the mass
current density decreased with the Co content, but was kept above
that of Ni3Sn,. In Table S1 a comparison of the performance toward
MOR of the Ni;,Co,Sn, NP-based electrodes with other Ni-based
electrodes and a commercial Pt/C composite is presented. The
comparison demonstrated that Ni; , Co,Sn, NP-based electrodes
with a preliminary optimized composition, Ni,5C0y5SN,,
outperformed most previously developed catalysts.

Figures 5c, S8 and S9 show the CVs of Nis,Co,Sn, NP-based
electrodes in 1.0 M KOH solution with 0.1-2.0 M methanol at a scan
rate of 50 mV s™. Figures 5d and S7 present the current density at
0.6 Vin 1.0 M KOH as a function of the methanol concentrations,
from 0.1 to 2.0 M. For all electrodes, an initial rapid rise of the
current density with the methanol concentration was observed. For
NisSn,, Ni; oCo,0Sn, and Nip sCo, 5Sn, electrodes, the current density
stabilized at concentrations higher than 0.5 M methanol. However,
the electrodes with a low Co loading still showed a slight increase of
the current density above this concentration, which should be
associated to a lower poisoning of the active sites by methanol
adsorption in Niz,Co,Sn, (x<1.5) NPs compared with NisSn, NPs
(Figures 5c, S8 and S9). In particular, at 0.6 V vs. Hg/HgO, the
Ni, 5Cog.5Sn, electrode displayed a current density of 41 mA cm™ at
0.1 M, 59 mA cm™ at 0.5 M and 65 mA cm™ at 2.0 M. On the other
hand, the NisSn, electrode was characterized by a current density of
12 mAcm™at 0.1 M, 32 mA cm™ at 0.5 M and 34 mAcm™ at 2.0 M
at0.6 V.

a b
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- 80
g 40 221 x=0
< [ s
£
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S22 ~ *
~—— x=25
x=20 —_—
0
2 8 10

02 04 056
00 05 10 15 20 25 E (vs. Hg/HgO)

x (Niz,Co,Sn,)

Figure 6. a) CA response of Nis,Co,Sn, electrodes in 1.0 M KOH and
2.0 M methanol at 0.6 V for 10000 s. Current density change, AJ =
(J1-J5)/J;, during the 10000s tested, where J; and J, are the current
densities measured at the 50" and 10000 s respectively. b) CVs of
the Ni, sCogsSn, electrode in 1.0 M KOH electrolyte with 2.0 M
methﬁnol at a scan rate of 100 mV s at cycles 1%, 500“‘, 1000" and
1500".

The long-term stability of Nis,Co,Sn, NP-based electrodes was

evaluated by CA measurements in 1.0 M KOH solution containing
2.0 M methanol at 0.60 V for 10000 s (Figure 6a). While an

This journal is © The Royal Society of Chemistry 20xx
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improved performance toward high methanol concentrations was
obtained with the addition of small amounts of Co, the electrode
stability decreased when adding increasingly higher amounts of Co,
being the NisSn, electrode the most stable, followed by the
Ni, 5Cop5Sn,. The stability of the Ni,sCoysSn, electrode was also
evaluated in the same concentration of methanol with continuous
CV scanning with 100 mV s™. As shown in Figure 6b, the electrode
lost 12.9% (500 circles), 21.5% (1000 circles) and 35.1% (1500
circles) of the current density of the 1% CV at 0.6 V. This
performance decay could have its origin on: i) the progressive
poisoning of  the active sites by  the reaction
intermediates/products, ii) a restructuration of the alloy NPs or
change of the NP electronic or chemical properties during the
reaction, potentially related to the presence of cobalt.

80 80
CO bubbling a b
Ni, .Co, .Sn,
60 NI2 5000 5sn2 60 M
— © e A T.7%
& y
e | AU=14.6% g
G40 Ni,Sn, < 40 Ni Sn,
< ] E T
- AJ = 15.7% = AJ: 6.0%
20 : "2
0 : ‘ : : 0 : ‘ : ‘
0 800 1600 2400 3200 0 800 1600 2400 3200
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Figure 7. CA of Ni3Sn, NPs and Ni, sCoy5Sn, NPs in 1.0 M KOH and
1.0 M methanol at 0.6 V: a) In the presence of a gentle CO flow
(10% in He) added at t = 600 s. b) Without additional CO
incorporation to the solution. AJ = (J;-J,)/J;, where J; and J; is the
current density measured at 600" and 3600" s respectively.

CO is generally considered as the most common
intermediate/product degrading the catalyst performance over
time through the blocking of its active sites.2#40*5%7 Additional CA
measurements were performed on the electrodes based on Ni;Sn,
NPs and Ni, 5C0og5Sn; NPs in 1.0 M KOH and 1.0 M methanol at 0.6 V
(Figure 7). At a certain time (t = 600 s), a gentle flow of CO was
bubbled into the solution to determine its effect on the current
density. With the presence of additional CO, both electrodes
suffered a similar loss in the current density: 14.9% for Ni, sCogsSn,
and 15.6% for NisSn,. The same experiment in the absence of CO
resulted in a significantly larger decrease of current density for the
Ni, 5Cop.5Sn, electrode: 7.7% for Ni, sCopsSn, and 6.0% for NisSn,.
This result demonstrates the Co-containing electrode not to be
specially sensitive to CO poisoning when compared with the NisSn,-
based one.

