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A bilateral electrochemical hydrogen pump
reactor for 2-propanol dehydrogenation and
phenol hydrogenation

Shiqi Huang,a Xuemei Wu,*a Wei Chen,a Tao Wang,a Yao Wua and Gaohong He*a,b

A bilateral electrochemical hydrogen pump reactor is proposed for the first time. In one electrochemical

hydrogen pump (EHP) configuration, in situ adsorbed hydrogen atoms for phenol hydrogenation at the

cathode are donated by the dehydrogenation of 2-propanol instead of a conventional H2 or H2O anode

feedstock. For the anodic 2-propanol dehydrogenation EHP reactor, by increasing Pt–Ru/C catalyst

loading and applying a pulse current operation, the applied potential can be controlled below 0.2 V,

which is much lower than the thermodynamic dissociation potential of water (1.23 V). For the cathodic

cyclohexanone hydrogenation EHP reactor, the hydrogenation rate reaches 73.9 mmol h−1 g−1Pd, nearly

three times of that in aqueous-phase selective hydrogenation reactors. Pd/C and Pt/C catalysts have high

catalytic selectivity to cyclohexanone (95.5%) and cyclohexanol (95.4%), respectively. In the bilateral EHP

reactor, 2-propanol dehydrogenation and phenol hydrogenation are completed simultaneously, exhibit-

ing a comparable hydrogenation rate, selectivity and conversion to that in the individual EHP reactors. The

feasibility of the bilateral EHP reactor provides a novel idea to efficiently integrate multiple reactors into

one configuration, which greatly simplifies hydrogen production, storage and transportation, as well as

reactor equipment.

1. Introduction

Biofuels play an important role in offering renewable energy
worldwide, which poses the cardinal environmentally friendly
energy solution in many fields.1,2 Hydrogenation is an essen-
tial process for aqueous bio-oil to be transformed into biofuel.
Due to the limited solubility of hydrogen in water (merely
1.565 g H2 per cubic meter water),3 conventional hetero-
geneous hydrogenation requires an excessive amount of pure
hydrogen to be fed into the system at a high pressure and
temperature to achieve a desirable hydrogenation rate. It dissi-
pates a great amount of energy.4

Recently, an EHP hydrogenation reactor, with the same con-
figuration as a polymer electrolyte membrane fuel cell,5,6 has
provided an alternative to heterogeneous catalytic hydrogen-
ation, due to its ability to produce dissociated hydrogen in situ
on a catalyst surface with high efficiency. In an EHP hydrogen-
ation reactor, water or hydrogen is oxidized to generate

protons at an anode under an applied potential,7 and the pro-
duced protons transfer to a cathode and directly take part in
the hydrogenation of biomass derivatives on the cathode cata-
lyst surface. Compared with the harsh conditions in conven-
tional heterogeneous reactors, such as slurry and autoclave
reactors, in situ dissociated hydrogen in an EHP reactor
reduces the resistance of hydrogen transfer to the greatest
degree, therefore an EHP hydrogenation reactor exhibits excel-
lent performance at ambient pressure and temperature.7–12

The EHP hydrogenation reactor has attracted intense atten-
tion in biomass hydrofining due to its notable advantages.
Researchers have investigated related topics with regard to
reactants, operation conditions and EHP structures. Among
them, hydrogenation of furfural,8 acetophenone9 and selective
reduction of levulinic acid10 at the cathode are remarkable
examples. Acetone, as a model biomass compound, was inves-
tigated by Benziger11 and Green7 to optimize the reaction con-
ditions and catalysts. They revealed that a current density of
10 mA cm−2 in the EHP reactor is equivalent to a 100 bar
hydrogen partial pressure with regard to providing dissociated
hydrogen on the catalyst surface, thereby achieving the
biomass hydrogenation target in milder conditions. In our pre-
vious work, Chen12 studied the effects of the hydrophobicity of
the diffusion layer on mass transfer resistance of biomass
model compounds with different volatilities, highlighting the
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importance of EHP reactor configurations on hydrogenation
behaviour.

