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A B S T R A C T   

Caustic Aqueous Phase Electrochemical Reforming (CAPER) of ethanol produces pure compressed H2 at lower 
voltages, temperatures, and energy requirements than conventional electrolysis, while capturing carbonaceous 
products. The CAPER flow reactor consists of stainless steel endplates, stainless steel current collectors, and a 
Teflon flow field. The electrodes are prepared using commercial palladium nanoparticles on carbon support for 
the anode and platinum nanoparticles on carbon support for the cathode. The catalyst metal loading was 1 mg 
cm–2 on a 10 cm2 carbon cloth for both electrodes. Our CAPER reactor produces pure H2 at 80 bar and 80 ◦C 
applying voltages at ≤0.5 V. The only gas-phase product detected was H2 and any carbonaceous products were 
contained in the liquid phase. The H2 was produced with 97 ± 4% faradaic efficiency. Operating at smaller 
electrode separation distances (4 mm) and 80 ◦C increased the current density. The highest lower heating value 
efficiency achieved was 28% at a flow rate of 0.05 mL min–1 and an applied voltage of 0.5 V. The compressed H2 
was produced at ≤20 kWh kg–1, which is much lower than electrolysis systems that require upwards of 50 kWh 
kg–1.   

1. Introduction 

Hydrogen is an attractive energy carrier that can be used for both 
power generation and storage [1–4]. Currently, steam-methane 
reforming is the dominant H2 producing process, but requires multiple 
unit processes including downstream water-gas-shift reactors, pressure 
swing adsorbers, and gas compressors [5,6]. Additionally, fossil-fuel 
based production of H2 is not renewable and produces pollutants such 
as CO and CO2 [7]. Electrolysis electrochemically splits water to 
generate H2 and O2. Water electrolysis provides a decarbonized 
approach to produce H2, but is hindered by high electrical costs [8,9]. 
Electrolyzers are limited in operating pressure due to the increased gas 
permeation of H2 and O2 across the membrane at high pressures, which 

can lead to hazardous mixtures [8]. Therefore, electrolyzers require 
downstream multistage compression to achieve high-pressure H2 de-
livery. Water electrolyzers typically require membranes to isolate the 
gas-phase products and can improve current densities by achieving 
small electrode separation distance. However, membrane-less electro-
lyzers have also shown advantages in reducing capital costs and are not 
limited by the membrane operating conditions [10]. 

Ethanol (C2H5OH) can be used as a feedstock for H2 production due 
to its high volumetric H2 content, ease of handling/transportation, and 
can be renewably produced biologically [11,12]. Steam reforming of 
ethanol produces H2, CO, CO2, and CH4 but typically requires high 
temperature (> 300 ◦C) over precious metal catalysts [12]. Recent 
studies have shown aqueous-phase reforming as an effective method to 

Abbreviations: Ag/AgCl, Silver/Silver chloride; CAPER, Caustic aqueous phase electrochemical reforming; EtOH, Ethanol; F, Faraday constant; GC, Gas chro-
matograph; I, Current; LHVk, Lower heating value of species k; MH2
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produce H2 including options for in-situ CO2 removal [13–15]. Aqueous- 
phase reforming of ethanol occurs at lower temperatures (< 300 ◦C) and 
high pressure (65 bar), but produces CH4, CO2, alkanes, and liquid- 
phase species in addition to the desired H2 product [16]. Electro-
chemical oxidation of ethanol has demonstrated potential to produce H2 
at low energy requirements and low temperatures by utilizing electro-
chemical reactions [17–19]. The ethanol electro-oxidation reaction has 
been primarily studied in the context of direct ethanol fuel cells [20,21]. 
However, recent works have investigated using ethanol to electro-
chemically produce H2. For example, Chen et al. used Pd nanoparticles 
on titania nanotubes to oxidize ethanol and produce H2, while demon-
strating energy savings of 26.5 kWh kg− 1[18]. Ruiz-Lopez et al. 
demonstrated ethanol electro-oxidation to produce H2 on Pd/C and Pt/C 
in a membrane-less system, achieving 450 mA cm− 2 at 1.4 V [17]. 
However, practical applications such as H2 vehicle fueling stations 
require delivery of compressed H2 [22–24]. Gas-phase compressors can 
contribute a significant cost in H2 production [25]. The Caustic Aqueous 
Phase Electrochemical Reforming (CAPER) of ethanol delivers pure and 
compressed H2 gas at low operating temperatures while circumventing 
inefficient gas-phase compression and downstream separation [26]. 

