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Methane electro-oxidation was investigated and systematically characterized on three different electrodes (i.e. platinum,
gold and carbon clectrodes) with six different ionic liguids {ILs) by Cyclic Voltammetry (CV). At platinum electrode in
bis(uifluoromethylsulfonylimide (NTF,) based ionic liquids (ILs), facile methane electro-oxidation is observed suggesting a unique
catalytic Pt-NTf; interface for electron transfer reaction of methane, Little methane electro-oxidation signal is observed in ILs
with other anions. The final methane oxidation products in [Cympy][NTf2] is confirmed to be CO; and water by in-situ infrared
spectroelectrochemistry. In contrast to many reported methane catalytic oxidation systeins, there is no incomplete methune oxidation
products observed. The electrochemical oxidation of methane at Ptand [Compy{NTf,] interface depends on the methane concentra-
tion linearly (from 1%~ 10 vol.% methane concentration). The characteristic of peak potential shifts of the oxygen redox processes
in the multiple cycle CV study is consistent with the clectrode reaction of oxygen coupled with chemical reactions of CO» and water
which further confirms the products of methane elecirode oxidation are CO; and water. The cumulative results Jead us to propose a
mechanism skggesting a potential catalytic system of methane oxidation in NTf, based ILs that strongly depends on the properties

of the ILs and the elecirede materials.
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Methane is one of the most abundant organic compounds on earth.
Significant efforts are made to understand methane oxidation mecha-
nisms for different applications. For example, for the development of
hydrocarbon fuel cell, complete anodic oxidation of methane to carbon
dioxide and water at useful current densities and low over potential
is desired, However, incomplete oxidation of methane to methanotl is
beneficial for using methane as chemical feedstock since transporting
methane or even liguified natiral gas is not economical. ' Methane
is the main constituent of natural gas and it is one of the major con-
stituents of landfill gas and mine gas. Unmeonitored methane can accu-
mulate which poses the greatest explosion hazards. The understand-
ing of methane chemistry is essential for the development of robust
methane sensors for the occupational and industry safety. Methane
is very stable and the C-H bond in methane is one of the strongest
C-H bonds (104 kcal/mol).%" Except for reactions with chlorine or
oxygen, methane is mostly chemically inert and is odorless and color-
less. The electrochemical oxidation of methane is thermodynamically
favored, but kinetically it is very slow. Significant research activities
in designing and characterizing of catalytic electrode reactions for
methane oxidation have been reported using microscopie, spectro-
scopic and electrochemical techniques.'®¥ Among various methods,
electrochemical oxidation of methane has many benefits since the ap-
plication of a potential or a current at the metal catalyst/electrolyte
interface allows the manipulation or modification of the activity of
the electrode catalysts.'” The most effective catalysts for the oxida-
tion of methane are platinum and palladium-based catalysts. How-
ever, the life-times of metal catalysts are Hmited by the presence of
incomplete oxidation products especially CO which can peison the
electrodes. The electrocatalysts or electrochemical systems that allow
direct oxidation of methane to complete products, CO, and HO atrel-
atively low temperatures (e.g., from about 60°C to 150°C) have been
investigated in the Iast half century. However, these systems either
require specific electrolyte (e.g. strong acid or atkaline),™!! or exhibit
extremely slow electrode kinetics at room temperature (e.g. limited
catalytic activity, short catalytic Life or low product selectivity'™™'*)
which hinder the large-scale commercial applications using
methane,

Ionic liquids (ILs) are organic electrofytes containing charge-
diffuse cations and anions which display negligible vapor pressute,
frequently coupled with high operational {chermical, redox, thermal,
radiological) stability. "' This unique combination of properties mo-
tivates owr laboratory and others to investigate their applications as
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electrolytes for elecirochemical applications (e.g. batteries, sensors
etc.),! ™20 So far there is no methane oxidation reported in ionic liquids.
Even though methane electro-oxidation was studied in non-zqueous
electrolytes, different mechanisms of methane oxidation were pro-
posed suggesting a complex process that was likely solvent dependent.
In this work, we are motivated to investigate the roles of the electrode
materials as well as the cations and anions of different 1Ls on methane
electro-oxidation process. We attempt to determine the mechanism of
electro-oxidation of methane in these ILs by cyclic voltammetry and
in-situ infrared spectroelectrochemistry. Not only ILs provide the op-
portunity for inereasing the solubility of methane and allow the ease
of removal of the oxidation products, we hypothesize that s can fa-
cilitate a unique electrode-electrolyte interface formation which eould
exhibit new catalytic properties for oxidizing methane. For example,
ILs could provide a strong polar environment, wherein the C—H bond
in methane can be activated electrostatically. This is beneficial for
the abstraction of the H from CH,, and further polarization of CHx
makes it easier to dissociate additional C-H bonds, increasing the
efficiency of methane oxidation. It is noted that NT,™ can adsorb
on the metallic oxide surface®® and coordinated with metal to form
complexes™ which has high catalytic activity.™ Our study in this
work leads us to propose a mechanism suggesting a reasonable cat-
alytic system of methane oxidation in room temperature NTf, based
ILs at Pt electrode.