However, there are few concerns about the source of hydro-
gen for the anode of EHP hydrogenation reactors. In most
cases, pure hydrogen is used as an anode feedstock to provide
protons to the cathode hydrogenation reaction, which is mainly
derived from non-renewable coal and natural gas. Consumption
of fossil resources also contributes to global warming and soil
acidification.13,14 To avoid the drawbacks of using hydrogen
proton-donators, some pioneering works have attempted water
electrolysis. Although proposed as an eco-friendly and renew-
able solution for EHP reactors, the theoretical electrolysis poten-
tial of water is about 1.23 V and the practical potentials are
usually over 2.0 V in the literature,11 resulting in energy con-
sumption hundreds of times more than that of hydrogen elec-
trolysis.7 Therefore, it is essential to develop a new
dehydrogenation technique at the anode to promote appli-
cations of EHP hydrogenation reactors on a large scale.

In the literature, dehydrogenation reactions often aim at
producing valuable organic chemicals, such as ketones and
alkenes, using alcohols and alkanes as dehydrogenation reac-
tants. They usually take place in conventional three-phase reac-
tors and require a high temperature. For instance, Keule15 and
Lambert16 investigated the dehydrogenation of 2-butanol to
generate methyl ethyl ketone and butane. The reaction tem-
perature was over 200 °C, which is the usual temperature used
to compensate the reaction kinetics. Dehydrogenation reac-
tions have also been investigated in fuel cells to explore
alternative fuels to hydrogen. It was reported that cyclo-
hexane17 and ethane18 were dehydrogenated in a proton
exchange membrane fuel cell (PEMFC) to produce olefins and
aromatics. Alcohols, in particular methanol, were dehydroge-
nated to serve as a potential hydrogen source for direct alcohol
fuel cells (DAFCs).19–21 Quite recently, the EHP was explored as
a dehydrogenation reactor. Inspiring results have been
achieved by Kim22 and Consuegra23 in that protons could be
produced by the dehydrogenation of glycerol and ethylene
glycol in an EHP reactor.

In this paper, it is proposed for the first time that EHP is
used as a reactor to complete organic dehydrogenation and
biomass derivative hydrogenation simultaneously (denoted as
a bilateral EHP reactor hereafter). Owing to the unique mem-
brane barrier effect of EHP reactors, dehydrogenation and
hydrogenation reactions could run simultaneously at the
anode and cathode compartments without interference. This
parallel layout is impossible to achieve in conventional electro-
catalytic and three phase reactors, where reactants and pro-
ducts of the two reactions have to be mixed together and are
mutually affected by inevitable interaction. For instance, in
thermal catalytic coupling reactions,24–29 the in situ hydrogen
derived from dehydrogenation could greatly improve hydrogen-
ation efficiency.24 The reaction heat needed for endothermic
dehydrogenation could be compensated by the exothermic
hydrogenation to some extent.26–29 However, product separ-
ation and high temperature operation (at least 200 °C) are still
required.

Incorporation of two reactions into one EHP reactor greatly
simplifies the reactor equipment. More importantly, in a bilat-
eral EHP reactor, hydrogen is produced by the dehydrogena-
tion of organics instead of water or pure hydrogen, which is
promising from an economic aspect in producing valuable
products, i.e. the dehydrogenation product at the anode as
well as the hydrogenation product at the cathode. Organic
dehydrogenation reactants usually have lower electrochemical
energy barriers than water, which contributes to the reduction
of the electrolysis potential and energy consumption.

In this work, 2-propanol and phenol have been investigated
as anode and cathode reactants, respectively in a bilateral EHP
reactor. Reactions and standard electrode potentials at 25 °C
are listed in eqn (1) and (2). At the anode, 2-propanol has a
much lower electrolysis potential than that of water. It shows a
much higher performance and much lower fuel crossover than
methanol in DAFCs.30–33 Acetone, as the main product of
2-propanol electro-dehydrogenation,34 is an important organic
chemical. In addition, the high solubility of 2-propanol in
water poses an incomparable advantage over alkanes, as the
water-soluble nature of the reactants is essential to maintain
the hydration of the proton exchange membrane. As to the
cathode, phenolic compounds are major components of bio-
oil with a content percentage of around 7–8 wt%.35 Hydrodeoxy-
genation of phenolic compounds is an important method used
to increase the stability of biofuels. Phenol is the simplest and
the most representative compound in the phenolic category.
There are two main hydrogenation products of phenol, cyclo-
hexanone and cyclohexanol.36,37 Cyclohexanone is an important
intermediate for production of nylon 6 and nylon 66.38 Cyclo-
hexanol is the product of further hydrogenation of cyclohexa-
none, and is a promising component of biofuels. There have
been several investigations of the hydrogenation of phenol in
the literature. For instance, Güvenatam36 used an acid-Pd/C
dual-catalyst for the deep hydrogenation of phenol in autoclave
reactors at 200 °C. Liu39 obtained high selectivity and conver-
sion of phenol over a dual supported Pd-Lewis acid catalyst.
And Cirtiu37 developed the concept of in situ electro-catalytic
hydrogenation by exploring the hydrogenation of phenol in an
electrochemical dynamic cell. However, few reports can be
found on phenol hydrogenated in an EHP reactor.

