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Direct electrochemical synthesis of oxygenates from ethane
using phosphate-based electrolysis cells

Ethane was converted directly to acetaldehyde and ethanol
with high production rates at 220 °C using an electrolysis cell
with a proton-conducting CsH,PO,/SiP, 0, electrolyte and
Pt/C electrodes. Oxygen species (O*) generated from water
splitting functioned as oxidants for the partial oxidation.
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Ethane was converted directly to acetaldehyde and ethanol by
partial oxidation at 220 °C and ambient pressure using an electro-
lysis cell with a proton-conducting electrolyte, CsH,PO,/SiP,0-,
and Pt/C electrodes. The ethane conversion and the selectivity to
the products increased with the voltage applied to the cell. It was
found that O species generated by water electrolysis functioned as
a favorable oxidant for partial oxidation of ethane on the Pt/C
anode at intermediate temperatures. The production rates of acet-
aldehyde and ethanol recorded in this study were significantly
higher than those in preceding reports.

Natural gas from shale has received much attention as a low-
cost and abundant energy source. It mainly consists of methane
but also contains substantial amounts of ethane. The number
of studies on effective ethane utilization has increased steeply
in recent years. Most studies have focused on ethylene
production,'”® while few have addressed oxygenate production
such as acetaldehyde and ethanol.””® These products are diffi-
cult to obtain directly from ethane because ethane activation
and suppression of over-oxidation of oxygenates are challen-
ging. To overcome these barriers, considerable effort has been
made so far focusing on oxidizing species generated in reaction
systems. Prior research has confirmed that transient intermediate
oxidizing species such as O* and OH* are more effective than
molecular oxygen for the selective synthesis of oxygenates. Several
researchers have tried thermal catalytic’®™? or electrochemical'**®
approaches to generate transient oxidizing species at various
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temperatures. The advantages of an electrochemical approach are
the controllability of reaction rates by changing the rate of 0>~ or H"
ion pumping and the availability of inexpensive oxidants (O,,"
CO,,"® and H,0). In the 1990s, Frusteri et al'* and Hamakawa
et al™® conducted ethane oxidation employing electrochemically-
generated O species at around 80 °C and 500 °C, respectively. They
successfully synthesized oxygenates by using the electrochemically-
generated O species. However, the reaction temperatures greatly
influenced the selectivity towards the oxygenates and the ethane
conversion: low temperature operation (<100 °C) was insufficient to
activate ethane, while the high temperature (>400 °C) promoted
over-oxidation of the oxygenates. Accordingly, the increase in the
production rates of oxygenates is still a challenging issue.

In this work, we expect that the electrochemical reaction at
intermediate temperatures (100-400 °C) can attain high produc-
tion rates of oxygenates by enhancing both the ethane activation
and the suppression of over-oxidation. However, electrochemical
ethane oxidation at the intermediate temperatures has not been
tested before because there are few appropriate materials for
electrolysis cells. Here a composite of CsH,PO, and SiP,O,; was
used as an electrolyte material. The composite showed excellent
proton conductivity at around 200 °C wunder humidified
conditions."”” Moreover, the use of oxidizing species (O* and
OH*) generated by water electrolysis was targeted for partial
oxidation of ethane in the anode (Fig. 1a and b). A commercial
Pt/C sheet was employed as the anode because the Pt metal has
catalytic activity for the dissociation of C-H bonds in ethane.”
Regarding the utilization of a phosphate-based electrolyte at the
intermediate temperatures, most studies have demonstrated its
application in fuel cells"®*>° and very few studies have demon-
strated its application in electrolysis cells for synthesizing variable
chemicals such as ammonia.?*** No research has been reported
on the electrochemical conversion of ethane to oxygenates at the
intermediate temperatures so far. Herein, we report that ethane
was converted directly to acetaldehyde and ethanol with high
production rates using oxygen species generated by water electro-
lysis at 220 °C.
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Fig. 1 (a) Conceptual diagram of ethane partial oxidation in an electro-

chemical cell. (b) Schematic illustration of ethane oxidation in the anode.
SEM images of (c) the phosphate-based electrolysis cell and (d) the
interface between the electrolyte and the Pt/C anode before the reaction.

