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The Caustic Aqueous Phase Electrochemical Reforming (CAPER) process can convert aqueous-phase ethanol to
high-pressure and high-purity hydrogen (Hs) at lower cell operating temperatures and voltages than traditional
methods. Additionally, any carbon dioxide (CO,) produced by the ethanol electrochemical oxidation is captured
by the caustic electrolyte solution. Without using a membrane, the only gas-phase species is Ho. The CAPER
process achieves process intensification for compressed and pure Hy production by eliminating the need for
downstream separation and external compression steps. All the compression is performed on the liquid-phase
reactants to circumvent less efficient gas-phase compression. This study uses a high-pressure batch electro-
chemical reactor to demonstrate the capability of the CAPER reforming process and investigates catalytic
behavior under operating conditions. Our Tafel analysis showed that both palladium and platinum nanoparticles
on carbon supports have high activity for ethanol electrooxidation under the caustic electrolyte condition (ex-
change current density (ip) > 1 x 107 A cm™2), while non-noble nanoparticles on carbon supports showed poor
activity. The only gas phase product was pressurized Hy and its faraday efficiency was determined as 100%. The
exchange current density was not affected by high-pressure operation. The carbon selectivity toward unwanted
byproduct acetate on the anode increased from 17% to 63% as the applied anode potential increased from
—500 mV to —200 mV vs. Ag/AgCl.

1. Introduction

Efficient generation of compressed pure hydrogen (Hy) is crucial for
sustaining Hp in the evolving energy network [1-6]. Scalable Hy pro-
duction requires consideration of feedstock, operating conditions, and
operating costs. The majority of Hy is produced from traditional steam
methane reforming (SMR) where natural gas and steam react to form Hy
and CO3 [7]. In much smaller quantities, Hy is also produced by elec-
trolysis, where water is electrochemically split into H and O3 [8]. SMR
takes place at high operating temperatures and requires downstream Hy
purification and compression steps. In addition, CO, is a byproduct that
is either captured or exhausted, which adds to the Hy production cost.
Compared to SMR, aqueous-phase reforming (APR) can offer an inex-
pensive Hy production method due to its lower operating temperature
and unnecessary vaporizing of water and fuels [9-11]. CaO has also
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been utilized as an absorbent for APR applications to enhance the
water-gas shift reaction and suppress methanation through in-situ CO,
removal and capture [9-11]. However, it still requires an operating
temperature higher than 200 °C and its gas product is a mixture of Hj
and carbon oxides. Electrolysis offers a decarbonized approach to Hy
production but consumes significant electrical power [12,13]. A process
that offers low electrical energy cost alternative to electrolysis and can
effectively capture CO, while producing compressed Hy could have a
significant impact on the Hy economy.

The Caustic Aqueous Phase Electrochemical Reforming (CAPER) of
ethanol provides a strategy for the distributed generation of compressed
Hp. Fig. 1 provides an overview of the CAPER process. Compared to
conventional acidic APR, which typically operates at temperatures
above 200 °C and has poor gas-phase selectivity [14,15], the CAPER
process can operate below 100 °C utilizing the electrochemical process
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Fig. 1. Schematic of the conceptual CAPER process with regeneration unit.

to reform ethanol. This process delivers pure compressed Hy via the
caustic solution-based in-situ CO3 capturing chemistry by operating an
electrochemical cell at high pressure. CAPER also has opportunities for
zero carbon emissions by forming aqueous carbonate/bicarbonate and
not regenerating the electrolyte. The inputs are aqueous ethanol, caustic
solution, and low voltage electricity. The caustic electrolyte is ionically
conductive to OH™ and provides alkaline conditions, which improves
the ethanol electrooxidation activity over acidic conditions [16]. The
outputs of the CAPER process are high-pressure pure Hp, and CO,
captured as liquid-phase carbonates. Ruiz-Lopez et al. [17] proposed a
similar membrane-less reformer technology but does not investigate
operating at high pressure.

The CO; produced from the ethanol oxidation is captured by the
caustic electrolyte, such as KOH, to form aqueous carbonate CO%’ [18].

