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Abstract: We argue here that a methanol economy would be favored by the availability of low cost
catalysts able to selective oxidize methanol to formate. A selective oxidation to formate would allow
extracting the largest part of the fuel energy while simultaneously producing a chemical with even higher
commercial value than the fuel itself. This reaction path would also reduce CO; emissions in direct
methanol fuel cells and it would help to overcome the catalyst poisoning limitation which is related to a
strong CO adsorption. However, a vital need to realize this scenario, is to screen out a reliable catalyst
for the selective methanol oxidation reaction (MOR) and to determine the precise electrochemical
conversion process, yet both of which remain unachieved. Here we present a highly active MOR catalyst
based on abundant elements and with an optimized structure to simultaneously maximize interaction
with the electrolyte and mobility of charge carriers. Using advanced in-situ infrared spectroscopy
combined with the nuclear magnetic resonance, branched nickel carbide particles are the first catalyst
determined to have nearly 100 % electrochemical conversion of methanol to formate without generating
detectable CO> byproduct. Electrochemical kinetics analysis reveals the optimized reaction conditions
and the electrode delivered an average current density up to 126.7 mA cm? in 1.0 M KOH,

corresponding to a record value of 4.2 A mg” at 0.6 V vs. Ag/AgClI and a notable stability within 1000



continuous cycles. This work provides a straightforward and cost-efficient way for conversion of organic

small molecules and the first direct evidence of a selective formate reaction path.

Keywords: branched particles; nickel carbide; in-sifu infrared spectroscopy; methanol oxidation

reaction; formic acid



Methanol is not only one of the most used commodity chemicals but also an excellent energy vector.
Methanol is characterized by a high energy density (15.6 MJ/L), several times above that of liquid H»
(4.7 MJ/L).1" Being liquid at ambient temperature and pressure, methanol allows for an easy storing and
transportation, and it could be distributed using the already existing infrastructure. Additionally, it can
be renewably obtained from biomass, organic waste or CO,.”! All of these advantages, provide direct
methanol fuel cells (DMFCs) with a high potential to power future electric cars and mobile applications,
among others."®! However, the massive depletion of DMFCs is currently impeded by the lack of active,

durable and cost-effective catalysts, particularly for the methanol oxidation reaction (MOR).™!

MOR is generally considered to proceed through a dual-pathway that involves either CO.q or
formate intermediates.”! In the CO,q path, the over-strong adsorption of CO poisons active catalytic sites
limiting the catalyst durability. On the other hand, formate weakly bonds to the catalyst surface and it is
easily dissolved in alkaline media. Thus, while the formate path does not allow the complete methanol
oxidation, and therefore has associated lower energy densities (9.2 MJ/L), it may be preferred over the
COuq path that rapidly blocks catalyst activity. An additional advantage of DMFCs based on a selective
conversion of methanol to formate is the lack of CO; emissions during operation. On top of this, the
production of a valuable chemical such as formate is advantageous in itself and it can reduce the overall
fuel cost. Formate is actually an indispensable intermediate in the chemical industry due to its numerous
applications in fabric dyeing, printing processes and the pharmaceutical industry.!®! Currently, close to
one million tons of formic acid are yearly produced from the combination of methanol with CO at 40
atm and 80°C and the hydrolysis of the resulting methyl formate.”! Owing to the high energy used in
this process and the high demand, the price per metric ton of formate is a fourfold higher than that of
methanol.®! Therefore, the selective oxidation of methanol to formate in a DMFC can be even

economically profitable if a proper strategy to collect the reaction product was developed.

The mechanism of methanol electrooxidation on Ru, Pd and Pt-based electrodes in alkaline and
acid electrolytes has been extensively investigated.>!®!!! These catalysts do not provide a selective
conversion of methanol-to-formate and are too expensive and rare to empower the methanol economy.
Among the several alternative materials proposed to replace noble metals as MOR catalysts, Ni offers
the highest cost-effectiveness. A plethora of Nil'>'% and Ni-based catalysts, including

oxides/hydroxides,!"”??! metal alloys,**% phosphides,*!! chalcogenides,*?! and nitrides,**! have been



developed and tested toward MOR. Surprisingly, the nickel carbide, which a priori offers suitable
properties as electrocatalysts, e.g. stability, electrical conductivity and element abundance, has not been
tested toward MOR. On the other hand, while MOR mechanisms have been well-studied in noble metals,

in spite of the high potential of Ni-based catalysts, their MOR pathways remain largely unknown.