The construction of the electrochemical cell is explained in
the ESI.T Briefly, a mixture of CsH,PO, and SiP,0O, powder was
sandwiched between two commercial Pt/C sheets (10 mm in
diameter, Pt loading 1 mg cm™>, where the Pt/C catalyst was
loaded on carbon paper) using a uniaxial pelletizer. The XRD
patterns for CsH,PO, and SiP,0, (Fig. S1, ESIT) show that the
two powders were successfully synthesized. Fig. 1c and d show
the SEM images of the prepared cell. The thickness of the cell
was ~0.85 mm. The diameter of the secondary particles of Pt/C
was ~5 pm. Rod-shaped electrolyte particles (~100 nm) and
primary Pt/C particles (~50 nm) were also observed (Fig. S2,
ESIt). The SEM image after ethane oxidation (Fig. S3, ESIf)
showed that the cross section of the electrolyte composite
became dense and the rod structure disappeared. This suggests
that the electrolyte material was in a highly viscous molten state
at around 200 °C to achieve high H' conductivity."” The
electrochemical H' pumping ability of the cell was examined
with an I-V test and confirmed to be sufficient (Fig. S4, ESIt).
The faradaic efficiency for water splitting was 93% (Table S1,
ESIT). The electrochemical partial oxidation of ethane was
conducted at 220 °C and ambient pressure using a double-
chamber reactor (Fig. S5, ESIt).

Fig. 2a shows the effect of the applied voltage on the ethane
conversion and the selectivity to the products (CO,, CO, C,Hy,,
CH;CHO, CH, and C,H;OH) calculated using eqn (S-1) and
(S-2) in the ESI.T The conversion increased from 0.20% to 3.1%
with increasing the applied voltage. The selectivity to C2 species
such as C,H,;, CH;CHO and C,H;OH increased, whereas the
selectivity to undesirable CO, decreased. The production rates
of the products are shown in Fig. S6 (ESIt). The production of
the C2 species was drastically promoted in the higher voltage
region. The current densities at each applied voltage were
almost constant during the test as shown in Fig. S7 (ESIY).
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Fig. 2 (a) Effect of the applied voltage on the ethane conversion and the
product selectivity. (b) Effect of the amount of supplied oxygen atoms
generated by water splitting or fed as gaseous O, on the CHzCHO
production rate. Ethane flow rate: 3 mL min~%, temperature: 220 °C,
Pt weight: 1 mg cm™2.

Because the electrochemical cell consists of carbon-
containing materials such as Pt/C electrodes and the current
collectors, there was a possibility for these materials to be
sources of the products in the ethane oxidation test. Conse-
quently, blank experiments were conducted to confirm that the
products were synthesized from the feed ethane on the Pt/C
anode. Table 1 summarizes the production rates of the C2
species under different experimental conditions. In both the
Pt/C anode and carbon paper (CP) anode cases, no C2 species
were produced when a current density of 50 mA cm 2 was
applied without ethane gas (entries 1 and 4). Little amounts of
C,H, were detected under open circuit conditions in an ethane
flow (entries 2 and 5). When a current density of 50 mA cm ™2
was applied with ethane gas, the Pt/C anode and the CP anode
showed a different performance. In the case of the Pt/C anode
(entry 3), significant amounts of C2 species were produced.
The amounts of produced C2 species, especially C,H, and
CH;3;CHO, were much larger in the Pt/C anode case (entry 3)
than in the CP anode case (entry 6). The main products over the
CP anode were CO, and O, (entries 4, 6 and Table S5, ESIf).
These results indicate that C,H,;, C,H;OH and CH;CHO are
electrochemically produced in the electrolysis cell from the feed
ethane. Moreover, the Pt metal plays an important role in the
ethane oxidation to the oxygenates at the intermediate tem-
peratures. The electrochemically-generated O species would
react with ethane on the Pt metal at the triple-phase boundary
(gas—electrode—-electrolyte) as illustrated in Fig. 1b, resulting in
the production of the C2 species.