CO, ) +20H, ~CO3 ,, +H0y @

The equilibrium of the carbonate species within the aqueous solution
follows as:

CO3,y +H:00=HCO; ) +20H, 2

The CO> forms aqueous carbonate CO2" in highly alkaline solutions.
As more CO, is captured into the caustic electrolyte, the equilibrium
shifts toward HCO; . The fractionation of carbonate and bicarbonate can
be determined by pH measurement [19]. The higher the pH, the more
CO4 can be converted to liquid-phase carbonates. Concentrated KOH
solutions provide good ionic conductivity and can capture CO, readily.
The solution will convert to K2CO3 and further to KHCOj after capturing
sufficient CO9, which will decrease the ionic conductivity and pH. For
100% conversion of 1 M ethanol and 4 M KOH, the final electrolyte
would be 2 M K,COs. Solutions of K;CO3 can still capture the additional
COo, but the rate is lower than in KOH solutions [20]. The Hy produced
in CAPER has low solubility in caustic electrolytes at high alkalinity
[21]. The only gas-phase products are CO5 and Hj, but the CO4 is readily
captured by the caustic electrolyte. This leaves only H; in the gas phase.
Therefore, high-purity compressed Hy is produced while in-situ
capturing CO, via a single reactor system without any membranes or
downstream compressors.

The caustic solution can be regenerated by removing COj. The
KHCOg thermally decomposes to the gas-phase CO» and aqueous K2CO3
near 150 °C [22]. However, regeneration of KoCO3 back to KOH cannot
be achieved by thermal decomposition. Instead, KoCOg is regenerated
with Ca(OH), to form KOH and solid CaCOs3, which can be filtered out
[23]. This process is also used in direct air capture technology to remove
CO, from the ambient air. There are also electrochemical means to
regenerate KoCO3 to KOH such as bipolar membrane electrodialysis
[24].

Ethanol is an ideal feedstock for Hy production due to its high
volumetric Hy content, availability, ease of handling, and can be
renewably produced [25,26]. In addition, ethanol may not need addi-
tional purification from water, as water is also a required reactant,
which avoids the typical separation energy required to overcome the
alcohol-water azeotrope. The CAPER process can be paired with
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renewable energy systems to provide DC power that polarize the elec-
trodes to drive its required electrochemical reactions. The reaction ki-
netics of the CAPER process benefit from increased temperature, but can
also operate at room temperature, driving the reactions using the elec-
trochemical energy [17,27]. The CAPER process operates at the elevated
pressure as described in Fig. 1. The elevated pressure forces the ethanol
to remain in the liquid phase when the CAPER process operates above
ethanol’s atmospheric-pressure boiling point. The Hy is made at the
operating pressure, which circumvents the need for downstream
compression. Pumping near-incompressible liquid species requires less
energy than compressing gases, therefore the CAPER process is expected
to bring a significant electrical cost reduction to delivering
high-pressure, high-purity Ho.

2. Thermodynamics

The CAPER process is performed in a high-pressure batch reactor as
illustrated in Fig. 2. The electrolyte in CAPER is caustic KOH or K»COg3,
which provides an alkaline environment conductive to OH™ ions and can
capture CO,. KOH can achieve more basic pH values than K>CO3 and
therefore provide higher OH™ conductivity and ability to capture CO,.
The anodic reaction oxidizes the ethanol to CO5 and H,O:

C,H50H + 120H™ — 2CO; + 9H,0 + 12¢ 3

and the cathodic reaction generates Hy from the water reduction in
alkaline water electrolysis:

12 H,0 + 12¢" > 6 H, + 12 OH 4
arriving at the overall observed ethanol reforming reaction:
C,HsOH + 3 H,O — 6 H, + 2CO, 5)

where 6 moles of H; are produced for every mole of CoHsOH reacted.
The standard reduction potentials of the anodic and cathodic re-
actions versus a standard hydrogen electrode are:

E° . = —0.744V, (6)

anode

o —0.828V. @)

cathode —

Thus, the thermodynamic cell potential (E,

cell

) is — 0.084 V at stan-
dard conditions. Compare this to water electrolysis which requires an
order of magnitude larger thermodynamic potential at —1.23 V.