Experimental

1-butyl-1-methylpyrrolidinium bis(triflaoromethylsulfonyl}imide
({C4mpy|INTE:1), 1-hexyl-l-methylpyrrolidinium bis(triftuorometh
ylsulfonybimide ([Compy][NTE1]), I-butyl-3-methylimidazolium
bis(triflucromethylsutfonyl)imide  ([Cymim][NTf,}),  1-butyl-1-
methylpyrrolidinium hexaftuorophosphate ([Cympy][PFs]), 1-butyl-
1-methylpyrrolidinivm iris{pentafluoroethyltriffuorophosphate
({Cympy][FAP)) and 1-butyl-1-methylpyrrolidinium bis{trifluoroeth
ylsulfonyDimide (fCqmpyl{Beti]) were prepared by standard [it-
erature procedures® ™ and structures fisted in Table S1. The 0.5
and L.0-mm diameter Pt wire, and 100-mesh Pt and Au gauze
were purchased from Sigma-Aldrich (St. Louis, MO). High purity
(99.99%) gases (i.e., dvy air, nitrogen, methane, oxygen) were
obtained from Airgas Great Lakes (Independence, OH).

Aback flow electrochemical gas cell was used in this study. Similar
electrochemical set-up was used in our earty IL oxygen sensor work.'”
Briefly, as shown in Figure | and Figure S1, the working electrode
is a 100-mesh platinum gauze (arca is 0.64 cm?) that was pressed
directly onto a gas-permeable porous Teflon membrane (Zitex TM,
Chemplast, Incorporated, Wayne, New Jersey) with direct contact to
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Figure 1. Schematic side-profile of electrochemical celf for methane oxi-
dation in IL electrolytes. Figure abbreviations as follows: counter electrade
{CE); reference electrode (REY; working electrode (WE) pressed on the Teflon
membrane.

a thin layer of the IL electrolyte. This set-up minimizes the limitation
of the high viscosity of ILs and allows methane to be oxidized at the
gasfsolidfliquid interface (tbp). Pt gauze electrode is used rather than
traditional sputtered platinum or platinum black electrode® since
sputtered platinum or platinum black electrode can be deactivated tn
the presence of oxygen. Two 0.5-mm diameter polycrystalline plat-
inum wires were used as counter and quasi-reference electrodes. A
Kel-F block (Figure 1) allows all three electrodes being arranged into
a sandwich structure. The electrochemical cell was placed in a home-
made dry box with temperature at 25 £ 1°C. The total gas flow was
controlled at 200 sccm by digital mass-flow controllers (MKS Instru-
ments Inc). All gas analytes (e.g. methane, air or the mixture) were
prepared by pre-mixing the gases in a glass bottle with a stirting fan
before introducing them into the electrochemical cell.

The elecerechemical characterization was performed with a Ver-
saStathMC Potentiostat (Princeton AMETEK US). All potentials were
referenced to the platinum quasi reference electrode potential. Pt/air
electrode is very often used as a pseudoreference electrode {or quasi
reference electrode) in amperometric solid-state gas sensois based on
solid polymer electrolytes. In our dry ionic liquid system in which
the water is limited to less than 1 ppm, the Pt can be a good quasi
reference electrode here ' The ferracene/ferrocenium redox couple
in the same 1L was used for the calibration of the redox potential
throughout this study (Figure $2).

The in-situ infrared spectroelectrochemical (IR-SEC) electrodes
and spectrometer configurations are illustrated in Figure 2. In spec-
ular reflection infrared spectroclectrochemistry, the sample must be
reflective or on a reflective surface so that the information obtained is
direetly refated to the thin layers at the electrode selution interface.
Thus the sputtered platinum electrode on the glass or silicon provides
a reflective and smooth surface which is preferred over a Pt gauze
slectrode. The working (8 x 8 mm?) and reference (8 x 1.5 mm?)
electrodes were sputtered with platinum of about 200 nm layer thick-
ness on exch glass slide respectively. The couater electrode is a Pt
wire. A thin layer, about 100 pum thick of the IL electrolyte was added
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Figure 2, Schematic diagram of the side-view of the IR spectroelectrachemi-
cal electrodes set-up, Figure abbreviations as follows: counter electrode (CE);
p-type polarized IR light (p-IR); reference electrode (RE); woiking electrode
{WE).
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on the electrode surfaces. A 1.5 mm height Viton barrier surrounding
the cell was pressed on the glass slide to hold the IL. Before testing,
the whole system was placed in the FTIR chamber and dry air or
pure oxygen was purged to the system for 3 hours to remove moisture
and CO;, in the background. In-situ IR spectra were obtained in the
reflectance mode with p-type polarized IR light. Polarized light can
improve the signal to noise ratio over non-polarized light, Spectra of
the Pt electrode without IL in the dry air or pure oxygen were collected
as background spectra. The background spectra were subtracted from
all other FTIR measurements (i.e. those with ILs, 1. + CH,, and

L+ CH, with applied potential). Varian Excalibur series 3100 FTIR

spectrometer with a liguid nitrogen-cooled MCT detector was used to
obtain all IR spectra.