Anode reaction:

ð1Þ

Cathode reaction:

ð2Þ

The bilateral EHP reactor runs successfully in this work. At
the anode, acetone as well as protons is obtained by the dehy-
drogenation of 2-propanol. The applied potential for the 2-pro-
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panol dehydrogenation EHP reactor is controlled below 0.2 V
by increasing Pt–Ru/C catalyst loading and applying a pulse
current operation, which is much lower than that of water elec-
trolysis. At the cathode, the cyclohexanone hydrogenation rate
in the EHP hydrogenation reactor is nearly three times that in
aqueous-phase catalysis by a Pd-PVP catalyst.40

2. Experimental
2.1 Materials

The following chemicals were commercially available: acetone-
(C3H5OH, 99%), ethanol (C2H5OH, 99%), 2-propanol (i-C3H7OH,
99%), n-propanol (n-C3H7OH, 99%), phenol (C6H6O, 99%),
cyclohexanol (C6H10O, 99%), cyclohexanone (C6H8O, 99%),
phosphoric acid (H3PO4, 99%), 20 wt% Pd/C (Premetek Co.
Wilmington, DE), 30 wt% Pt–Ru/C (Johnson Matthey Co.),
5 wt% Nafion solution (DuPont Co.), Nafion 117 (DuPont Co.),
the gas diffusion layer (GDL25BC, SGL Co.), and the Pt gas
diffusion electrode (GDE, 0.5 mg cm−2 Pt, Sunrise Power Co.)

2.2 Preparation of MEAs

Pt–Ru and Pd GDEs were home made by spraying catalyst inks
(the ratio was 1 : 3 to 2 : 3 parts Nafion/catalysts, lower aliphatic
alcohols were used as a dispersant) on commercialized
GDL25BC, then drying at 60 °C. MEAs were prepared by hot-
pressing the anode and cathode GDEs on either side of Nafion
117 at 140 °C and 5 MPa for 1 min. Two kinds of MEAs with
different catalysts, PtRu–Pt, PtRu–Pd (where the first catalyst
means the anode catalyst, and the second means the cathode
catalyst) were investigated in this work. The physico-chemical
characteristics of the electrodes and catalysts of the anode and
cathode are listed in Table 1. The electrochemically active
surface areas (ESA) were measured by cyclic voltammetry (CV)
of CO stripping (Ivium Technologies A08001) according to pre-
vious work.41 Scanning Electron Microscopy (SEM, TM3000)
was used to measure the thicknesses of electrodes. Roughness
was calculated by dividing the real active areas of the electrode
by the geometric area (5.29 cm2) of the electrode. Charges of
hydrogen adsorption were determined by CV of hydrogen
adsorption.

2.3 Electrocatalytic dehydrogenation of 2-propanol at the
anode

As shown in Fig. 1, the EHP reactor has the same configuration
as a PEMFC, with a 5.29 cm2 effective reaction area and ser-
pentine flow channels for both the anode and cathode. The
catalyst loadings are 0.5 mg cm−2 to 2.0 mg cm−2 Pt–Ru at the
anode and 0.5 mg cm−2 Pt at the cathode. 30 mL 2-propanol
solution was recycled in the anode compartment at flow rate of
10 mL min−1. With a potential applied (GWInSTEK GPD-3303S
DC Power Supply) across the cell, 2-propanol was dehydroge-
nated to acetone and protons. Under galvanostatic conditions,
a constant number of protons was transferred across the
proton exchange membrane to generate a certain amount of
dissociated hydrogen atoms, reduced to H2 on the cathode
catalyst layer.

Electrocatalytic hydrogenation of phenol at the cathode was
performed with either pure H2 or 2-propanol solution as the
anode feedstock. For the pure H2 anode feedstock, 20 sccm H2

was saturated with water vapour by passing through a humidi-
fier, and then introduced to the anode (anode inlet shown as
dotted line in Fig. 1), while 30 mL phenol aqueous solution
was hydrogenated at the cathode. 0.5 wt% phosphoric acid was
added into the phenol aqueous solution to simulate the acid
environment of bio-oil.