The cell potential is adjusted by the Nernst potential concentration
effects. As CO3 is formed in the gas-phase, it is rapidly absorbed into the
liquid phase as carbonate or bicarbonate, which improves the reaction
conversion through Le Chatelier’s principle. Both the anode and cathode
potentials can be described using the Nernst equation as following:

RT 12
Eaote =  E°pue — ﬁln (’lCzHﬁ(’H%H> (8)

2 9
Aaco, 9,0

RT. (a5, a2
Ecanode =  Ednode — F In (u ©

2
a0

where R is the gas constant, T is the temperature, n is the number of mole
of electrons per mole of ethanol reacted, F is the faraday constant, and aj
is the activity of species k. The activities of CHsOH and OH™ can be
estimated based on their concentrations, while the activities of Hy and
CO4 can be estimated based on their partial pressures. If a solution with
1 M C2HsOH and 4 M KOH is used and the partial pressures of Hy and
CO4 are 500 bar and 0.3 ppm (i.e., maximum measured CO5 in our
CAPER system), respectively, the overall cell potential remains near
100 mV with the concentration adjusted Nernst potentials. The open-
circuit voltage is so low that almost all the voltage applied is over-
potential. The lower operating voltage indicates that the CAPER system
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Fig. 2. Illustration of CAPER batch reactor and electrochemistry occurring at the electrodes.

would require less electrical energy than the traditional water electrol-
ysis system, where the H, production costs are dominated by the costs of
electricity [2].

This work presents CAPER of ethanol as a membrane-less process to
produce pure and high-pressure H at low voltage and low temperature,
while including a built-in carbon capture mechanism. Catalysts were
screened to investigate the best catalytic anode material that can
effectively promote the electrochemical oxidation of ethanol under the
CAPER operating condition. The novelty presented in this paper is
operating at high pressure, such that pure gas-phase Hy is produced at
80 bar without additional separation or compression. The achieved
compression is more efficient than traditional gas compression because
only liquid-phase reactants are being compressed. Additionally, the
caustic electrolyte captures any CO3 formed in the electrolyte, allowing
for pure Hj in the gas phase, produced with 100% faraday efficiency on
the cathode.

3. Experimental
3.1. Batch reactor

The catalyst screening procedure was conducted in a 1 liter, stainless
steel, pressurized autoclave (Parr Instruments) as a batch reaction
(illustrated in Fig. 2). A Teflon liner was inserted into the base of the
vessel to protect the metal from corrosion by the caustic electrolyte. The
reactor had three electrical ports that allowed for three electrodes
(working, counter, and reference) to be inserted into the vessel for
performing electrochemical measurements. The counter electrode was a
platinum woven mesh (Alfa Aesar 10283). The reference electrode was a
high pressure Ag/AgCl electrode in 0.1 M KCl solution (Corr instru-
ment). In addition, there were inlet and outlet gas ports for pressuriza-
tion, depressurization, gas sampling. There was one port with a rupture
disk to prevent over-pressurization for safety measures. Finally, there
was a thermowell port with Type-K thermocouple (Omega) for

measuring the liquid temperature inside the vessel. The Teflon liner was
filled with the electrolyte (KOH) and reactants (ethanol) to 325 mL to
submerge the electrodes.

The vessel was pressurized with 80 bar N from the industrial-grade
Nj cylinder (Al-Compressed Gas, Inc). The Ny fills the headspace and is
inert in the process. Gas samples were taken from the headspace for
composition analysis via gas chromatography. The gas chromatograph
was equipped with a thermal conductivity detector and two packed
columns to detect Hy and carbonaceous gas species. The faraday effi-
ciency is determined as:

ZFnHz,ﬁnal
e = [1dt’ (10)
where ny, fina is the moles of Hy produced, I is the current, and t is time.

Temperature control of the experiment was achieved by a heating
mantle with a PID controller. The vessel was surrounded by Silica sand
to improve heat transfer. A thermocouple was placed in a thermowell
submerged in the liquid to measure the liquid temperature inside the
vessel. Data was collected once thermal equilibrium was achieved. A stir
bar was used to facilitate the proper heat transfer and mass transfer
processes.