Results and Discassion

Characterization of methane oxidation in different ILs by CV.—
Electrochemical oxidation of methane was typically carried out in
strong acidic electrolytes because hydroxide electrolytes react with
CO or CO,, the products of the anodic oxidation of methane, yield-
ing formate and carbonate. ILs provide many benefits as electrolytes
for methane oxidation since it is nonvolatile and the products of ox-
idation of methane can be quickly solubilized in the ILs or removed
from electrochemical system by gas flow. We select the low vis-
cosity hydrophobic [CympyHNTf:], [Compy][NTf,], [Camim][NTE,]
and [Cympy][Beti] electrolytes. Addition experiment procedures were
used to minimize the amount of water in our fonic liquid system. Be-
fore each experiment, ionic liquids were dried at ca. 100°C in vac-
uum for 24 hour until no visible signs of water were present in the
IR spectrum (CaF, plates) following the procedures reported.’? Us-
ing this drying process, the water level could be limited lower than
1 ppm it our ionic liquids system,* so that the oxidation of methane
will be favored and the interference from water in these IL systems
can be minimized or avoided. Figure 3 shows the CVs in these four
iLs in the presence of 5% methane at Pt electrode using dry air as
the dilution gas. In all these ILs, peaks of reduction of oxygen to
superoxide and the snbsequent oxidation of superoxide are shown
at around -1.2 V and -0.7 V respectively. The oxygen redox pro-
cess in ILs was well-studied, for example, Munakata et. al.*® char-
acterized oxygen reduction reaction in three ionic liquids (dema-FSI,
dema-TFS81, dema-BETI where anion FS1 is Bis(fluorosulfonyl)imide
and BETI is bis(pentafluoroethanesulfonyl) imide. The cation is N,N-
diethykmethuamine (dema), which is a protic cation. They found that
oxygen reduction currents increased with the length of fluoroalkyl
chain due to lesser of the surface adsorption of bulky anion on Pt
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Figure 3, Cyclic voltammograms of Pt electrode in four iomic liquids
(IC4mpyHNTE2], [Compy] [NTfa], [Camim}{NTf,] and {Cympy][Beti]} with
100% air and 5% methane in air {500 mV 57! scan rate, 6 eycle),
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electrode than that of smaller anion, Since [NTf;], [Beti] and [FAP] an-
ions are all bulky, their adsorption on Pt is weaker in neutral ionie lig-
uids compared with acidic media. In our system, the oxygen reduction
currents in different ionic liquids were only dependent on solubility
and the diffusion coefficient of O, and superoxide, (Figure 3 and Fig-
ure §3) which was related to the viscosity of ionic liquids in the follow-
ing order: [Cympy][FAP] > [Cympy][Beti] > [C4mpy] [NT#,1.% Inthe
absence of methane with enly air in the system, the oxygen reduction is
relatively more reversible with higher currents in [Cympy}[NTf,] elec-
trolyte compared to that in the other ionic liquids since [Cympy](NTE]
has lower viscosity and higher conductivity than that of {Cempy]
[NTf,] and [Cympy][Beti]. A broad anodic peak is cbserved at ~0.7V
which was explained as Pt oxidation peak in these ILs. In contrast
to [Cympyl[NTH;], [Csmpy] [NTE], (Campy][FAP] (Figure $3) and
[Cympy][Beti], smaller peak currents were observed both in oxygen
redox process and Pt oxidation process in the [Cymim] {NTE;] (Figure
3), It was explained that the stronger adsorption of cation [Cymim]* on
Pt surface than that of other cations resulted in the differences of dou-
ble layer charging current observed in these four IL, electrolytes 33
As a result of the adsorption of [Cymim]*, it is more difficult for oxy-
gen to adsorb at the electrode which hinders both Pt oxidation process
and the oxygen redox process at platinum electrode, Our results are
consistent with those observed by others, 353

Comparing the CVs in the presence of 5% methane to those in
pure air, only in the NTf; based ionic liquids, a broad anodic peak
arcund 0.9 V was observed. It was rationalized that this peak is due
to the oxidation of methane. The anodic peak current at +0.9 V
is larger in [Cympy] [NTE] than that in {Cempy][NTf,), since the
{Compy][NTE] has higher viscosity and the mass transfer is slower
than that in [Cympy] [NTf,]. However in [Cymim] {NTf,] which has
the lowest viscosity among the four ILs tested, the anodic current at
0.9 V is the smallest. This observation is consistent with early ratio-
nalization that the adsorption of cation [Cymim] limits the access of
methane to the electrode surface subsequently prevents the methane
oxidation processes. In [Cympy][Beti] electrolyte, there is no methane
oxidation peak found. Although {Beti] has a similar chemical strue-
ture to the [NTf,] with the same coordinated element N, the large size
of [Beti] leads to a different IL-electrede interface from those NTf,
based ILs because of the steric effect, The methane cannot be oxidized
in [Cympy][Beti]. All above results indicate that [NTT,] anion play a
critical role in methane oxidation at Pt electrode.