In the bilateral EHP reactor, 2-propanol solution replaced
hydrogen as the anode feedstock to provide protons. A sche-
matic of the bilateral reactor is shown in Fig. 1. Dehydrogena-
tion of 2-propanol and hydrogenation of phenol were coupled
in one EHP reactor driven by an external power supply. 4.0 mg
cm−2 Pt–Ru anodes and 0.5 mg cm−2 Pt or 0.5 mg cm−2 Pd
cathodes were used in the experiments.

2.4 Analytic methods

The liquid products of the anode and cathode were detected
by gas chromatography (FuLi GC-9790II), equipped with an
FFAP column (30 m × 0.32 mm) and a flame ionization detec-

Table 1 Physico-chemical characteristics of the electrodes and
catalysts

Property Pt Pd Pt–Ru

Electrode Loading (mg cm−2) 0.5 0.5 2.0
ESA (m2 g−1) 66.4 47.6 32.7
Roughness 332 238 654
Thickness of catalyst
layer (μm)

8.2 10.6 25.5

Charge of hydrogen
adsorption (C g−1)

84.9 79.4 31.5

Catalyst BET surface (m2 g−1) 192 189 156
Carbon size (nm) 30 30 20
Metal size (nm) 2.8 ± 0.3 3.0 ± 0.5 2.6 ± 0.4

Fig. 1 Schematics of the bilateral EHP reactor (a. current collecting
plate; b. serpentine flow channel in graphite blocks; c. microporous
layer of GDL (thickness: 235 μm, air permeability: 1.0 cm3 cm−2 s−1,
crack in microporous layer: 8–15 μm); d. macroporous layer of GDL;
e. catalyst layer; f. proton exchange membrane Nafion 117 (thickness:
180 μm, IEC: 0.9 mmol g−1, conductivity: 0.1 S cm−1)).
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tor. Acetone was determined to be the only product of the
anode dehydrogenation reaction, with an n-propanol internal
standard in the anode aqueous solution. Cyclohexanone and
cyclohexanol were detected in the cathode mixture with an
n-butanol internal standard. The excessive hydrogen produced
at the cathode was measured with a soap bubble flowmeter to
calculate the total current efficiency. The hydrogenation
current efficiency and reaction rate were calculated by eqn (3)
and (4), respectively, where molpro is moles of products
detected by GC, n is moles of electrons transferred, F is the
Faraday constant (96 485.34 C mol−1), Icell is the current
observed in the experiment and Δt is the operational time.

Current efficiency ¼ molpronF
IcellΔt

ð3Þ

Reaction rate ¼ molpro
Δt

ð4Þ

3. Results and discussion
3.1. Propanol EHP reactor dehydrogenation at the anode

3.1.1. With Pt/C and Pt–Ru/C catalysts. First, electro-
catalytic dehydrogenation of 2-propanol at the anode is investi-
gated in the EHP reactor with purging of hydrogen at the
cathode. The catalyst is a crucial parameter that determines
the electrolysis potential. Since few references are available on
the dehydrogenation of 2-propanol in an EHP reactor, a Pt/C
catalyst is selected as the initial choice based on its excellent
performance in DAFCs. With a potential applied by DC power
across the cell, 2-propanol is dehydrogenated to produce
acetone and protons on the anode catalysts. Then acetone is
collected at the anode, while protons transfer across the
Nafion membrane and reduce to hydrogen at the cathode. As
shown in Fig. 2, although stable with reaction time, the over-
potential of 2-propanol dehydrogenation on the Pt/C catalyst is
much higher than the standard electrode potential of 2-propa-
nol (0.10 V at 25 °C, as shown in eqn (1)), reaching around
0.7 V. In order to reduce the applied potential, Pt–Ru/C,
another commonly used catalyst in DAFCs, is tested under the
same reaction conditions. With 0.5 mg cm−2 Pt–Ru loading,
the applied potential is around 0.1 V at the beginning (within
2 min), which is much closer to the standard electrode poten-
tial of 2-propanol. It coincides with the research of Lee42 that
dehydrogenation of 2-propanol initially occurs below 0.2 V on
Pt–Ru/C, while it is around 0.65 V on Pt/C catalyst. They
suggest that the splitting of the methine C–H is the limiting
step of acetone production and the Pt–Ru/C catalyst could
reduce the barrier of this elementary step.43,44