The liquid-phase composition was determined with proton nuclear
magnetic resonance (500 MHz NMR). An internal standard of 5 mM
Dimethylsulfoxide (DMSO) was used to determine the concentration of
each species. Solutions were made with 10 pL analyte, 50 pL of 5 mM
DMSO, and 650 pL D,0. Both the initial and final compositions were
measured to determine conversion and carbon selectivity. The ethanol
conversion is expressed as the following:

TIE(OHinitial — TUEtOH final

Xpop=—7" —", an

NEOH,initial

where ngo initial a0 NEon fina are the initial and final number of moles of
ethanol, respectively. The carbon selectivity of species k is calculated as
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the following:

Ne i final
Sk = - - 9 (12)
Nc Eon (nElOH,inilial - ”E[OHAfina])

where N is carbon number for species k (e.g., Nc gon = 2) and ny gy, is
the final number of moles of species k. The two expected carbon species
are CH3COO™ and CO,.

3.2. Catalyst preparation

The catalysts were prepared as inks then deposited onto carbon
paper. The catalysts were metal nanoparticles supported on activated
carbon, then applied to carbon paper backing. The results highlighted in
this work were on commercial Pd/C (Sigma-Aldrich 407305) and Pt/C
(Sigma-Aldrich 738549), with particles sizes < 5 nm. In addition, 11 wt
percent Ir/C, Co/C, and Cu/C were synthesized via the adsorbate
induced surface segregation method, which shows well-dispersed
nanoparticles with an average particle size of 7 nm discussed else-
where [35]. The Vulcan XC-72R (Cabot) was pretreated in acid by
adding 2 g of carbon black into 52.1 mL of 5 M HNOs. The mixture was
stirred at 93 °C for 5 h. The acid-treated carbon black was filtered,
washed with 18.2 MQ -cm Millipore water, and dried in air.

The Ir/C, Co/C, and Cu/C catalysts were prepared from metal chlo-
ride precursors (IrClge 3 HoO, CoClye 6 HO, and CuClye2 Ho0). The
required loading of the metal precursor was mixed with 5 mL of Milli-
pore water and sonicated for 30 min. Then 172.4 mg of acid-pretreated
Vulcan XC-72R carbon black was dispersed in 17 mL of Millipore water
separately. The two solutions were mixed and put under sonication for
another 30 min. The final mixture was stirred and heated at 60 °C for
several hours to evaporate all the solvent. The dried powder was heated
in a tube furnace to 500 °C for 2 h and reduced with 110 sccm of Hs.

The catalyst inks were made by mixing 10.0 mg of the metal nano-
particles supported on activated carbon with 200 pL of 5 wt percent
Nafion solution (Sigma-Aldrich 274704) and 800 pL of isopropyl alcohol
to make a 1 mL of solution. The solution was thoroughly mixed using a
sonicating tip. The resulting inks were applied to the bottom portion of
2 cm X 4 cm carbon paper (Toray 060) in 50 pL aliquots until the entire
ink was applied. In between ink applications, the carbon paper was
placed under a heat lamp to evaporate the volatile compounds, leaving
behind the deposited catalyst.

3.3. Electrochemical measurements

The electrochemical measurements were performed on a BASi EC
Epsilon potentiostat. The prepared anode was connected to the working
electrode, the Pt mesh was connected to the counter electrode, and the
Ag/AgCl reference electrode was used. The electrolyte was 4 M KOH
made with KOH pellets (Sigma Aldrich 221473) dissolved in Millipore
water. Ethanol (99.5% Decon Lab, 200 proof) was added to make 1 M
concentration.

The electrochemical surface area (ECSA) for Pt/C and Pd/C was
determined for each anode made using the surface oxide reduction peak.
Fig. S1 shows a voltammogram of Pd/C and Pt/C to determine the ECSA.
The charge density of the reduction peak for PdO is Q%,= 424 pC cm 2
[36]. The ECSA for Pt/C was determined with the same method where
the charge density of the reduction peak for PtO is Q2; = 420 pC cm 2
[36]. The ECSA for each electrode sample was calculated by integrating
the peak and normalizing by the charge density as:

1 [y
di Vscan7

Agcsa = 13
where Q2 is the charge density for the surface oxide reduction peak, I is

the current, V is the voltage, Vi, is the scan rate.
Linear sweep voltammetry is used to determine the performance of
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each catalyst. Tafel analysis is used to determine the exchange current
density with the following Tafel equation:

n = Blog <i> , (14

where 5 = Eqe;j —Eonser is the cell overpotential, B is the Tafel slope in
units of mV dec ™!, i is the current density, and i is the exchange current
density. E. is the applied cell potential between the anode and refer-
ence electrode. E,, is the onset potential for the ethanol oxidation
reaction.