Characterization of the electrode-IL interface double layer prop-
erty in {Cympy] [NTf].— The CV results imply that the double layer
structure of [Cympy][NTf,] is unique toward methane adsorption sub-
sequently facilitating methane oxidation. As shown in Figure 54 and
83, at [00% methane, a peak was observed in both anodic ard cathodic
potential scan. This peak is not observed in the presence of nitrogen
so it is due to the adsorption of methane. This initial adsorption step
is hypothesized to be the dissaciation of a single hydrogen atom, i.e.
CH; — CH, (ads) + H (ads).The theoretical adsorption reaction is
proposed to be CHy — CH3-Pt + HY 4 %% The methane surface
coverage could be calculated via integration of the voltammetric cur-
rent signal of 100% methane in [CompylENTE;] (Figure 84 and 35).
The surface coverage of methane was calculated to be 1.16 nM/em?.,

Raldalli’s group has studied the CO adsorption at [Cymim] [NT£;]-
Pt electrode interface by EIS and SFG. Recently, we report a simple
method to quantify the methane adsorption at the [Campy][NTE;]--
Au electrode interface by differential capacitance." Our results show
that the double layer of [Cympy][NTf;] is highly selective to adsorb
methane on the Au electrode interface. Under DC bias of —0.3 V, the
double layer thickness of ionic liguid increases due to the methane
adsorption resufting in a decrease of the double layer capacitance. The
methane adsorption in [Csmpy] [NTf,] obeys Langmuir adsorption
mechanism and could be quantified by measuring the change of double
layer capacitance, The real part of differential capacitance at low
frequency (Cre) was assigned to the double layer capacitance in the
totaf capacitance of [Cymim] [NTf,]-electrode interface. In our current
Pt electrode system, a Cre versus potential curve was obtained in
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Figure 4. The capacitance-potential curves when the IL electrochemical sys-
tem was exposed to air or 5% methane at 1 Hz Potential scanned from
—0.2 V1ol Vin [Cympy] [NTE].

[Cimpy] [NTf.] under air and 5% methane. As shown in Figure 4,
the maximum capacitance change in the presence of 5% methane
occurred at about 0.4 V. So far enly in [CampylNTf,], there is strong
evidence of methane adsorption. We rationalize that the adsorption of
methane at [Cympy] [NTf;}-Pt or Au electrode interface is the main
reason for the highest current of methane oxidation shown in [Campy]
[NT%] instead of others.

Comparison of Methane oxidation at Au and Pt electrode in
[Campy] INTf:] and [Compy] [NTf; ].— Methane oxidation behavior
was further characterized by CV at Au electrode in [Cympy] [NTf;]
and [Cempy] [NTF;] ILs and the results were compated to those at Pt
electrode. The positive potential applied at Pt electrode could activate
the platinum electrode, We have performed an activation step for the
Pt gauze electrodes used in our study. The Pt gauze electrode potential
was scanned between 1.5 V to — 1.8 V in which the Pt electrode could
be activated at high potential.**** Ag shown in Figure 5, there is no ab-
vious anodic current increasing at 0.9 V related to methane oxidation
on the gold electrode in both 1Ls. We found the methane oxidation
and oxygen redox activity on the activated platinum are much higher
than the non-activated Pt (i.e. without the initial potential scanning be-
tween 1.5 V to —1.8 V). However, we did not observe the difference
when the same conditions were applied to the gold electrode. Even
the peak current of oxygen reduction at Au electrode is 55% of that at
activated Pt electrode in [Cympy] {NTE:} supporting the Au electrode
activity for reduction of oxygen is much lower than that at activated
platinum electrode. At Au electrode, the CV shows S-shape curves of
superoxide oxidation process, which was consistent with reports from
Compton’s group.** However on the activated platinum electrode, the
electron transfer process is fast and the rate Hmiting process is by the
mass {ransfer process, a peaked current -potential curve was found in
oxygen reduction process. (Figure 54 and 85). Furthermore, the peak
potential difference {AEp-0,) between cathodic and anodic peak of
oxygen redox process is larger on Au than that on the activated Pt
electrode (AEp-Oy/Au >AEp-0,/Pt). All these experiments results
suggest different electron-transfer kinetics at Pt vs. Au in these two
NTf, based ILs. The standard rate constant of certain reaction could
be calculated from the Laviron equation,® in which

;  23RT
Epe = EY — 25y !
» ankF oY ]
23RT
Fpe= EY o — 1 2
» +(E—a)nF o8 v .
_ RT (I —waFAE,
== alog (] — - —log—r — ——
logk = alog(l ) + (1 ~ @) loga — log—— 23RT

Here o is the electron-transfer coefficient, k is the standard rate
constant of reaction, v is the scan rate, and E” is the formal potential.
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Figure 5. Cyelic voltumimograms of Ptand Au elec-
trode in (A) [Cympy]{NTH1; (B) [Compy}INTE:],

with 100% diy air and 5% methane in air {500 mV
s~ scan rate, 6™ cycte).
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The electrode activity was quantified for the oxygen reduction in the
two NTT, based ILs (Table I).

In both ionic liquids, the standard rate constant of oxygen redox
process on the activated platinum is more than 26 times higher than
that on gold. Thus, activated platinum has much higher activity than
gold for electrode reaction in the NTf; based ionic liquids.