Fig. 1 illustrates the CAPER of ethanol process, which is an electro-
chemical process that produces pure H2 at 80 bar pressure from ethanol 
solution while capturing carbon as an aqueous-phase carbonate. The 
liquid-phase reactants (i.e., ethanol and an alkaline electrolyte) are 
pumped into the electrochemical reactor by a liquid pump. Within the 
electrochemical flow reactor, H2 and liquid-phase carbonates are pro-
duced. The gaseous H2 easily separates from the liquid products in a 
knockout tank. The electrolyte can be regenerated by releasing a pure 
CO2 stream via thermochemical [27] or electrochemical [28] methods. 

The CAPER process provides several advantages over traditional 
processes. Compared to traditional methane steam reforming processes, 
CAPER does not require high temperatures, pressure swing adsorption, 
or gas compressors. Furthermore, the CAPER process provides fast ki-
netics for ethanol oxidation at a lower temperature range than con-
ventional ethanol steam reforming (e.g., <200 ◦C) because it utilizes the 
electrical energy to facilitate the reaction. For example, the activation 
energy over the Pd anode for the electrochemical oxidation of ethanol in 
the CAPER process is reported as 16–35 kJ mol− 1 [26], while the acti-
vation energy over the Pd catalyst for the ethanol steam reforming is in 
the range of 80–145 kJ mol− 1 [29–31]. Even though these two reactions 

scenarios follow quite different reaction mechanisms, their comparison 
can present a basis for the range of activation energies, and highlights 
how electrochemical reactions are less dependent on temperature than 
thermally driven catalytic reactions. Moreover, the CAPER process can 
operate below 0.5 V, which significantly reduces the electrical energy 
requirement compared to the conventioal water electrolyzaer, does not 
need a membrane to separate the anode from the cathode, and performs 
liquid-phase compression instead of gas-phase compression [17,26]. The 
novelty of this work demonstrates a continuous flow reactor to produce 
80 bar and pure H2 at 97% ± 4% faradaic efficiency from ethanol 
electro-oxidation without downstream compression or gas-phase sepa-
ration, while capturing carbonaceous products in the liquid phase. 

2. Thermodynamics 

On the anode, ethanol is oxidized in the presence of hydroxides 
(OH− ) to form CO2 and H2O. On the cathode, H2O is reduced to form 
gaseous high-pressure H2: 

Anode : C2H5OH+ 12 OH− →2CO2 + 9H2O+ 12e− (1)  

Cathode : 12H2O+ 12e− →6H2 + 12 OH− (2) 

The anodic and cathodic electrochemical reactions combine to arrive 
at the observed ethanol steam reforming reaction (Eq. (3)), where 6 
moles of H2 are produced for every mole of ethanol and 3 moles of H2O 
reacted: 

Overall Reaction : C2H5OH+ 3H2O→2CO2 + 6H2. (3) 

In alkaline conditions, the oxygen evolution reaction (OER) and 
ethanol reaction are written as: 

O2 + 2H2O+ 4e− ↔ 4OH− (E0 = 0.401 V vs RHE) (4)  

2CO2 + 9H2O+ 12e− ↔ C2H5OH+ 12OH− (E0 = − 0.744 V vs RHE)
(5) 

Thus, the OER is not a thermodynamically favorable reaction 
compared to the ethanol oxidation reaction. Furthermore, if OER is the 
dominant reaction, then the equilibrium cell potential should be 
approximately − 1.23 V (Ecathode – Eanode = − 0.828 V – 0.401 V =
− 1.229 V). For our experiment, the operating cell potential of CAPER 
was only − 0.5 V, which is much less than − 1.23 V. Consequently, the 

Fig. 1. Overview of a conceptual CAPER system, where ethanol is electrochemically oxidized on the anode and high-pressure hydrogen is produced on the cathode.  
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ethanol oxidation reaction on the anode does not compete with the OER 
in CAPER. At the cathode, CO2 reduction is not favored. Even though the 
cell potentials for CO2 reduction to CO and CH3OH are thermodynam-
ically possible at the cathode of CAPER (Table S1), the Pt catalyst at the 
cathode kinetically favors the H2 evolution reaction in the aqueous 
phase with 95.7% faradaic efficiency [32]. 