DFT calculations: Complementary to the experimental work, to gain
insight of the electronic effect that the Co incorporation had on the
NisSn, alloy, DFT calculations of the surface of the metallic alloys
were performed (see details in experimental section and Figures
S$10-13). DFT calculations showed that the adsorption energies of
methanol (E,4) on Ni sites at NisSn, (001) and (110) facets were -
0.57 eV and -0.49 eV. These values slightly increased for Ni sites at
Ni, 5Cog.5Sn, surfaces: -0.59 eV and -0.74 eV for Ni, ;CogsSn, (001)
and (110), respectively. The adsorption energies of methanol on Co
sites at Ni,5CogsSn, (001) and (110) surfaces were -0.63 eV and -
0.52 eV, respectively. The higher absolute values of E,y4, on Ni than
Co in NiysCogsSn, surfaces pointed out at the preferential
absorption of methanol molecules on the former. The higher E,4

This journal is © The Royal Society of Chemistry 20xx

obtained from the ternary alloy should imply a higher methanol
poisoning not observed in the measurements of the current density
as a function of the methanol concentration. On the other hand,
the adsorption energies of CO on Ni sites at Ni, 5C0y55n, 4 (001) and
(110) surfaces, -2.46 eV and -2.16 eV, were also higher than on
NisSn, (001) and (110), -2.07 eV and -1.98 eV, which could result in
a higher CO poisoning that was neither reflected in our
experimental results. Further comprehensive DFT calculations
including all the reaction steps and the proper alloy composition
under reaction conditions would be required to evaluate the exact
MOR mechanism.

Conclusions

In summary, a series of Nis,Co,Sn, (0 £ x £ 3) quasi-spherical
NPs with narrow size distribution were synthesized by a
solution-based one-pot  method. Detailed catalytic
investigation of methanol oxidation showed that the
introduction of small amounts of Co in the structure improved
the electrocatalytic performance. A preliminary optimized
catalyst composition, Ni, 5C0g5Sn,, showed 65.5 mA cm?and a
mass current density of 1050 mA mg"1 at 0.6 V vs. Hg/HgO for
MOR in 1.0 M KOH containing 1.0 M methanol. While the
introduction of Co slightly decreased durability, Ni, sCogsSn,
NP-based electrodes demonstrated a significant stability
during continuous cycling and increased activity at high
methanol concentrations. Its excellent activity and stability
towards MOR suggested an attractive anode material for
DMFCs.
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Additional TEM micrograph

Figure S1. Representative TEM micrographs of Nis«Co,Sn, NPs with different Co contents: a) x = 0.5, b) x
=1.0,c) x=2.0,d) x =2.5. Scale bar: 50 nm.
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SEM-EDX characterization
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Figure S2. SEM-EDX characterization of the NPs of NizCo,Sh,: @) x =0,b) x=0.5,¢) x=1.0d) x =15, (e)
x = 2.0, f) x=2.5, g) x = 3.0. In the table, weight percentage for each metal was used.
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HRTEM micrographs

(1-12)

[110] Pnma Ni;Sn,

Figure S3. HRTEM micrograph and ADF-STEM image and EELS elemental mapping of Ni34Co,Sn,: a) X =
1.0, b) x=15.
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XPS characterization
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Figure S4. XPS spectra of Ni3xCo,Sn, (x = 1.5) NPs.

Ni is presented at the NPs surface in two different chemical states, which we associated to metallic Ni°

(852.8 eV) and Ni*"** chemical environment (856.4 eV).! An additional satellite peak was also observed at
863.4 eV. The fitting peaks of 778.0 eV, 781.0 eV and 783.0 eV are indexed to metallic Co and oxides,
respectively." The amount of Co° is smaller than that of Co?”*. In addition, two tin chemical states were
identified from the XPS analysis of the Sn 3ds, electronic states. A Sn 3ds, peak at higher binding energy,
486.8 eV was assigned to an oxidized environment.! A second Sn 3ds, peak at 484.8 eV matched with the
binding energy expected from Sn in a metallic environment, thus we related it to the Sn within the
NisC0o,Sn; alloy.*
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Ligand removal