With proceeding of the reaction, the applied potential on
the Pt–Ru/C catalyst increases dramatically to 1.0 V within
16 min, exhibiting a stage at 0.2–0.42 V, while it only slightly
increases on the Pt/C catalyst with instantaneous peaks. The
applied potential increase on Pt/C might be caused by pro-
duction inhibition, that is, the produced acetone takes up

active sites of the catalyst and requires a higher potential to
keep the same dehydrogenation rate of 2-propanol.31,33 The
instantaneous peaks might be caused by CO-type intermedi-
ates and Pt–OH formation from water according to one refer-
ence.45 However, the stepwise potential increase on Pt–Ru/C
involves stepwise oxidization of 2-propanol. Previous work42

showed that more than one peak was observed in the positive
potential scan of the cyclic voltammeter for 2-propanol. 2-Pro-
panol can be oxidized to acetone at a lower applied potential,
or be further oxidized into complex products at a higher
applied potential. Since Pt–Ru has a higher activity of splitting
methine C–H to form acetone, at a constant current density,
the produced acetone would be oxidized further before it
could desorbed from the catalyst surface, leading to a stepwise
change of the applied potential.

On the basis of the above analysis, providing sufficient
active sites on Pt–Ru/C is the key point in solving the stepwise
increase of the applied potential. Two methods are proposed
in this work to solve this problem: one is to increase Pt–Ru/C
loading to supply more active sites for 2-propanol dehydro-
genation; another is pulse current operation to release more
acetone from the active sites of the catalyst. Fig. 3 shows the
applied potential as a function of catalyst loading or pulse
current density.

As shown in Fig. 3(a), with the increase of Pt–Ru loading,
the applied potential decreases dramatically and could remain
stable around 0.1 V with 2.0 mg cm−2 within an operation
period of 2 h. In Table 1, it can be seen that the electrode of
PtRu (2.0 mg cm−2) has a much larger roughness, providing
more active sites for reaction. It is proved that increasing the
amount of catalyst active sites could reduce the deep oxidiza-
tion of 2-propanol, which helps avoid a stepwise increase of
the applied potential. Pulse current operation could also
relieve the potential jump and help to keep stable the applied
potential even with a low catalyst loading. As shown in the
inset graph of Fig. 3(b), current density pauses for several

Fig. 2 Applied potential of 2-propanol with different catalysts
(reaction conditions: 10 ml min−1 2-propanol, 1 M 2-propanol, 60 °C,
18.9 mA cm−2).
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seconds between constant values (pausing 30 s for every 2 min
running at 1.5 mg cm−2, and 30 s for every 30 s running at
0.5 mg cm−2). Through this method, the applied potential can
remain stable (below 0.2 V for 2 h) with different catalyst load-
ings of 0.5 mg cm−2 Pt–Ru and 1.5 mg cm−2 Pt–Ru, which
would otherwise step up to 0.8 V within 15 and 120 min,
respectively, at a constant current density (Fig. 3(a)). This
result indicates that a stable applied potential could also be
achieved by applying a pulse current operation, in which the
current density pauses could relieve acetone production inhi-
bition and reset the applied potential at a low level. Pulse
current operation controls the applied potential without
increasing catalyst loading, and therefore is more economical.

By increasing the loading and applying a pulse current
operation, the applied potential for 2-propanol dehydrogena-
tion in an EHP reactor can be controlled below 0.2 V, which is
much lower than the thermodynamic dissociation potential of
water (1.23 V). The methods proposed in this work also
provide guidelines for potential control of stepwise reactions.

3.1.2 Temperature investigation at the anode. Temperature
is another main parameter affecting the dehydrogenation rate
and applied potential. Based on the maximum operating
temperature of the Nafion membrane (80 °C) at atmospheric
pressure, the temperature of the EHP reactor was increased
from 50 to 80 °C to explore its influence on dehydrogenation
performance. Fig. 4 shows the influence of reaction tempera-
ture on applied potential, dehydrogenation rate and current
efficiency. The applied potential decreases linearly with the
increase of temperature, and falls to 0.15 V at 80 °C for 3 h of
reaction. This coincides with the theoretical analysis, i.e. the
electrolysis potential ΔE would decrease due to the decrease of
ΔG with the increase of temperature. The current efficiency
and dehydrogenation rate are basically constants with the
increase of temperature. Under a constant current density of

18.9 mA cm−2, there is the same amount of protons involved
in the dehydrogenation reaction, leading to the indistinct vari-
ation of the dehydrogenation rate and current efficiency with
increasing temperature. According to these results, it is
suggested that 80 °C is an optimal temperature for the 2-pro-
panol dehydrogenation EHP reactor.