There are electrical and thermal energy tradeoffs that are important 
in electrochemical H2 production, where CAPER excels. Electrolysis can 
be divided into low-temperature and high-temperature regimes. The 
common low-temperature (50–80 ◦C) electrolyzer technologies are 
based on either polymer electrolyte membrane electrolyzers or alkaline 
electrolyte membrane electrolyzers [33]. On the other hand, the ceramic 
electrolyte membrane-based solid oxide electrolyzers operate at high 
temperatures (600–850 ◦C) [33–36]. All electrochemical cells require a 
minimum thermodynamic cell potential (ΔG) to produce H2, also writ-
ten as the Nernst potential. This thermodynamic cell potential decreases 
as the temperature increases, meaning high-temperature electrolyzers 
require lower operating voltages than low-temperature electrolyzers. 
The thermoneutral voltage (ΔH) separates the exothermic and endo-
thermic operating regimes. Operating below the thermoneutral voltage 
and above the Nernst potential is the endothermic regime, where 
additional thermal heat is required. Above the thermoneutral voltage, 
the reaction is exothermic where cooling is required. The reversible heat 
demand (TΔS) increases with temperature. 

Fig. 2 shows the voltage required and energy demand of water 
electrolysis and CAPER within their expected temperature ranges. The 
thermodynamic values were calculated from the global observed re-
actions, and the energy demand was calculated using 100% faradaic 
efficiency. In Fig. 2a) for the conventional water electrolysis, the tem-
perature ranges from room temperature to 700 ◦C. Low-temperature 
electrolyzers generally require 1.23 V to split water. At 100 ◦C, where 
water boils, the voltage and energy demand drop due to the lower en-
ergy load of using steam versus liquid water. Solid oxide electrolyzer 
technologies advertise high-temperature operation for reduced oper-
ating voltage and improved kinetics. If operating at the thermoneutral 
voltage, a low-temperature electrolyzer requires approximately 1.5 V 
and 40 kWh kg− 1 whereas high-temperature electrolyzers require 
approximately 1.3 V and 34 kWh kg− 1. In practical applications, the 
operating voltage is above the thermoneutral voltage to achieve higher 
current densities [8,34]. At the high current densities, the H2 production 
rates are higher but at the sacrifice of efficiency [37]. 

In CAPER, the operating voltages and the energy demand are much 
smaller than in water electrolyzers. In Fig. 2b), the Nernst potential 
begins at 0.084 V at room temperature and can decrease below 0.05 V 

above 100 ◦C. Unlike electrolyzers, CAPER operates at high pressure 
such that liquid reactants water and ethanol will not boil at 100 ◦C. The 
thermoneutral voltage of CAPER is near 0.3 V, which correlates to an 
energy demand below 9 kWh kg− 1. This energy demand of CAPER is 
approximately 5 times smaller than what is required for water elec-
trolysis. CAPER can also be paired with low-grade waste heat sources to 
operate closer to the Nernst potential but in the endothermic regime. 

3. Experimental 

3.1. Catalyst and electrode preparation 

The electrodes were prepared using commercial palladium nano-
particles on carbon support (Sigma-Aldrich 407,305) on the anode and 
platinum nanoparticles on carbon support (Sigma-Aldrich 738,549) on 
the cathode. The palladium catalyst on the anode demonstrated high 
exchange current density and good stability in the alkaline environment 
[26] and platinum is an effective H2 evolution reaction catalyst. The 
catalyst metal loading was 1 mg cm− 2 on a 10 cm2 carbon cloth (ETEK 
B1A). Inks were prepared using the 33 mg of catalyst powder mixed with 
2640 μL of isopropyl alcohol (99.9%, Sigma-Aldrich) and 660 μL of 5 wt 
% Nafion® solution (Sigma-Aldrich 274,704). The resulting ink was 
thoroughly mixed using an ultrasonicating tip for 5 min. The ink was 
dripped onto the carbon cloth support in 200 μL aliquots. Between each 
application, the volatile components were allowed to evaporate under a 
heat lamp, leaving only the attached catalyst behind. 