The exchange current density is determined by linearizing # vs log(i)
in the kinetic-limited overpotential range (y ~ 75-150 mV) and
extrapolating to find the current density at # = 0. The temperature
dependence of the exchange current density follows an Arrhenius form
as:

In(is) = In(A) f% 7 1s)

where A is the pre-exponential constant in units of mA cm ™2 and E, is the
apparent activation energy in units of kJ mol~!. A linear regression is
used to determine the activation energies for each catalyst tested.

4. Results and discussion
4.1. Catalyst activity

The catalysts examined in this work were Pd/C, Pt/C, Ir/C, Co/C,
and Cu/C. The ethanol oxidation activity was determined by cyclic
voltammetry in 4 M KOH and then compared to in 4 M KOH + 1M
ethanol. Shown in Fig. 3a, only Pd/C and Pt/C demonstrated reasonable
activity toward ethanol oxidation in the voltage range between —0.8 V
and 0.4 V vs. Ag/AgCl, which agrees with other reports [27] at atmo-
spheric pressure. There are many efforts to find non-noble-metal elec-
trocatalysts to replace the expensive and precious noble-metal catalysts,
including Co, Cu, and Ir, which have shown some promising results in
other studies [37]. Bimetallic catalysts such as Ni-Cu or Ni-Co have
shown improvements in aqueous phase reforming of glycerol for Hy
production [9-11]. Unfortunately, Co/C, Cu/C, and Ir/C all showed
insignificant activity in our present study toward ethanol oxidation
under the CAPER operating conditions, or required too high of an
overpotential (e.g., over +0.3V vs. Ag/AgCl) as shown in Fig. 3b.
Therefore, only the commercial Pd/C and Pt/C catalysts are presented in
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Fig. 3. Cyclic voltammograms of a) Pd/C and Pt/C, and b) Ir/C, Cu/C, and Co/
C in 4M KOH + 1M ethanol compared to KOH without ethanol at 25 °C
and 1 atm.
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these results. Bimetallic catalysts have shown promise where the per-
formance of Pd/C and Pt/C can be improved with the addition of
another metal while reducing the noble metal content [34,38-40]. We
are currently developing these active bimetallic catalysts for the CAPER
process.

Fig. 3a shows the cyclic voltammograms of Pd/C and Pt/C catalysts
in KOH electrolyte with and without ethanol. Both cyclic voltammo-
grams show increased activity with the addition of ethanol. According to
Fig. 3a, the ethanol oxidation begins near —700 mV for Pd/C and near
—900 mV for Pt/C. The current density continues to rise with increasing
potential until the oxidation of the metals interferes with the ethanol
oxidation and decreases the current density. The Pd/C produces a higher
maximum current density than the Pt/C. The maximum current density
for Pd/C occurs near —200 mV vs. Ag/AgCl, and at 0 mV vs. Ag/AgCl for
the Pt/C. In the reducing scan, the ethanol oxidation peak is again
apparent near —400 mV as the Pd and Pt oxides are reduced to their
metallic phases.

4.2. Tafel analysis

Linear sweep voltammetry was performed on Pd/C and Pt/C to
determine the exchange current densities based on Tafel analysis. The
sweep was conducted from —800 to —400 mV vs. Ag/AgClatal mV s~}
scan rate. The electrolyte was 4 M KOH and 1 M ethanol. The pressure
was set to 80 bar and temperatures up to 100 °C.

Fig. 4 displays the linear sweep voltammograms for the noble metal
catalysts. The Pd/C and Pt/C showed similar current densities in
magnitude between —800 and —400 mV vs. Ag/AgCl. However, ac-
cording to Fig. 4b, the shape of the Pt/C voltammograms changed with
temperature. For example, the peak current density for Pt/C at 33 °C
occurs at —400 mV, and it decreases close to —600 mV vs. Ag/AgCl as
the temperature increases to 100 °C. This shift of the peak current
density for Pt/C at the different operating temperatures suggests that its
selectivity toward the C1 and C2 pathways changes as a function of
temperature [27]. There are two pathways for ethanol electrochemical
oxidation where the first is the C1 pathway (Reaction (3)), leading to
CO3 and carbonate formation by cleaving the C-C bond, and the second
is the undesired C2 pathway leading to acetate (CH3COO™) formation
[30-34]:

C,HsOH + 50H™ — CH3COO™ + 4 HyO + 4e™ (16)

The ethanol electrooxidation reaction has been shown to prefer the
C1 pathway at low overpotentials, elevated temperature, elevated
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\ \ \ \ T T
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Fig. 4. Linear sweep voltammetry data for a) Pd/C and b) Pt/C in 4 M KOH
+ 1 M ethanol at 80 bar.
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pressure, and low ethanol concentrations [41-44]. For the Pt/C catalyst,
Fig. 4b suggests that its preference toward the C1 pathway increases as
the temperature increases, which leads to its peak current density shift
toward the more negative potential as the temperature increases. Unlike
the Pt/C catalyst, the Pd/C catalyst showed the same shape with
increasing temperature (Fig. 4a), indicating the product selectivity may
not change with temperature and Pd/C catalyst would prefer the C1
pathway even at the elevated temperature. Indeed, Zhou et al. [45]
determined that Pd is more likely to break the C-C bond than Pt at the
same conditions and showed that the acetate concentration (i.e., the C2
pathway selectivity) increases as the potential increases on the Pd
electrode. Furthermore, Xu et al. [46] demonstrated that Pd/C had
higher catalytic activity and better steady-state performance for ethanol
electrooxidation than Pt/C in alkaline media.

The exchange current densities are calculated at each temperature to
determine the apparent activation energy E,. Fig. 5 shows the Arrhenius
plots for Pd/C and Pt/C. The Pd/C had an apparent activation energy of
16.3 + 1.2 kJ mol~! and the Pt/C had an apparent activation energy of
34.3 + 3.6 kJ mol ™}, calculated from linear regression and standard
error. These reported activation energies are comparable to related
studies at ambient pressures (26.6-30.4 kJ mol~! [27] and
13-18 kJ mol ! [47] on Pd/C) and lower than studies in acidic condi-
tions (40-70 kJ mol~! on Pt/C) [42]. The exchange current densities are
in the same range as values reported in the literature at room temper-
ature and atmospheric pressure (i.e., ranging between 7.2 x107° and
1 x1075 A em™?) [48-50].

Operating at elevated pressure provides many benefits to the CAPER
process. Notably, pumping liquid-phase reactants is more efficient than
gases due to incompressibility. In CAPER, the gas-phase Hj is produced
at the operating pressure. Therefore, Hy is compressed for the reduced
energy cost of liquid compression. Additionally, the high pressure keeps
the liquid-phase compounds from evaporating, such as ethanol that boils
near 80 °C at atmospheric pressure. The operating pressure can be
increased up to hundreds of bar if the reactor is rated for high pressures.
Fig. 6 displays the exchange current densities on Pd/C at pressures be-
tween 1 and 80 bar. As the pressure increases, the exchange current
density has no noticeable change, suggesting that the reaction pathway
remains the same at all pressures. Thus, the pressure can be increased
with no negative effect on the electrochemical kinetics.

4.3. Selectivity

The reaction selectivity and product purity are important to the
overall efficiency of the CAPER process. The cell was operated for 24 h
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Fig. 5. Arrhenius plots of exchange current densities for a) Pd/C and b) Pt/C in
4 M KOH + 1 M ethanol.
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Fig. 6. Exchange current density (i) on Pd/C at total pressures up to 80 bar,
25°C, and in 4 M KOH + 1 M ethanol. Error bars are calculated from stan-
dard error.

to determine liquid and gas product selectivity. Only Pd/C was consid-
ered for the long-term tests, as the Pt/C tests showed stability issues over
the time period, likely due to formation of C1 poisoning species [27]. In
Fig. 7a, the measured current using the Pt/C catalyst quickly approaches
zero, while the Pd/C provides a stable current over the entire time
period. The 24-h window was required to allow for sufficient Hy pro-
duction due to dilution in 80 bar N3 and the reactor volume. Fig. 7b
shows the calculated faraday efficiency after the 24-h time period at a
constant potential. The ethanol conversion for these tests was measured
at 12%, as determined by NMR. Increasing the reaction time would in-
crease the conversion. The H; yield is equal to the conversion because
the faraday efficiency is 100%. The faraday efficiency of the process is
determined by comparing the total coulombs supplied by the potentio-
stat to the gas-phase concentration of Hy. If all the electrons on the
cathode are contributing to Hy production with no side reactions and no
leaks, then the process has 100% faraday efficiency. From the 24-h data
sets, the CAPER system was determined to have 100% faraday efficiency
and agrees well with another membrane-less ethanol electrochemical
oxidation study [17]. There are no side reactions on the cathode because
water is the only species that can be reduced in the potential range of the
electrochemical reformer.