Tabie Il summarized our characterization of the methane oxidation
on Pt, Au and carbon electrodes in four additional ILs with different
anions and cations. At gold and carbon electrode, there is no oxidation
of methane observed in all the ILs tested. ILs with anions other than
NT¥, shows fittle or no methane oxidation. The methane oxidation was
abserved at platinem electrode in NTf,-based ILs only. The cations in
NT#f,-based TLs also play significant roles with [Csmpy][NTf,] show-
ing the higher methane oxidation currents than that of [Cempy][NTH, ],

In-situ FTIR spectroelectrochemistry characterization of methane
oxidation— In-situ FTIR spectroelectrochemistry was used to char-
acterize the [Compyl[NTf,] and Pt interfaces during methane oxida-
tion process, In-site F1IR spectroelectrochemistry is especially ben-
eficial for studying IL and Pt interface since the organic nature of ILs
allows the monitoring of the products or intermediates of reaction on
the electrode surface as a function of applied potential without the
interference from water and solvents encountered in most aqueous or
non-aqueous systems.

Figute 6 shows the in-situ reflectance FTIR spectra in
[C.mpy}NTL:] at Pt interface, From Figure 6A, the dark red curve
is a typical FTIR spectrum of [Cumpy][NTE;] on the Pt. With 5%
methane purging into the system, the water peak at 3400 em™! de-
creased, which was shown as orange curve in Figure 6A. The Henry’s
constant of methane in [Cympy][NTE] is about 300 bar which is much
smaller than that of nitrogen and oxygen at room temperature. 7
The adsorption of methane in [Cympy][NT£;] can be observed around

Table I. The standard rate constant (k) of oxygen redox reaction
on Pt and Au electrodes in two ionic liquids.

kN Pt An
[Cympyl [NTf2] 0.0509 0.0019
[Campy] [NTE;] 0.0417 0.0013

Table [T, The peak current at 0.9 V for methane oxidation on the
differcnt electrodes in ionic liquids with variable jonic components,

Pt Au Carbon
[CympylENTE) 2,14 % 1077 A N/A N/A
[Csmpyl[NTH:] 1.21 x 1075A N/A N/A
[Camim][NTf;1 <1076 A N/A N/A
[C4mpy][FAF] N/A N/A . NA
[Cympy][PEs] NfA N/A N/A
FCympy][Beti] : N/A N/A N/A

N/A means no obvious anodic current of methane.

2.0 15 1.0 -0.5 0.0 0.5 1.0 15
Potential (V)

3000 cm~!. According o IR surface selection rule, only the adsorbate
modes with a dipole moment component perpendicular to the reflect-
ing sutface can interact with the IR beam. Strong multiple bands at
2989, 2872 and 1308 em™! are observed in methane IR spectra. The
2089 cm~! band is assigned to the v; {antisymmetric) C—H stretching
mode, which appears at 3020 cm™' in free CH,."** The band around
2872 cm™! arises from the v, (symmetric stretch). The appearance
of an infrared forbidden vibration mode v, is a strong indication of
methane absorption. The band at 1308 em~! is ascribed to the vy
mode (deform) of the adsorbed methane.>>* Shown in Figures 4
and S4, the methane oxidation peak was around at 0.9 V. When the
potential of 0.9 V was applied ot the Pt working electrode for 60 min-
utes (green curve in Figure 6A and Figure 6B), these multiple peaks
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Figure 6. In-situ p-type polarized FTIR reflectance spectra of (A)
{C4mpy]{NTf,] and Pt interface with zero methane (pwre oxygen) or 5 vol.%
methane (oxygen as diluting gas) without applied potential and after apply-
ing potential at 0.9 V for 60 mins. (B} Methane electro-oxidation by applying
varying potentials (0.0, 0.5 ¥, 0.7 V, 0.9 ¥, [.0V) for 60 mins. 5 vol.% methane
(oxygen as ditution gas).
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Figure 7. {A) FTIR spectra acquired during methane electro-oxidation at dif-
ferent methane concentrations (Oxygen as diluting gas) at 0.9 V. (B) Integrated
absorbance of the COy peak as a function of wavenumber at various methane
concentrations. Inset: Normatized CO; concentration from FTIR results versus
methane concentration.

were reduced, compared with the results at open circuit in which no
potential is applied to the electrode. Methane electro-oxidation at
0.9 V leads to the appearance of double peaks in IR which is consis-
tent with a CO, peak at 2345 em™* and a broad band peak at 3400
emi~! related to water.> Tt is noted that, different from experiments in
agueous solutions, there are no bands found around 2100 cm~', This
observation suggests that the molecular species like CO, COOH and
CHO, the incomplete products of oxidation of hydrocarbon such as
methane observed in other systems are not observed in our studied
system, The methane oxidation products in [Cympy][NTE2] were only
CO, and H,0, and CO, generated was dissolved into ionic liguid
instead of adsorbing on the platinum electrode surface, since there
is no CO, adsorption peak (2038 cm~") emerged. ™ CO, has high
sohubility in jonic liquids which minimize the possibility of the CO;
adsorption at the Pt active sites. The results of the in-situ FTIR spee-
troelectrochemistry stady with different methane concenirations at
0.9 V are shown in Figure 7. With increasing of the coricentration of
methane, the CO, peak around 2345 em™! increased. The peak area,
which was refated to CO, concentration, was integrated and plotted
against methane concentration. A linear relationship was obtained
with methane concentration as shown in inset graph in Figure 7B.