3.2. Electrochemical flow reactor 

Fig. 3a) shows an illustration of the electrochemical flow reactor. The 
reactor had three major components: endplates, current collectors, and a 
flow field. The endplates were 2.5 cm thick 316 stainless steel to 
maintain a hermetic seal at 80 bar and 80 ◦C. Each endplate had a 
labyrinth seal to reduce leak pathways and improve sealing to the flow 
field. The endplates were held in compression by 12 bolts on the 
perimeter and electrically isolated using nylon sleeve washers. The 
Teflon flow field that acted as the gasket seal was placed between two 
endplates. The Teflon flow field was electrically insulating, malleable 
enough to be a gasket, and could operate at temperatures up to 150 ◦C. 
The flow field had the matching labyrinth seal ridge to seal onto either 
endplate. The electrodes and current collectors also fit between the 
endplates as shown in Fig. 3a). The flow channel had ridges for a 3 mm 
thick 316 stainless steel current collector, such that the separation be-
tween the electrodes was 4 mm. On this ridge, the carbon paper or cloth 

Fig. 2. Thermodynamic voltages and energy demand for a) Water electrolysis and b) CAPER.  
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was pinned between the flow field and the current collector. Thus, the 
reaction volume was 100 mm × 100 mm × 4 mm. 

The electrochemical flow reactor was operated at 80 bar. The pres-
sure was achieved using a quaternary pump (Agilent 1100) for the 
liquid-phase reactants in conjunction with a biphasic back-pressure 
regulator (Equilibar) at the exit of the electrochemical flow reactor as 
shown in Fig. 1. The electrolyte concentration used was 4 M KOH, based 
on conductivity and catalyst activity in previous work [26]. The liquid 
and gas-phase products were separated in a knockout tank at atmo-
spheric pressure. The gas-phase products were analyzed by gas chro-
matography (Agilent 490 Micro GC). A power supply (hp 6033A) set to 
the desired voltage provided power to the electrochemical flow cell and 
was attached to the electrical leads on the endplates. The heating of the 
reactor was achieved by cartridge heaters inserted into the endplates 
and heat tape leading into the reaction zone. 

Fig. 3b) illustrates the chemical phenomena occurring inside the 
electrochemical reactor. The reactants ethanol, KOH, and H2O flow into 
the reactor from the bottom using the liquid quaternary pump. The 
ethanol reacts on the anode to produce CO2, H2O, and e− . On the 
cathode, H2O and e− are consumed to produce H2. Any gas-phase CO2 
can be readily captured by aqueous KOH as aqueous K2CO3. The prod-
ucts exiting the reactor are aqueous K2CO3 and gaseous H2. 

3.3. Performance metrics 

The performance of the electrochemical flow reactor was measured 
by conversion (XEtOH), yield (YH2), faradaic efficiency (ηF), and lower 
heating value efficiency (ηLHV) defined below: 

XC2H5OH =
ṅEtOH,in − ṅEtOH,out

ṅEtOH,in
(6)  

YH2 =
ṅH2

6ṅEtOH,in
(7)  

ηF =
2FṅH2

I
(8)  

ηLHV =
ṁH2

(
LHVH2 + wcompression

)

ṁEtOHLHVEtOH + Wpump + Welectric
, (9)  

where XC2H5OH is the ethanol conversion, ṅ is a molar flow rate, YH2 is the 
H2 yield, ηF is the faradaic efficiency, F is the faraday constant, and I is 
the current. For calculating the LHV efficiency (ηLHV), LHVk is the lower 
heating value of species k. The added value by delivering isothermally 

compressed H2 is calculated as: 

wcompression =
RT
MH2

ln
(

poutlet

patm

)

, (10)  

where R is the gas constant, T is the temperature, MH2 is the molecular 
weight of H2, poutlet is the pressure of the delivered H2, and patm is the 
atmospheric pressure. The liquid pump work is calculated as: 

Wpump = (poutlet − patm)
ṁin

ρin
, (11)  

where ṁin is the inlet mass flow rate and ρin is the density of the inlet 
stream. The electrical power supplied is calculated as: 

Welectric = IV, (12)  

where I is the current and V is the applied voltage. The liquid concen-
trations were verified by proton NMR, and the gas concentrations were 
determined by gas chromatography. The liquid flow rate was measured 
by a graduated cylinder, and the gas flow rate was measured by the 
bubble flow meter. The H2 production rate was calculated from the gas 
chromatograph measurement and the bubble flow meter measurement. 
Its detail calculation is explained in SI. 