3.1.3 Available current density by 2-propanol dehydrogena-
tion. One of the advantages of EHP reactors is their ability to
provide dissociated hydrogen atoms in an electrochemical way,
in which current density is equivalent to the amount of
adsorbed hydrogen on the cathode catalyst surface.11

In the novel bilateral reactor, adsorbed hydrogen (or
protons) is provided by the dehydrogenation of 2-propanol,
and the proton providing capacity is an important part of eval-
uating the feasibility of the EHP reactor. Experiments were

Fig. 3 Applied potential of 2-propanol dehydrogenation as a function of (a) Pt–Ru catalyst loading; (b) pulse current density. Reaction conditions:
(a) 10 ml min−1 2-propanol, 1 M 2-propanol, 60 °C, 18.9 mA cm−2; (b) for 0.5 mg cm−2 Pt–Ru loading, 10 ml min−1 2-propanol, 1 M 2-propanol,
60 °C, for every cycle, I = 6.3 mA cm−2 for 30 s, I = 0 mA cm−2 for 30 s; for 1.5 mg cm−2 Pt–Ru loading, 10 ml min−1 2-propanol, 1 M 2-propanol,
60 °C, for every cycle, I = 18.9 mA cm−2 for 120 s, I = 0 mA cm−2 for 30 s.

Fig. 4 Rate, current efficiency and applied potential of 2-propanol
dehydrogenation as a function of reaction temperature (reaction con-
ditions: 10 ml min−1 2-propanol, 1 M 2-propanol, 18.9 mA cm−2, 3 h).

Green Chemistry Paper

This journal is © The Royal Society of Chemistry 2015 Green Chem.

Pu
bl

is
he

d 
on

 2
7 

O
ct

ob
er

 2
01

5.
 D

ow
nl

oa
de

d 
by

 T
ul

an
e 

U
ni

ve
rs

ity
 o

n 
06

/1
2/

20
15

 1
4:

11
:5

8.
 

View Article Online

http://dx.doi.org/10.1039/c5gc01719j


conducted in potentiostatic mode at 80 °C, in which steady-
state current densities are obtained by applied potential pro-
gramming from 0.02 to 0.2 V at an interval of 0.02 V, equili-
brating for 0.5 h at each applied potential (inset in Fig. 5). As
shown in Fig. 5, current density first increases linearly with
the increase of applied potential, and then reaches a limiting
current at about 0.12 V. The current–potential curve exhibits
the same pattern as that with a pure hydrogen anode feed-
stock, in which the linear increase of current density at a lower
applied potential indicates the ohmic resistance domination
of the EHP.5 The limiting current density (38 mA cm−2) is
much less than the stoichiometric value (68 mA cm−2, calcu-
lated by Ohm’s law at 0.2 V). It is related to product inhibition
and 2-propanol transfer limitation, and would become an
essential factor at a higher applied potential.

3.2 Phenol EHP electro-catalytic hydrogenation reactor of
phenol at the cathode

In this section, phenol is used as a model compound for bio-
oil derivatives and its electrocatalytic hydrogenation at the
cathode of the EHP reactor is performed with a pure H2 anode
feedstock. The products cyclohexanol and cyclohexanone are
valuable materials for organic chemicals and biofuels. Since
there are fewer reports on phenol hydrogenation in EHP reac-
tors, different parameters, such as the catalyst, temperature,
current density and reaction time are investigated in terms of
their influence on phenol hydrogenation.