FITR results confirmed that the products of methane electro-
oxidation in fCampy][NTf,] are H, O and CO, with no other detectable
incomplete oxidation species presemted during the whole oxidation
process. This resuft has high significance for using methane in energy
conversion and sensor development since CO and other incomplete
oxidation products of methane were reported to poison Pt electrode.
There is also no obvious peak shifts refated to the [Csmpy][NTf],
which implies that during the methanc oxidation, L, stracture at in-
terface remains intact.
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Figure 8. Cyclic voltammograms of 1st, 2nd, 6th and 10" cycle in (AYS%
methane, {B) 25% methane in [Cympy][NTf2]. Cycle 1-25 data is in supple-
mentary file (500 mV s~! scan rate),

Cyclic voltammetry characterization of wmethane oxidation in
[Canpy][NTF; ] and the coupling reaction with superoxide due io oxy-
gen reduction.— The CV curves in Figure 3 and Figure 5 also show
that in the presence of methane and in both NTf, based ILs, peak
potentials of oxygen reduction and superoxide oxidation processes
shifted to more positive direction and the peak currents of oxygen
reduction increases and the peak current of superoxide oxidation de-
creases. These phenomena are strong indications of EC mechanism,
i.e. an electrode reaction coupled with a chemical reaction®*>5 due
to the presence of water and CO, on the electrode as the products
of methane oxidation. We further characterize the redox processes of
oxygen and methane in [Campy][NTE1/Pt in detail by multiple cycle
CVs, Figure 8 shows the CV curves of multiple cycles in 5% and
25% methane conditions. In these experiments, in the first cycle, the
potential was conditioned at 0.0 V and scanned to the negative po-
tential —1.8 V. Then the potential was subsequently scanned between
1.8 V to 1.5 V (all cycles of CV curves are shown in figure 56 and
§7). There are several important observations of these CV results that
further stpport our interpretation of the methane oxidation process.
(1) At methane oxidation region (more positive than 0.6 V), the anodic
current remains constant during the multiple-potential cycling. This
suggests there is no electrode poisoning by the incomplete methane
oxidation products as reported in many other methane catalytical sys-
tems in which the following sweep in the cyclic voltammetry attests
to the strong deactivation of platinum electrode by the decrease of
the anodic current™? due to the adsorbed organic residues and CO
derived from the oxidation of methane in other systems during the
sustained oxidation.®*%7 The backflow electrochemical cell design
used in this work facilitates the quick removal of the products at the
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electrode/electrolyte interface; (2) In the first cathodic scan, a cathodic
peak at --1.1 V is observed. This is due to the oxygen reduction to
form superoxide radical which was being re-oxidized at —0.7 V at
the subsequent anodic scan. A broad anodic peak at 0.5 V is due to
the oxidation of Pt,%® since it is not appeared in nitrogen condition
(Figure S5). In the presence of methane, the peak located around
0.9 V is attribuied to methane oxidation, which was not found in
absence of methane condition; (3) In the second and subsequent ca-
thodic scan cycles, a new small cathodic peak was observed at --0.8 V.
This new cathodic peak was attributed to the oxygen reduction in the
presence of H;O on the electrode.'® But this peak is relative small
since the amount of H,0 generated here is Hmited. This peak only
exists in the third scan cycle when methane is at 5 vol% but it emerges
at the second scan cycle in 25 vol% methane since the higher con-
centration methane could generate more H,O as products. Further
supporting this rationalization is the observation of increasing peak
current of the oxygen reduction peak at —1.1 V and the decreasing
of the superoxide oxidation peak in the second cycle and subsequent
cycles. As a comprehensive review of superoxide ion chemistry given
by Sawyer et al.,™ the superoxide ion can be formed electrochemi-
cally via direct cathodic reduction of oxygen. Itis a strong nucicophile
which disproportionates with CO; to Oz, AlNashef et. al™>' reported
this phenomenon fn ILs as well that the increase in the oxygen reduc-
tion cwrrent and the decrease of superoxide oxidation current is the
characteristic of a reaction in which O, is regenerated to produce the
net effect of an irreversible two-electron reduction of O, at the pres-
ence of CO;. Fven though the methane concentration was maintained
by a constant gas flow, as the methane oxidation product, H, O and €O,
could not be removed instantly since scan time is short and viscosity of
ionic liguid is high. During the continuous potential scanning, more of
CO, and H, O were produced and accumulated on the Pt working elec-
trode surface. It could occupy the electrode active sites that results in
the decrease of subsequent oxygen reduction current compared with
the second cycle. In both 5% and 25% methane systems, from the
6th potential scanning cycle, the following CV curves of methane and
oxygen redox processes are overlapped, We believe that after six cycle
potential scanning a gas feed-remove balance has been established, in
which the species on the electrode reach to a steady state. The mag-
nitudes of the change of peak current and peak positions of oxygen
redox processes at various methane concentrations and scan cycles
were the Tesults of these effects as well; (4) The observation of the
isopotential points (IP) in these multiple potential cycling experiments
substantiates (he surface processes oceurred in the methane oxidation
processes at the Pt electrode, As defined by Bruckenstein et. al,”™ an
isopotential point occurs at an electrode surface which is partiaily cov-
ered with at least one adsorbed or deposited species at the start of the
application of the potential program, the initial amount of adsorbed or
deposited species is different for each curve, and the electrode surface
behaves as if it consists of two independent electrochemical regions
and the sum of those areas is constant at all times for all of the cutrent
_potential curves. Two isopotential points (IP-A and TP-B in Figure 8A
and 8B were observed for curves 1--10th respectively in cathodic and
anodic scan in the oxygen reduction and superoxide oxidation po-
tential window. Since these isopotential points lie on the residual I-E
curve, the oxidation of methane and/or Pt must be one of the processes
giving rise to these points, We believe that TP-A and IP-B involved
the reduction of O, in the presence of methane oxidation product of
H,0 and CO,. Our explanation for IP-A and IP-B is that the oxy-
gen has been adsorbed at electrode region of area {Aoxygen) While on
the reminder of the electrode, area Apjedane 18 the adsorbed methane,
On the anodic sweep, at area of Apfemane, the simultaneous oxidation
of adsorbed methane and Pt at current density iypumane Will generated
CO, and H,0 adsorbed which participated in the oxygen reduction
processed at the electrochemically independent region of area Aoxygen
at current density igxyge.. When the current density for all processes
on one of the regions equals the current density for all processes
on the other regions, the isopotential points occur; (5) The peaks of
PtOx around 0.5 V were observed before methane oxidation peak at
arcund 0.9 V. The shoulder peak of oxygen reduction at —0.8 V ap-
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peared only after the second cycle indicating it’s related to the water
and CO, produced hy methane oxidation. It suggests that methane
prefers to adsorb on the PtOx surface or Pt-Ox surface; (6) From
Figure 8A, the methane anodic current increased a little bit during
the potential scanning. It may be due to the trace amount of water
produced from methane oxidation since it was reported that the oxi-
dation of organic species by surface oxides on Pt are facilitated by the
oxidation of water over Pt to form Pe-OH (H,0 + Pt — Pi-OH + H*
+ &) under positive potential. ™™