4. Results/Discussion 

4.1. Product selectivity 

H2 purity is critical to downstream H2 applications such as fuel cells. 
Common contaminants from reforming reactions such as CO can poison 
the catalyst of downstream processes. These contaminants require pu-
rification steps such as pressure-swing adsorption or membrane reactors. 
In CAPER, the carbon from the ethanol produces mostly gaseous CO2 
and some liquid-phase acetate (C2H3O2

− ). The total ethanol oxidation to 
CO2 on the anode competes with the partial oxidation of ethanol to 
acetate [38,39] as the anode potential increases above − 500mV vs. Ag/ 
AgCl [26]: 

C2H5OH+ 5OH− →C2H3O−
2 + 4H2O+ 4e− (13) 

The C2H3O2
− is a liquid at the typical operating condition of CAPER 

system and does not dilute the gas-phase purity. However, the number of 
electrons per mole of ethanol reacted to produce C2H3O2

− is nearly half 
that of full oxidation to CO2. Therefore, operating under conditions 
where CO2 formation is favored, benefits the CAPER system for 

Fig. 3. a) Exploded view of planar flow reactor including end plates, current collectors, and electrodes and b) schematic describing the anodic and cathodic 
chemistries. 
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achieving the high energy efficiency. 
Carbon species were not detected in the gas phase because CO2 was 

captured in the electrolyte. The 4 M KOH electrolyte is a strong base, 
that provides OH− conductivity and can readily capture CO2 as a liquid- 
phase carbonate (K2CO3) [40]: 

2KOH+CO2→K2CO3 +H2O. (14) 

Potassium carbonates can be used in agriculture applications as a 
fertilizer [41,42]. Converting CO2 into a liquid-phase carbonate elimi-
nates the need for downstream purification because H2 was the only gas- 
phase product. Additionally, CO production via the reverse water gas 
shift reaction was suppressed due to the low concentration of CO2 [43]. 
When both CO2 and H2 exist, CO can be produced through the reverse 
water gas shift reaction. However, the CO2 removal from the gas phase 
suppresses the reverse water gas shift reaction, and therefore no CO was 
formed. Additionally, any CO that may be produced could be oxidized 
on the anode [44]. CaO is an absorbant that has been used in aqueous 
phase reforming [45], but requires adding CaO to the solution, whereas 
the KOH electrolyte is already present in the system and KOH has been 
shown to be more cost effective [46]. 

Compared to other means of ethanol reforming, CAPER provides the 
highest H2 gas purity. Table 1 shows the gas-phase compositions for 
CAPER, aqueous thermochemical reforming, and steam reforming pro-
cesses. The major difference between these three processes is the oper-
ating temperature and pressure. The CAPER process offers the lowest 
operating temperature by utilizing the electrical energy to drive the 
reaction. In other words, the CAPER process provides the flexibility of 
using both the thermal and electrical energies in different proportions. 
Renewable energy sources can easily provide electrical energy input for 
the CAPER process. Aqueous thermochemical ethanol reforming re-
quires pressures of 65 bar and temperatures near 250 ◦C. Ethanol steam 
reforming occurs above 300 ◦C and low pressure, such that ethanol and 
water are in the gas phase. The three cases considered here all use Pd 
supported on carbon catalyst. CAPER produces almost pure H2 with at 
most 0.3 ppm of CO2 at 80 bar. Aqueous thermochemical ethanol 
reforming and ethanol steam reforming both produce significant frac-
tions of CH4 and CO2 in the gas phase. Consequently, these two processes 
both require an energy-intensive downstream separation process. On the 
other hand, the CAPER produces no CH4, and the CO2 produced becomes 
a liquid-phase carbonate. Table S2 shows a carbon balance on the 
CAPER reactor at voltages of 0.5 and 0.3. At both voltages, the inlet and 
outlet carbon was calculated to demonstrate carbon species balance 
within 1% error. Depending on the catalyst and operating conditions, 
the mole fractions of each process will vary, but CAPER is the only 
process that removes almost all of the CO2 from the gas phase to produce 
a very pure H2 product by converting the gas-phase CO2 into the liquid- 
phase K2CO3. 