Based on the gas chromatography analysis following the 24-h test
shown in Fig. 7, Hy is the only product species detectable along with the
inert N, gas. CO5 is produced at the anode according to Reaction (3), but
the strong base electrolyte reacts with CO3 to form liquid carbonates. For
the 24-h experiment, the CO, concentration was below the detection
limits of the gas chromatograph (<10 ppm) and assumed to be all in the
liquid phase. In other words, any gas-phase CO, was converted into the
liquid-phase carbonates during the ethanol reforming reaction, which
offers the unique in-situ CO; capturing capability for the CAPER process.

The liquid-phase carbon selectivity is determined at the anode. The
ethanol can be oxidized to either CO, or CH3COO™. Note that pure Hy is
still produced in the gas phase regardless of the anode product. The
CH3COO™ and CyHsOH concentrations are measured before and after
the reaction test using NMR. The conversion is determined from the
change in CoHsOH. The carbon selectivity is based on the preference to
form CH3COO™ versus COj. Fig. 8 shows carbon selectivity toward
CH3COO™ at voltages of —500, —400, —300, and —200 mV vs Ag/AgCl.

a)

200 |
—_ 4M KOH + 1M EtOH
T 1501 80 bar
?E' 25°C
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Fig. 8. Carbon selectivity toward acetate based on NMR on Pd/C anode at
80 bar and 25 °C. Error bars are based on standard error.

As the overpotential increased, the selectivity toward CH3COO™ for-
mation increased. As the selectivity toward CH3COO™ increases, fewer
e~ are formed at the anode due to the incomplete oxidation of CoHsOH.
The amount of H; gas produced at the cathode is directly proportional to
the number of e~ produced at the anode. Hence, the practical cell
operating voltage of CAPER should not be too high (i.e., the anode po-
tential should not be higher than —500 mV vs. Ag/AgCl) to achieve the
high Hy production rates and low acetate selectivity. The present study
results show that acetate selectivity can be controlled with applied
voltage, but not completely avoided. Cleaving the C-C bond of ethanol at
the low operating temperature is difficult, and future progress will focus
on developing low-cost but highly active and selective new catalysts.

5. Summary and conclusions

This study outlines the CAPER process and demonstrates pure Hj
production at 80 bar without a membrane. Ethanol was electrochemi-
cally oxidized on the anode in KOH solution at temperatures up to 80 °C
and pressures up to 80 bar. The only gas-phase product observed was Hj,
which was produced at 100% faraday efficiency on the cathode. Any
CO4 produced was captured in the electrolyte as liquid-phase carbon-
ates, demonstrating an in-situ carbon capture mechanism. At high
overpotentials, the liquid-phase product selectivity favored CH3COO™
formation (63% selectivity at —200 mV vs. Ag/AgCl), but still provided
pure Hj in the gas phase. The benefit of the CAPER process is that pure
high-pressure Hy is produced at low applied potentials without the use of
membranes, downstream compression, and separation. Using Tafel
analysis, both Pd/C and Pt/C were shown to have good activity for the
electrochemical oxidation of ethanol (ip > 1 x107° A cmfz), whereas
non-noble metals showed little activity. The exchange current density
was not affected by the high-pressure operation. Further improvement
of CAPER will require bimetallic catalysts or non-noble-metal catalysts
with high ethanol oxidation activity and high selectivity toward the C1
pathway so that the noble metal requirement would decrease. The
process-intensifying CAPER system opens up an enormous potential for
process intensifying compressed Hy production and capturing the CO,
simultaneously.

b)

Faraday Efficiency (%)

-500

-400

-300
Potential (mV vs Ag/AgCl)

-200

Fig. 7. a) Controlled potential electrolysis at -500 mV vs Ag/AgCl and b) faraday efficiency from gas-phase H, measurement over 24 h period on Pd/C, 80 bar, 25 °C

and in 4 M KOH + 1 M ethanol. Error bars are from GC measurement.
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