NCs after ligand removal
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Figure S5. FTIR spectra of OAm, OAc, TOP and Niz,Co,Sn, (x = 0.5) NPs as produced and after ligand
removal.
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Electrochemical measurements
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Figure S6. Cyclic voltammograms of Nis,Co,Sh, (x = 0, 3.0) NPs in 1 M KOH solution at a scan rate of 50
mV s in the presence and absence of 0.5 M methanol, inset shows an enlarged area of the current density

with the applied potential of 0.35-0.65 V.
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Figure S7. (a-e) Cyclic voltammograms of NisCo,Sn, (x =0, 0.5, 1.0, 2.0, 2.5) NPs in 1 M KOH solution at
increasingly higher potentials sweep rates: 10, 20, 30, 40, 50, 60, 70, 80, 90, 100 mVs™. (f-j) Linear fitting of
anodic and cathodic peak current densities to the scan rates of Ni3-xCoxSn2 (x = 0, 0.5, 1.0, 2.0, 2.5) NPs.
(k-o)Linear fitting of anodic and cathodic peak current densities to the square roots of the scan rates of
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Figure S8. (a-e) CVs of NizxCoySn, (x =0, 0.5, 1.0, 2.0, 2.5) electrode in 1 M KOH solution with different
methanol concentrations from 0.1 M to 2.0 M at a scan rate of 50 mV s™.
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Computational Details

The calculations were performed using Vienna ab-initio simulation package (VASP).>> The
interactions between valence electrons and ion cores were treated by Blochl’s all-electron-like
projector augmented wave (PAW) method.®’ The exchange-correlation functional was the
generalized gradient approximation with the Perdew-Burke-Ernzerhof, known as GGA-PBE.? The
wave functions at each k-point were expanded with a plane wave basis set and a kinetic cutoff
energy up to 400 eV. The electron occupancies were determined according to Fermi scheme with an
energy smearing of 0.1 eV. Brillouin zone integration was approximated by a sum over special
selected k-points using the Monkhorst—Pack method and they were set to 3x3x1. Geometries were
optimized until the energy was converged to 1.0 x 10°® eV/atom and the force was converged to
0.01 eV/A. Because of existence the magnetic atom, spin polarization was considered in all
calculations. A vacuum layer as large as 20 A was used along the ¢ direction normal to the surface

to avoid periodic interactions.

Figure S11. Side view of the absorption of methanol on different atom in (110) surface of NizSn, and
Ni,5C0o5Sn, alloy. Green, pink and blue spheres represent Ni, Co and Sn, respectively.

Naa® - i - o e Wy

Figure S12. Side view of the absorption of CO in (001) surface of NizSn, and Ni,sCoy5Sn; alloy. Green, pink
and blue spheres represent Ni, Co and Sn, respectively.

11
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Figure S13. Side view of the absorption of CO in (110) surface of NisSn, and Ni,sCoy5Sn, alloy. Green, pink
and blue spheres represent Ni, Co and Sn, respectively.
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Comparison of activity

Table S1. Comparison of activity between catalysts in this work and recently reported Ni and Ni-based non-precious metal alloy catalyst

Applied potential @ Activity

Catalysts Morphology Electrolyte ppV vsF.) RHE mACT? A Mo Reference
Cu/NiCu/C Nanowires 1.0 M KOH + 1.0 MeOH 1.55 34.9 867.1 ’
Nig.75CUg 25 Branched 3D networks 1 M NaOH + 0.5 MeOH 1.69 45 10
Ni NPs 0.4 M KOH + 1.0 MeOH 1.64 12 1
FeNi NPs 0.1 M NaOH + 1.0 MeOH 1.56 50 1709 12
Ni@CNTs Heterostructures 1.0 M KOH + 1.0 MeOH 1.62 ~1.5 966 13
Ni,Co, Cauliflower-like 1.0 M NaOH + 0.5 MeOH 1.74 ~35 u
Nig.sC0os5 Porous alloy film 1.0 M NaOH + 0.5 MeOH 1.69 ~35 1
Ni Ti-supported flakes 1.0 M NaOH + 0.5 MeOH 1.74 39 16
Ni-Ti NPs 0.1 M NaOH + 0.2 MeOH 1.62 0.5 mA o
Ni NPs@rGO 1.0 M KOH + 1.0 MeOH 1.64 1600 18
NiMn Film 1.0 M NaOH + 0.5 MeOH 1.64 ~80 1
Niy-Sn NPs 0.5 M KOH + 0.5 MeOH 1.65 50.9 819.3 20

Ni,5C0055n, NPs 1.0 M KOH + 1.0 MeOH 1.57 65.5 1070.4 This work

NisSn, NPs 1.0 M KOH + 1.0 MeOH 1.57 34.4 562.7 This work
Pt/C* Commercial 1.0 M KOH + 1.0 MeOH 0.95 710 ’

Note: *Commercial Pt/C was included here for comparison.
© For comparison, the applied potential was intended to convert to be vs. RHE using the following equation:
Erne = E Rer + Eger + 0.059 x PH
Where E% is potential of the reference (EOAg,Agc| =021V, EOHg,Hgoz 0.14 V), Eges is the potential that measured vs. reference, PH is simply
converted from the electrolyte (PH = 14 + Ig[OH], [OH] is the OH" concentration of the alkaline media).

13
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