4.2. Faradaic efficiency 

At the cathode, H2 was produced from the alkaline H2 evolution 
reaction written in Eq. (2). The faradaic efficiency (calculated using Eq. 
(8)) on the cathode quantifies what portion of the electrons contribute to 
H2 production. Typical losses in faradaic efficiency include fuel/H2 
crossover, side reactions, leakage current, or solubility of H2. In the 
CAPER process, fuel crossover was very low to non-existent because 
ethanol cannot electrochemically reduce at the cathode and does not 
interfere with the H2 kinetics on the cathode [17]. Furthermore, H2 gas 
produced at the cathode could not be easily oxidized at the anode due to 
the poor solubility of H2 in concentrated KOH solutions [48] and low 
exchange current density for H2 oxidation on Pd at high pH [49]. 

The faradaic efficiency was determined from the H2 production rate 
and the current supplied. The H2 production rate was measured by GC 
and bubble flow meter. The current was measured by the power supply 
at various voltages between 0 and 0.65 V. Fig. 4 shows the faradaic ef-
ficiency of the cathode in the electrochemical flow reactor. The biphase 
mixture at 80 bar was depressurized to atmospheric pressure at the back 
pressure regulator and a 1 L cylinder provided a buffer prior to flow rate 
and composition measurement. However, due to the large pressure 
difference and the nature of biphasic flow, there existed many fluctua-
tions in the gas flow rate. The large fluctuations in flow rate can provide 
an observed faradaic efficiency over 100%, but when including the 
estimated error bars from measurements, the faradaic efficiency in-
cludes values below 100%. The average faradaic efficiency across the 16 
reported measurements was calculated as ηF = 97 ± 4%. The high 
faradaic efficiency was also observed in similar membrane-less reactor 
studies for ethanol electro-oxidation [17,26]. This means that all the 
electrons produced by ethanol electro-oxidation were converted to H2 
on the cathode and all the produced H2 exited the reactor. 

4.3. Linear sweep voltammetry 

Fig. 5 shows linear sweep voltammograms at the scan rate of 5 mV 
s− 1 in 4 M KOH and 8% ethanol at 80 bar. In Fig. 5a), the temperatures 
were varied between 40 and 80 ◦C while using a 4 mm electrode sepa-
ration. As temperature increased, the current density rose due to faster 
ethanol electro-oxidation kinetics and lower Nernst potentials. 

The electrode separation in the electrochemical flow reactor was 
adjusted by removing the current collectors and attaching the electrodes 
directly to the endplate. The gap separation determines the ohmic drop 
across the alkaline electrolyte. The smallest gap achievable was desired 
to minimize the ohmic losses across the electrolyte. For this reason, 
many electrochemical devices use membranes that are on the order of 
μm thickness. The membrane also acts as a physical barrier preventing 
electrodes from shorting. In membrane-less systems, the separation 
distance is on the order of mm thickness. Small electrode gaps increase 

Table 1 
Gas-phase mole fractions of ethanol reforming reactions using CAPER, aqueous 
thermochemical reforming, and steam reforming processes using Pd supported 
on carbon catalyst.    

CAPER 
(this 
work) 

Aqueous 
thermochemical 
reforming [16] 

Steam 
reforming 
[47] 

Conditions 

Temperature 
(◦C) 

80 250 330 

Pressure (bar) 80 65 1 
Catalyst Pd/C Pd/C Pd/C 

Mole 
Fraction 
(%) 

H2 100 11 43 
CH4 0 49 28 
CO 0 0 13 
CO2 3e-5 29 16 
Alkanes 0 2.6 0  

Fig. 4. Faradaic efficiency of H2 production in the electrochemical flow reactor 
at measured currents between 0 and 0.8 A at 80 ◦C and 80 bar. Error bars are 
estimated from the fluctuations in gas flow rate at the biphase outlet. 
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the likelihood of shorting when there is no physical separation. How-
ever, membrane-less systems can reduce capital costs and simplify 
reactor designs [10]. Fig. 5b) shows linear sweep voltammograms for a 
4 mm gap and a 10 mm gap at 80 ◦C. At the thermoneutral voltage of 0.3 
V, the 4 mm gap operates at 47 mA cm− 2 whereas the 10 mm gap only 
operated at 13 mA cm− 2. Increasing the applied voltage or overpotential 
achieved higher current density, but selectivity toward unwanted side 
product acetate increased [26]. Therefore, operating near the thermo-
neutral voltage was advantageous for both product selectivity and en-
ergy efficiency. 