3.2.1 Temperature investigation at the cathode. Fig. 6
depicts the electrocatalytic hydrogenation of phenol as a func-
tion of temperature with different catalysts. Since the hydro-
genation products are detected to be cyclohexanol and
cyclohexanone by GC, the selectivity of cyclohexanone and
cyclohexanol are normalized to 1. Reaction rate, conversion
and current efficiency are calculated based on both hydrogen-
ation products, cyclohexanol and cyclohexanone. Applied
potentials investigated in all phenol EHP reactors are below
0.05 V. As shown in Fig. 6(a), cyclohexanone is selectively pro-
duced on the Pd/C catalyst, achieving a high selectivity of
around 80% and remaining stable with increasing tempera-
ture. This coincides with the tendency in previous
research.40,46 Cyclohexanol is the main product on the Pt/C
catalyst, reaching a high selectivity of greater than 92.5% at a
lower temperature, as shown in Fig. 6(b). Cyclohexanol selecti-
vity on the Pt/C catalyst decreases with the increase of tempera-
ture. It might be related to the faster desorption of
cyclohexanone from the Pt/C catalyst at elevated temperature,
which reduces further hydrogenation of cyclohexanone into
cyclohexanol. Reaction rate, current efficiency and conversion
go up faster at lower temperatures and increase gradually at
higher temperatures on the Pd/C catalyst, while they reach
maximum values at around 60 °C on the Pt/C catalyst.

Fig. 5 Available current density of 2-propanol dehydrogenation as a
function of applied potential (reaction conditions: 10 ml min−1 2-propa-
nol, 1 M 2-propanol, 80 °C, 2.0 mg cm−2 Pt–Ru loading).

Fig. 6 Cyclohexanone and cyclohexanol selectivity, hydrogenation rate, current efficiency and conversion of phenol as a function of current
density catalyzed by (a) Pd/C; and (b) Pt/C (reaction conditions: 20 sccm H2, 10 ml min−1 phenol, 0.1 M phenol, 18.9 mA cm−2, catalyst loading:
0.5 mg cm−2).
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As an exothermic reaction, phenol hydrogenation would
reach a maximum reaction rate at a certain optimal reaction
temperature instead of increasing with temperature all the
time. The results show that the optimal reaction temperature
for the product cyclohexanol is around 60 °C, while for the
product cyclohexanone it might be higher than 80 °C. The best
performance is at 80 °C in the test range.

The EHP phenol hydrogenation reactor in this work exhi-
bits advantages over the reported phenol hydrogenation in the
literature. As shown in Fig. 6(a), the rate of the EHP reactor is
11.0 nmol cm−2 s−1 (73.9 mmol h−1 g−1Pd) based on cyclohexa-
none at 80 °C under 18.9 mA cm−2 (the corresponding total
hydrogenation rate is 14.6 nmol cm−2 s−1 as shown in
Fig. 6(a)), which is much higher than that reported in a con-
ventional three-phase reactor with Pd/C at 90 °C and at atmos-
pheric pressure (9.3 mmol h−1 g−1Pd),

40 as well as the elevated
hydrogenation rate in the aqueous phase catalyzed by PVP-Pd
(27.8 mmol h−1 g−1Pd). In addition, the results in this paper
are based on the overall reaction time, which is much longer
than the effective reaction time, i.e., retention time (retention
time in this reactor is difficult to precisely calculate). If based
on retention time, the hydrogenation rate would be even
higher as compared with the conventional reactor.

3.2.2 Current density investigation at the cathode. Since
the maximum current density provided by 2-propanol at the
anode is 37.8 mA cm−2, current densities ranging from
9.45 mA cm−2 to 37.8 mA cm−2 are investigated for their effect
on phenol hydrogenation. As shown in Fig. 7(a), with increas-
ing current density and catalyzed by Pd/C, the conversion and
reaction rate go through a maximum, while current efficiency
decreases. As for selectivity, in the range of the tested current
density, there is no sign that shows current density influences
the selectivity of hydrogenation. At the cathode, there is com-
petition for protons between phenol hydrogenation and hydro-
gen evolution. With the increase of current density, more
protons are transferred to the cathode and promote both

phenol hydrogenation and hydrogen evolution. It is seen from
Fig. 7(a) that at higher current densities above 30 mA cm−2,
excessive hydrogen evolves on the catalyst surface, and thus
blocks the adsorption of phenol and reduces the hydrogen-
ation rate and conversion. The results catalyzed by Pt/C are
shown in Fig. 7(b), hydrogenation rate and conversion keep
increasing with the increasing current density, which means
that the current density is no longer high enough for Pt/C to
reach the maximum values. It can be inferred from Fig. 7(b)
that cyclohexanol selectivity is more sensitive to current
density on the Pt/C catalyst as compared with the Pd/C catalyst,
and increases from 53.4% to 95.4% with increasing current
density. Higher current density provides more protons for
phenol hydrogenation, and it is therefore easier to conduct
deep hydrogenation. Taking current efficiency into consider-
ation, it is suggested that 18.9 mA cm−2 is enough for Pd/C
catalysis to produce cyclohexanone; while the reaction cata-
lyzed by Pt/C needs a higher current density to reach the
maximum reaction rate.