Table 1 Comparison of the production rates under different conditions

Production rate

. [107° mol s™" em™?]
Gas condition Current den-

Entry Anode (steam, N,) sity [mA em~?] C,H, C,Hs;OH CH;CHO
1 Pt/C  Without C,H, 50 0 0 0

2 With C,Hg 0 0.017 0 0

3 Wwith C,H, 50 011 <01 0.71

4 Carbon Without C,Hg 50 0 0 0

5 paper With C,H¢ 0 0.012 0 0

6 With C,Hg 50 0.013 0 0

This journal is © The Royal Society of Chemistry 2020
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Fig. 2b shows a comparison of the two types of oxidizing
species: gas phase O, molecules and surface O species derived
from water splitting. The CH3;CHO production rates are plotted
against the number of supplied oxygen atoms. The production
rates of the other products are shown in the ESIt (Fig. S8).
In addition, the faradaic efficiency for the products is summa-
lized in Tables S2 and S3 (ESIt). The applied voltages were
almost constant during the reaction (Fig. S9, ESIT). The produc-
tion rate of CH;CHO increased with the increase of the oxygen
atoms supplied by water electrolysis. On the other hand, gas
phase O, was not consumed to synthesize CH;CHO, but it was
involved in the formation of CO, (Fig. S10, ESIT). This result
indicates that CH;CHO was produced by electrochemically-
generated O species, and not by gaseous O,. The production
rates of the products obtained under different steam partial
pressures and at a constant voltage (Fig. S11 and Table S4, ESI¥)
support the discussion about the oxidizing species. The pro-
duction rates of the oxygenates increased monotonically with
the increase of the current density, indicating that the O species
originating from water splitting worked as an effective oxidant.
This is consistent with the results shown in Fig. S6, S8, and S11
(ESIT) that once the electrochemically-generated O species was
used to form molecular oxygen, the resultant molecular oxygen
remained unreacted, and it was consequently detected as one
of the products. The dependency of the acetaldehyde produc-
tion rate on the partial pressure of ethane and the concen-
tration of the O species was analyzed by using the reaction rate
equation below (eqn (1)).

Tcn,cHoO = KCHgJ'[0*) (1)

Tcn,cHoy Ky [CoHe), [O*], @ and f indicate the production rate
of acetaldehyde, the rate constant, the concentration of ethane,
the concentration of electrochemically-generated O species,
the kinetic order for ethane and the kinetic order for
electrochemically-generated O species, respectively. The reac-
tion test results with different ethane partial pressures are
shown in Fig. S12 (ESIf). The kinetic orders, « and f, were
determined based on the experimental data (Fig. S11 and S12,
ESIt). The details of the assumptions and the calculations are
shown in the ESIL.f The resultant values of « and f§ were 0.31
and 1.6, respectively. Based on the value of § which is higher
than one (1.6), it is assumed that more than one O atom is
involved in the reaction: one O atom is used to abstract the
hydrogen atom from ethane and another O atom is inserted
into the hydrocarbon fragment. This assumption corresponds
with the ethane oxidation steps with the aid of monoatomic
oxygen species.'”> The experiment without the Pt/C electrode
shown in Table 1 (entry 6) demonstrates that the reaction
between C,Hs and the O species takes place on the Pt/C
electrode not in the gas phase. By considering ethane adsorp-
tion on the catalyst surface, the kinetic order for ethane, «, is
estimated to be in a range of 0 < « < 1 (details are explained in
the ESIt). The obtained kinetic order for ethane (0.31) is in the
range, being consistent with the assumption that the absorbed
ethane species reacts with the O species.

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) Ethanol oxidation test. The production rates of C,H,4, CoHe and
CH3CHO as a function of current density. Ethanol flow rate: 0.8 mL min™™,

(b) Acetaldehyde oxidation test. The production rates of CoH4 CoHg and

C,HsOH as a function of current density. Acetaldehyde flow rate: 10 mL min™,

temperature: 220 °C, Pt weight: 1 mg cm~2. (c) Schematic representations of
electrochemical ethane oxidation to C,H4, CoHsOH and CHzCHO.