4.4. Flow rate 

Reducing the flow rate of reactants into the reactor increased the 
residence time, leading to higher conversion. The CAPER system 
benefited from high residence times, allowing more time for the ethanol 
to react over the catalyst. Fig. 6 shows the effect of flow rate on the 
ethanol conversion and the LHV efficiency of CAPER. The reactor vol-
ume was 100 mm × 100 mm × 4 mm. Thus, the range of liquid hourly 
space velocities for 0 to 2 mL min− 1 is 0 to 3 h− 1. The values for the 
conversion and the LHV efficiency were closely linked. Based on Eq. (9), 
the LHV efficiency required high H2 production rates to compensate for 
the LHV contributed by ethanol. Therefore, high conversion of ethanol 
into hydrogen was required to reach high LHV efficiencies. 

In Fig. 6a), the conversion rapidly rose at low flow rates (0–0.5 mL 
min− 1), but at the highest flow rates (2 mL min− 1), the conversion was 
insignificant. The highest conversion achieved was 28%, which trans-
lated to a 28% LHV efficiency while operating at 0.5 V and 0.05 mL 
min− 1 (liquid hourly space velocity of 0.075 h− 1). As the operating cell 
voltage increased from 0.3 V to 0.5 V, the conversion of ethanol 
increased for producing more hydrogen due to the increased kinetic 
activity. This increased ethanol conversion at the higher cell operating 
voltage led to higher LHV efficiency, despite larger electrical work. Even 
though CAPER was limited in ethanol conversion at these operating 
conditions, further improvement of the conversion will be achieved by 

improving current density via catalyst development with higher activity. 

4.5. Ethanol concentration 

Fig. 7 shows how varying the inlet ethanol concentrations affected 
the conversion, LHV efficiency, and current density of CAPER operating 
at two different flow rates. In Fig. 7a) and 7b), as the ethanol inlet 
concentration increased from 2 to 12%, the conversion and LHV effi-
ciency decreased for both flow rates used, respectively. As the ethanol 
inlet concentration increased, the amount of ethanol that was fed to the 
reactor per unit time also increased. When this additional ethanol fed to 
the reactor did not convert (i.e., the low ethanol conversion and high 
ethanol inlet concentration condition), the LHV efficiency suffered as 
shown in Fig. 7b). Hence, operating at low ethanol concentrations and 
low flow rates provided the highest LHV efficiencies, but at the expense 
of lower hydrogen production rates. Designing an anode catalyst that 
offers a higher kinetic activity toward full ethanol oxidation than Pd/C is 
needed for future improvements. Such a catalyst would allow operating 
the CAPER system at a high flow rate of ethanol to achive high hydrogen 
production rate while maintaining the high LHV efficiency. 

For the reactor configuration shown in Fig. 3a), below 4% ethanol 
was when the current density started to decrease due to the transport 
limitations of ethanol. At dilute ethanol concentrations (<0.5 M), mass 
transfer limitations of ethanol to the anode lead to low current densities 
[17,50,51]. However, increasing the ethanol concentration to overcome 
mass transfer limitations also decreased the electrolyte ionic conduc-
tivity by decreasing the OH– concentration, which reduced the current 
density [17]. This tradeoff in mass transfer and ionic conductivity 
caused the plateau in the current density as the ethanol concentration 
increased as shown in Fig. 7c). 

4.6. Energetic comparison 

Fig. 8 shows a comparison of the energy required to produce 80 bar 
H2 using either water electrolysis or CAPER. This comparison focuses on 

Fig. 5. Linear sweep voltammograms of a) temperatures between 40 and 80 ◦C and b) at electrode separation of 4 and 10 mm.  

Fig. 6. The effect of flow rate on a) ethanol conversion and b) LHV efficiency at 80 bar, 80 ◦C, using 4 M KOH with 8% ethanol solution, and voltages of 0.3 and 0.5 
V. Error bars are from repeated measurements. H2 yield as a function of flow rate is shown in Fig. S1. 
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the compression work and electrical work but does not include the 
balance of plant components, such as heating loads. The operating 
temperatures for both processes are similar and qualify as waste-grade 
heat. CAPER cannot yet achieve the same current densities as water 
electrolyzers and its operating cell voltage is >1 V lower than that of 
water electrolyzers. Therefore, the comparison occurs at 0.5 V over the 
thermoneutral voltage and is normalized by H2 production rate. This 
allows both technologies to be compared at the same applied potential 
above the thermoneutral voltage to account for differences in cell volt-
ages, and to normalize by the H2 production rate to account for differ-
ences in current densities. 