In this work we propose a cost effective catalyst based on nickel carbide for the selective oxidation
of methanol to formate. This highly selective oxidation allows extracting a significant part of the energy
from the methanol molecules while at the same time transforming the fuel into a more valuable chemical.
To demonstrate the MOR mechanism, we applied advanced in-sifu and ex-situ characterization strategies
combined with electrochemical kinetics analysis to identify the adsorbed and dissolved

intermediates/products as a function of the applied potentials.

Ni3C nanoparticles (NPs) were produced from the decomposition of nickel (II) acetylacetonate at
240 °C in a solution of octadecene (ODE) and oleylamine (OAm).** Experimental details can be found
on the supporting information (SI). Figure 1a displays a representative transmission electron microscopy
(TEM) micrographs of the NPs produced using a solvent ratio ODE/OAm = 2. Particles produced under
these conditions had an average size of 14020 nm and appeared highly branched with an average
branch width of 1944 nm. When reducing the ODE/OAm ratio to 1, smaller particles, 53 =7 nm, with
shorter branches but with approximately the same width were produced (Figure S1). X-ray diffraction
(XRD) patterns showed the crystallographic structure of the produced particles to match the
rhombohedral NisCix phase (JCPDS 01 072 1467, Figure 1b).*>! High resolution TEM (HRTEM)
characterization confirmed the crystallographic structure of the produced NPs to match the NisC

hexagonal phase (space group =R3-CH #167) with a=b=4.5820 A and ¢=13.0300 A.

X-ray photoelectron spectroscopy (XPS) data showed the probed Ni at the NizC surface to have an
oxidized Ni**** chemical environment with Ni 2ps» at 857.1 eV (Figure S2).°% This NisC surface
oxidation was attributed to the manipulation of the particles in air atmosphere during purification and

transportation. 3!

Thermogravimetric analysis (TGA) of the NizC NPs showed a weight loss of a 6.6 wt% when
heating the material up to 450 °C (Figure S3). This weight loss was associated to the desorption of

surface water and the decomposition of the surface ligands used to control the NP growth. TGA showed



an additional weight loss of a 3.6wt% at temperature above 500 °C, which was attributed to a carbon
release from the structure, in agreement with previous reports.?* To prepare the catalysts, the organic
surface ligands were chemically removed using hydrazine and acetonitrile (see SI for details), and this

removal was confirmed by FTIR analysis (Figure S4).
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Figure 1. a) Representative TEM micrograph of the particles obtained within a solvent ration
ODE/OAm=2. b) XRD pattern and Ni3C crystal structure: blue = carbon, red = nickel. c) HRTEM
micrograph, detail of the orange squared region and its corresponding power spectrum. From the
displayed crystalline domain, lattice fringe distances were measured to be 0.203 nm, 0.234 nm, and
0.212 nm, at 60.45° and 127.18°, which was interpreted as a hexagonal Ni3C phase visualized along its
[01-11] zone axis.



Nis3C-based electrocatalysts were prepared by drop-casting a solution containing the NPs and carbon
black at a 1/2 weight ratio on top of glassy carbon (see SI for details). Initial cyclic voltammetry (CV)
analysis of the electrocatalysts was performed in a 1.0 M KOH electrolyte (Figure 2a). During the
forward scan, surface Ni was oxidized, first to Ni(OH), and later to NiOOH.!* Ni;C/C electrodes
activated the oxygen evolution reaction (OER) at ca. 0.6-0.7 V vs. Ag/AgCl and the lowest activation
voltages were systematically measured with the larger and more branched Ni3;C NPs, i.e. those produced

with ODE/OAm=2.

The electrochemically active surface area (ECSA) was estimated from the electrochemical double-
layer capacitance (Car) on the basis of CVs recorded at different scan rates in the non-faradaic potential
range 0-0.1 V vs. Ag/AgCl (see Figure S5 and calculations in SI for details).?**! An ECSA up to 65

cm? was obtained for the largest branched NPs and just 37.5 cm? for the smallest ones.