Mechanisms of methane oxidation in NIf; based ILs.— The mech-
anisms of electro-oxidation of methane were studied in the acidic
aqueons electrolytes amd proposed as an eight electron process by
Rockris et al. in 1965, The adsorption process proceeds via ph-
ysisorption of methane on the platinum surface followed by dissocia-
tion of the adsorbed methane molecule to an adsorbed methyt group
and adsorbed hydrogen which is oxidized immediately, as expressed
by eq 4.

CH, + 21-120 e CO; -+ 8H+ + 8e” [4]

Tn aqueous solution, CH, has to dissociate at the efectrode surface
to be CH, {(x = 0-3) species which can then be converted to CcO
through a series of surface reactions. Typically, strong acids were em-
ployed as oxidants, however, the protonation from acids could limit
further dissociation of methane and cause incomplete oxidation (the
product would be CO).”7 Our above results suggest that methane ox-
idatton follows a different pathway compared with those proposed
in the acidic aguecus solution, Since enly in NTf; based ILs that
methane could be oxidized at Pt electrode. It means NTE; plays a sig-
nificant role in methane oxidation, We believe NTE; anion contributes
to the methane oxidation process. Comparing the nucleophilicity of
[NTE,]~ with [O2] in the IL, the latter has a higher activity for the
metal and is therefore more strongly bound to the metal elecirode sur-
face. Our experiments show that the initial oxidation of Pt surface is
significant process that determines the reactivity of electrocatalytical
oxidation of methane which is consistent with the simulation study
of methane oxidation at Pt by Zhdanov, V. P. et.al.% Their study sug-
gests that methane oxidation occurs in two step kinetics with a low
reactive state with the surface completely covered by platinum oxide
and a high-reactive state with the surface covered by the chemisorbed
oxygen. Thus, we rationalize that at Pt electrode, Pt-O is the predomi-
nantly active site where methane oxidation takes place on this Pt oxide
layer. The TLs can provide a strong polar environment, wherein the
C—H bond in methane can be activated efectrostatically. Once H dis-
sociated from CH,_farther polarization of CHx makes iteven easier fo
dissociate additional C—H bonds. Based on above evidence and ratio-
nalization, we propose the following methane oxidation mechanism
in NTT, based ILs. In step [, oxygen molecule was supplied from the
gas phase via irreversible dissociative adserption on Pt vacant sites

2Pt + Oy = 2Pt-Ofads) [51

where Pt-O is the adsorption form of oxygen in the surface layer. Oxy-
gen atom can diffuse in and between the Pt atomic Iayers resulting
Pt surface reconstruction. Under the positive potential, it is easy to
form the Pt oxide on the electrode surface, In NTf,-based ionic liquid
system, NTE,~ could adsorb on the metallic oxide surface adapting the
structure of the metal surface.” NTf,~ typically behaves as a weak or
non-coordinating anion.”™ However, a weak Pt-NTf, coordinate com-
plex likely occurs in the absence of other ligands.”*" The formation
of Pt-NTf, adsorbate shown in eq, 5 which could have high catalytic
activity:

PLO + NTf; = O-Pt-NTf; = O-PtNTf} + e [6]

As reported, Pt (I} centered complex has strong eoordination with
C-H bond, which was reported for activation methane in organic
chemistry, 8! Here we in-situ generated O-Pt-NTf} electrochemi-
cally which could have very high activity of binding with other atorns
such as methane than Pt oxide.’?®? The reaction is considered to be
lintited by the dissociative chemisorptions of CHy occurring via the
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Figure 9. Methane oxidation current at [C4mpy][NTE; /Pt interface under
200 seem continuous 5 vol.% methane in dry air flow. Peak cuerent of 0.9 V
were measured during CV experiment {500 mV/s).