To investigate the reaction pathway in the anode, electro-
chemical reactions starting from ethanol or acetaldehyde were
conducted. Fig. 3a shows the production rates of the C2 species
at different current densities in the ethanol oxidation test. The
production rates of the other products are shown in (Fig. S13,
ESIT). The production rates of C,H, and C,H, increased as the
current increased. CH;CHO was produced even under open
circuit conditions and its production rate increased upon
applying current. It is suggested that a certain amount of
CH;CHO is produced from C,HsOH on Pt/C catalytically at an
open circuit according to eqn (2)."

C,H;OH — CH,CHO + H, (2)

Because H,O was not introduced in the anode in the ethanol
oxidation test, H" production from C,H;OH is a requisite for
anodic current generation. Thus, the reactions shown in eqn (3)
and (4) might occur, and as a consequence C,H, and CH;CHO
are produced. This indicates that ethanol generated from
ethane can be oxidized easily under the anodic polarized
conditions.

C,H;OH — C,H, + 2H" + O* + 2¢~ (3)
C,H;0OH — CH;CHO + 2H" + 2e~ 4)

In the acetaldehyde oxidation test (Fig. 3b), miniscule amounts of
C2 species were generated from acetaldehyde, indicating that
acetaldehyde was not consumed to synthesize C2 species under
the anodic polarized conditions. Based on the results shown in
Fig. 2a, 3a and b, two reaction pathways are considered for ethane
oxidation to C2 species. One is the competitive oxidation of C,Hg
to C,H, and CH3;CHO, where C,H5OH is an intermediate product
(Fig. 3c(I)). The other is the non-oxidative electrochemical depro-
tonation of C,Hg to C,H, (Fig. 3c(II)). These two reaction pathways

Chem. Commun., 2020, 56, 11199-11202 | 11201
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Table 2 Comparison of the production rates on a catalyst weight basis
Production rate [umol g-cat™ " s~ ']
Temperature [°C] Catalyst Oxidant Applied current [mA] C,H, C,H;OH CH;CHO Ref.
80“ Nafion-H O, 40 0 0.26 0.54 14
220¢ Pt H,0 79¢ 2.8 0 1.2 This work
1607 5.2 0.42 16
475% Au 0, 5.3 0 0 0.16 15
50” H-LTA-Pt¢ H,O0, — — 0.0097 — 10
400" FePO, N,O — 1.4 0.23 0.47 11
5507 B/BPO, 0, — 0.26 — 0.84 12
650° V,05/0-dia’ CO, — 0.50 — 0.039 13

“ Electrochemically. © Thermocatalytically. ¢ 30% steam conditions applying 100 mA cm

LTA zeolite.” V,05 supported on oxidized diamond.

agree with those reported previously (the competitive oxidation'*
and the electrochemical deprotonation®?). The more the cell was
anodically polarized, the more the production of C,H, was pro-
moted (Fig. 2a and 3a). This indicates that the competitive
oxidation to C,H, and the deprotonation of C,H are dominant
under highly-polarized conditions. Thus, in order to suppress the
by-production of C,H, and to synthesize the oxygenates selectively
at the intermediate temperatures, it is preferable to operate the
electrochemical cell with moderate polarization.

Table 2 shows a comparison of the production rates of the
C2 species (C,H,4, C,Hs;OH and CH3CHO) obtained with various
catalysts in thermal catalytic systems and in electrochemical
systems. On a catalyst weight basis, the Pt/C|CsH,PO,/
SiP,O,|Pt/C electrolysis cell operated at 220 °C gave much
higher production rates of oxygenates and ethylene than those
in other studies. The production rates of the other products are
summarized as well in Table S6 (ESIt).

Partial oxidation of ethane was carried out using a
phosphate-based electrolyte and Pt/C electrodes at 220 °C.
The ethane conversion and the selectivity to acetaldehyde and
ethanol increased under anodically polarized conditions. It was
confirmed that C2 species were produced electrochemically
from ethane on the Pt/C electrode. Moreover, it was found that
O species generated by water electrolysis functioned as an
effective oxidant for the synthesis of oxygenates. This report
offers for the first time a possibility of ethane conversion to
oxygenates at intermediate temperatures using a phosphate-
based electrolyte and electrochemically-generated oxidants.
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