Figures 2b and S6ab display CVs with a stepwise increase of scanning rates from 10 to 150 mV s’!
in 1.0 M, 0.5 M and 0.1 M KOH. A continuous potential shift of the redox peaks was associated to the
formation and diffusion of NiOOH species. From this data the surface coverage of Ni**/Ni** redox
species (['*) could be calculated by fitting a linear dependence of the redox peak current with the
scanning rate (see Figures S6cd and S7a and calculations SI for details).*! Figure 2¢ compares the
coverage of redox species in different KOH concentrations obtained from this fitting for 0.1 M, 0.5 M
and 1.0 M KOH (). Considering that the proton diffusion governs the Ni**<>Ni** redox reaction process,
its diffusion coefficient (D) was determined by the Randles-Sevcik equation (see Figures S6efb and
S7bef and calculations in SI)."*!! The proton diffusion coefficients obtained in NisC, up to 5.99x10”
cm?s!in 1.0 M KOH (Figure 2c), were well above to the values measured for pure Ni NPs,!'®! which
indicates the N3C structure to facilitate the Ni**/Ni** redox process at the basis of the high electrocatalytic

activity of Ni-based catalysts.
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Figure 2. Electrochemical response of NizC NPs in alkaline media. a) CV curves of N3C NPs in 1.0 M
KOH solution with and without 0.5 M methanol. b) CV curves in 1.0 M KOH at scanning rate from 10
mV s to 150 mV s, ¢) Surface coverage of redox species (*) and diffusion coefficient (D) obtained
in 0.1, 0.5 and 1.0 M KOH solution.

Once methanol was added to the electrolyte, a sharp current density increase associated to the MOR
was measured at potentials above 0.35 V, which matched well with the Ni(OH), — NiOOH oxidation
event (Figure 2a and 3a). As expected, current densities increased with the KOH concentration (Figure
3a), but also with the size and branching of the NPs (Figure 2a). When increasing the methanol
concentration, the measured current density raised rapidly up to a 0.3 M methanol concentration and
reached a plateau above 0.4 M (Figure 3b). To compare the MOR activity with reference materials, the
oxidation current was normalized by the surface area or the NisC mass loading. The current density at
0.6 V vs. Ag/AgClin 1.0 M KOH and 1.0 M methanol reached 127 mA cm?and 4.2 A mgnic! (averaged
from 5 separate electrodes with 10% error). These activities clearly stands out from previously reported
noble metal-free MOR catalysts (Table S1). Discarding a bifunctional and a stearic effect of the carbon
within the Ni, we associated the excellent catalytic activities obtained from nickel carbide-based
catalysts to an electronic influence of the carbon on nickel-based surface reaction sites. Besides, we
observed the unique branched geometry to booster the EOR activity by simultaneously providing a large
electrolyte/electrode interface for methanol and hydroxide interaction with high electrical conductivity

avenues for charge transport.
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Figure 3. MOR electrochemical performance of NizC-based electrodes. a) CV curves in 0.1, 0.5 and 1.0
M KOH solution with 1.0 M methanol. b) CV curves of highly branched N3C NPs in 1.0 M KOH with
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variable methanol concentrations from 0.1 to 1.0 M. c¢) Continuous CV cycling in the potential range 0-
0.6V vs. Ag/AgCl with a scan rate of 100 mV s!. d) CA response at 0.6 V vs. Ag/AgCl and CP profile
with at a current density of 120 mA cm™.

The electrochemical stability of NisC electrocatalysts was evaluated through continuous CV cycling,
chronoamperometry (CA) and chronopotentiometry (CP) in 1.0 M KOH and 1.0 M methanol. Figure 3c
presents 1000 continuous CV cycles obtained from a branched NizC/C catalyst. The current density at
0.6 V vs. Ag/AgCl was found to decay 18.1%, 24.4%, 28.6%, and 34.6% after the 200", 600™, 800" and
1000™ CV, respectively, but maintaining still 69.6 mA cm* after 1000 cycles. Figure 3d shows the CA
curve at 0.6 V, where an insignificant OER contribution was measured (Figure 2a). In these conditions,
as shown in Figure 3d, during 5000 s operation the current density decreased from 125 mA cm™ to 70
mA cm, which is still an excellent current density if we compare with initial values reported in previous
works (Table S1). Additionally, CP measurements showed that an additional potential of just 0.03 V, on

top of the initial 0.55 V, were required to maintain a current density of 120 mA c¢cm™ for 50,000 s (Figure

3d).
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Figure 4. a) Schematic drawing of the ATR-SEIRA set-up. b) Real-time ATR-SEIRA spectra taken on
branched NisC surface in 0.1 M KOH and 0.5 M methanol in the potential range 0-0.8 V vs. Ag/AgCl.
¢) Schematic drawing of a typical setup for IRAS. d) Real-time spectra of MOR on branched Ni;C NPs
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surface in 0.1 M KOH and 0.5 M methanol in the potential range 0-0.8 V vs. Ag/AgCl. e) Transmission
spectra of 0.05 M HCOONa and 0.1 M KOH. Note The single-beam spectrum collected at 0 V was used
as the reference spectrum of the real-time spectra, and spectral resolution is 8 cm™.