Eley-Rideal-type mechanism by breaking of C-H bonds.** Usually
the free radical could exist in a condensed medium and TLs can be
considered as a condensed medivm due to the high viscosity and the
big size of the ion limiting its ion mobility.

4O-PLNTE, + CH; = CO, + 2H,0 + 4Pt-NTH; (71

Here H,0 generated from methane could adsorb on the Pt electrode
surface since [Cympy][NTE] is hydrophobic, and it could react with
P1 via following processes to form Pt-OH.™7

H,0 + surface free site® == OH,gs + HY +e i8]
and
Pt+H,0 —— Pt-OH + H*+e 91

Since surface bonded OH is the oxygen donor reacting with surface
borded CO to form CO,. It is likely that Pt-OH could form in our
system in the presence of methane facilitaling methane oxidation to
C0O,.™4" There is no band related to CO found in FTIR spectrum
during the methane oxidation. We propose that (ke total reaction is

PN, iL
CH; + 0y —— C0O, + 2H,0 [10]

Taking into account that methane oxidation process in non-agueous
electrolyte was a fouar electron process, the oxidized Pt electrode
reactivity is also dependent on the adsorption of [Campy|[NTL:].
[C4mpy][NTf,] not only was employed as a solvent and supporting
electrolyte, but also adsorption on the {Cympy][NTf,] ~Pt interface
affects the surface catalytic activity of platinum oxide by solvating the
reactive species, afthough we are not able to observe oxygen signal
and changes of |Cympy][NTf;] peaks in IR spectrum due to lack of
sensitivity of FTIR to measure the catalytic intermediates at electrode
IL interface.

Long-term stability of methane oxidation in IL-- the methane
oxidation products CO, and HyO can be easily removed from the
electrode —IL interface by carrier gas flow. This maintains a constant
[C4mpy][NTE,1/Pt interface and should lead to a stable anodic current
of methane oxidation for long-term applications. Figure 9 shows the
peak current at 0.9 V vs. time curve obtained in CV measurements
with 5 vol.% methane in dry air condition tested during 4 months
period. Between testing, the Pt and [Cympy] [NTf,] electrode was
exposed to N, The current of [C4mpy]INTE, /Pt system only showed
5% variable over the first week, and remained almost constant during
the remaining time of the experiment proving that [Cympy] [NT:] /Pt
electrode interface for methane oxidation is very stable compared with
current catalyst electrochemical systems. Thus, [Cympy] [NTf,] /Pt
system will be very promising for applications in sensors and fuel cells
with long-term stable power output and reliable sensor measurements.
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Conclusions

We have systematically characterized the methane oxidation pro-
cess in several ILg at Pt, Au and carbon elecirodes under aerobic
conditions. Our results confirms that methane could be fully oxidized
only at NTf; based ILs ({Cempy][NTf;] and [Cympy][NTE]) at Pt
electrode in room temperature. Our results suggest that the methane
oxidation depends not only on oxygen concentration and Pt electrode
potential but also is governed by the properties of IL. The more com-
pact double layer associated with [Cymim][NTL:] prevents methane
oxidation whereas the more loosely-packed double layer formed in
[Cympy][NT,] allows for facile methane oxidation, The methane ox-
idation in [Cympy][NTf,] and Pt under airfoxygen was thoroughly
characterized by CV and spectroelectrochemistry (in-sita FTIR) tech-
niques. The product of methane oxidation is water and CO» confirmed
by the CV and in-situ IR spectroelectrochemistry results. We pro-
posed a multiple step mechanism involving methane adsorption and
platinum oxide formation in which at least a portion of a surface of
a platinum working electrode is activated at an interface between the
platinum working electrode and an jonic liquid electrolyte (Le., I-
ethyl-1-methylpyrrolidinium bis(triflucromethylsulfonyl)imide). An
interface complex O-Pt-NTf, - is likely formed at the electrode and
ionic liquid interface and methane adsorbs at or near this interface
complex. Our proposed mechanism has not been observed in early
studies of hydrocarbon electro-oxidation,*?**# but can fully ex-
plain our observed results. Due to absence of incomplete oxidation
products of CO, the IL and Pt interface maintains the activity for a
long time. There was only 0.5% of current drift in 120 days under air
condition. The findings of this work prove useful to improve operating
conditions and selectivity leading to practical methane sensors using
ILs that is simultaneously robust, sensitive, stable, and selective, The
understanding of methane oxidation process in ILs also opens up new
opportunities in electrocatalysis of methane which can enable the use
of methane as an electrochemical energy storage material for portable
power applications and long-term stable power supply device. The
beneficial features of IL electrochemical systems can be extended for
applications in electrochemical oxidations of other hydrocarbons as
well. :

Electronic supplementary information (ESI) available— Figure
§1-§7 and table S1 are provided as supplementary information.
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