H2 production using conventional low-temperature water electro-
lyzers generally requires 50–65 kWh kg− 1 electrical energy and operates 
at 60% LHV efficiency [35]. The U.S. DOE H2 demonstration refueling 
sites have reported an average compressor operation energy of 3.32 kWh 
kg− 1 but can range from 0.5 to 10 kWh kg− 1 and the average electrolyzer 
energy was 62.2 kWh kg− 1 [52]. Many electrolyzers operate near 2.0 V 
to achieve high current densities [37], which is at least 0.5 V over the 
thermoneutral voltage. The 53.6 kWh kg− 1 electrical work calculated 
here uses a 2.0 V operating voltage, and the compression work uses 3.32 
kWh kg− 1. 

For CAPER, the compression was achieved by a liquid-phase pump, 

which was calculated by Eq. (11). Liquid pump work is typically lower 
and less expensive than gas compressors due to the incompressibility of 
liquids versus the compressibility of gases. CAPER requires an additional 
electrolyte regeneration step to recycle the electrolyte as shown in Fig. 1. 
Electrochemical regeneration would require approximately 4 kWh kg− 1 

of H2 [28]. The electrical work requirement for CAPER operating at 0.5 
V is 13.4 kWh kg− 1. This study does not consider any work to generate 
the ethanol feedstock, which could have a significant impact on a life 
cycle analysis of the CAPER system. 

In both processes, electricity was the dominating energy cost. 
However, CAPER requires much lower operating voltage, which signif-
icantly reduces the electrical power required. Electrolyzers require over 
50 kWh kg− 1 to produce compressed hydrogen, whereas CAPER can 
operate at <20 kWh kg− 1. In comparison to current practices, steam- 
methane reforming approximately costs 46 kWh kg− 1 and is 72% effi-
cient [6]. Between the major H2 producing technologies, CAPER oper-
ates at the lowest kWh kg− 1. 

5. Conclusions 

CAPER of ethanol presents a process to produce pure and compressed 
H2 at low voltages, low temperatures, and low energy requirements, 

Fig. 7. The effect of ethanol concentration on a) ethanol conversion, b) LHV efficiency, and c) current density at 80 bar, 80 ◦C, 0.5 V and flow rates of 0.5 and 2.0 mL 
min− 1. Error bars are from repeated measurements. H2 yield as a function of ethanol concentration is shown in Fig. S2. 

Fig. 8. Energetic comparison between a conventional electrolyzer and CAPER in units of kWh kg− 1 of H2 for 80 bar delivery.  
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while capturing the carbonaceous products in the liquid phase. H2 was 
produced at 80 bar and 80 ◦C while polarizing at 0.5 V and at 97 ± 4% 
faradaic efficiency. Higher H2 production rates were achieved by oper-
ating at high temperatures (80 ◦C) and smaller electrode separation 
distances (4 mm). The highest LHV efficiency was 28% while using a 
flow rate of 0.05 mL min− 1 and polarization of 0.5 V. The CAPER process 
produces compressed H2 at <20 kWh kg− 1, which is significantly lower 
than electrolysis systems that require upwards of 50 kWh kg− 1. CAPER 
can be easily scaled up to operate at pressures above 80 bar because all 
the reactants remain in liquid phase. 

This study demonstrates the CAPER process to produce compressed 
H2. The process was limited by ethanol conversion, which leads to low 
LHV efficiencies. Future development of this process will require 
improved catalysts with higher exchange current densities and higher 
anode selectivity to CO2. The present study only investigates the reactor 
in a single pass configuration, however stacking and recycling will 
further improve the conversion and efficiency. Despite the relatively low 
LHV efficiency, CAPER operates at significantly lower kWh kg− 1 than 
water electrolyzers. Future development of this process will require 
improved catalysts with higher exchange current densities and lower 
noble-metal loading. Future work will also focus on the technoeconomic 
feasibility of the technology. 
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