To determine the MOR reaction mechanism and the reason behind the excellent catalyst stability,
we monitored the MOR activity of NizC-based electrodes using in-situ Attenuated Total Reflection
Surface-Enhanced Infrared Absorption (ATR-SEIRA) and Infrared Reflection Absorption Spectroscopy
(IRAS) in a 0.1 M KOH electrolyte containing 0.5 M methanol. To the best of our knowledge in sifu
infrared spectroscopy has not been used previously to analyze the MOR mechanism in Ni-based non
noble-metal electrocatalyts. As shown in Figure 4a, several IR absorption peaks appeared in the ATR-
SEIRA spectra when applying potentials above 0.2 V vs. Ag/AgCl to the NisC electrode. Specifically,
IR absorption bands at ca. 2924, 2906 and 2853 cm™' as well as three peaks at 1530, 1540, and 1407 cm
"in the lower wavenumber region are ascribed to surface CH3O and CH3OH species (see Table 1).11%4-
43I Notably, no evidences were found of the presence of neither adsorbed CO species (1700-2000 cm™)
nor of the CO; production (2341 cm™) in the ATR-SEIRA spectra. Nevertheless, the presence of these
species cannot be excluded only based on ATR-SEIRA spectra, as weakly-adsorbed or produced species
may dissolve into the solution. Thus, we used IRAS to analyze at each electrode potential the dissolved
products in a thin electrolyte layer used in this experiment (see setup drawing in Figure 4c). As shown
in Figure 4d, no bands associated with CO and CO; could be observed, which excluded the CO-pathway
in the MOR on Ni3;C. On the other hand, bands at ca.1558, 1377 and 1342 cm™ in the IRAS spectra were
assigned to formate (Figure 4e and Table 1).124¢ Note that the peak at 1588 cm™! should be located at
ca. 1580 cm’!, but the slight shift observed can be associated to the overlap with the (HOH) band of
interfacial water (1630 cm™' downward) present during the methanol consumption on the NPs surface.
Additionally, IRAS spectra showed no sign of the presence of CO; or carbonate at higher potential,
which pointed at formate as the only product of the MOR at the NizC surface. Figure S8 displays the
intensity of the band at 1342 cm™ as a function of the applied potential during a typical CV in 0.1 M
KOH with 0.5 M methanol. A clear relationship between the current density onset associated to the

MOR and the band corresponding to the presence of formate in solution was observed.

Table 1. Band assignments from the ATR-SEIR and IRAS spectra displayed in figure 4

wavenumber / cm’! assignments
2924, 2853 v(C-H) of CH30H or CH;0!!042:43
2907 8a5(CH3) of CH30H or CH;0**




1530, 1450 5(C-H) of CH;OH or CH;0!!042:4

1407 COs* or -COOH*#!
1558 vas(OCO) of HCOO-#2:4¢]
1377 8(C-H) of HCOO-!
1342 v(0OCO) of HCOO-!6!

To validate our results, an aliquot of the electrolyte after MOR operation in 1.0 M KOH + 1.0 M
methanol was analyzed by NMR (Figure S9). *C NMR analysis indicated that the formate was the only
product after 50000 s reaction, further demonstrating the highly selective conversion of methanol to

formate over Ni3C catalysts in alkaline media.

In summary, we presented a new MOR catalyst based on abundant elements able to selectively and
effectively convert methanol-to-formate. We demonstrated that branching the catalyst particles strongly
enhanced their performance. Electrochemical measurements combined with advanced in-situ infrared
spectroscopy and NMR analysis allowed to clearly determine the reaction products ruling out the
adsorption of CO and the production of carbonates. This highly selective conversion on Ni3C electrodes
exhibited a remarkable current density of 126.7 mA cm?, corresponding to 4.2 Amg"' at 0.6 V vs.
Ag/AgCl in 1.0 M KOH containing 1.0 M methanol. This work offers first evidence for this selective
methanol-to-formate conversion in Ni-based catalysts and provides a very promising example to exploit

non-precious metal oxides for the electrocatalytic conversion of small organic molecules.
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