3.2.3 Reaction time investigation at the cathode. The
effects of reaction time on conversion, current efficiency and
reaction rate are shown in Fig. 8. With increasing time, and
reducing reaction rate, selectivity and current efficiency, the
conversion slowly increases as it reflects the accumulation
effect. As the reaction proceeds, the concentrations of cyclohexa-
none and cyclohexanol increase, which would block active sites
for phenol hydrogenation. Fewer catalytic sites cause a
reduction of the reaction rate and current efficiency. As for
selectivity, a higher concentration of cyclohexanone is produced
with increased reaction time and hinders the desorption of
cyclohexanone from the catalyst, which favours its further
hydrogenation to cyclohexanol. As a result, with the increase of
reaction time, cyclohexanone selectivity on the Pd/C catalyst
decreases, so 1 h is the optimal reaction time to gain the
highest selectivity; while cyclohexanol selectivity on the Pt/C
catalyst increases, and the better selectivity is obtained at 3 h.

Fig. 7 Cyclohexanone and cyclohexanol selectivity, hydrogenation rate, current efficiency and conversion of phenol as a function of current
density catalyzed by (a) Pd/C; and (b) Pt/C; (reaction conditions: 20 sccm H2, 10 ml min−1 phenol, 0.1 M phenol, 80 °C, 3 h, catalyst loading:
0.5 mg cm−2).

Green Chemistry Paper

This journal is © The Royal Society of Chemistry 2015 Green Chem.

Pu
bl

is
he

d 
on

 2
7 

O
ct

ob
er

 2
01

5.
 D

ow
nl

oa
de

d 
by

 T
ul

an
e 

U
ni

ve
rs

ity
 o

n 
06

/1
2/

20
15

 1
4:

11
:5

8.
 

View Article Online

http://dx.doi.org/10.1039/c5gc01719j


3.3 Coupling of 2-propanol dehydrogenation with phenol
hydrogenation in an EHP bilateral reactor

The feasibility of combining dehydrogenation and hydrogen-
ation in one EHP reactor is investigated with 2-propanol and
phenol as the anode and cathode reactant, respectively. With
power supplied, 2-propanol is dehydrogenated at the anode, gen-
erating protons for phenol hydrogenation at the cathode. The
reaction conditions are selected based on the optimized results
of the above experiments, i.e., 80 °C is chosen for the lowest
applied potential and the highest cyclohexanone reaction rate; a
current density of 18.9 mA cm−2 is selected for the highest reac-
tion rate based on cyclohexanone. Performance of the EHP bilat-
eral reactor is investigated with a Pt–Ru/C anode catalyst, and Pt/
C or Pd/C cathode catalysts, for phenol hydrogenation EHP reac-
tors with a H2 anode feedstock for 3 h and 1 h.

The results in Fig. 4 show that the anode 2-propanol dehy-
drogenation rate varies little under a constant current; there-
fore the phenol hydrogenation performance is the focus for
investigating the bilateral reactor. The data in Table 2 show
the comparison of the phenol hydrogenation rate, conversion
and selectivity in both phenol hydrogenation EHP reactors (H2

anode feedstock) and bilateral EHP reactors (2-propanol anode
feedstock). For the bilateral reactor with PtRu/C-Nafion-Pt/C
MEA, the conversion and hydrogenation rate are promoted by
about 20%, but cyclohexanol selectivity decreases in contrast
with that in the phenol EHP reactor. This indicates a syner-
getic effect between the anodic and cathodic reactions. As is
known, a fully hydrated Nafion membrane has a relatively high
hydrogen permeation of about 10−6 m2 s−1, which means that
with a hydrogen anode feedstock, hydrogen would permeate
from the anode to the cathode and reduce active catalytic sites
for phenol hydrogenation. When protons are provided by
2-propanol in the bilateral reactor, much less hydrogen per-
meation leads to higher performance. As for the PtRu/
C-Nafion-Pd/C MEA, cyclohexanone selectivity is comparable,
although the conversion and hydrogenation rates of the bilat-

eral reactor decrease as compared with the phenol EHP
reactor. This relates to less adhesion of the Pd/C catalyst on
GDL as observed in the experiments.

The data in this work indicate that two hydrogen-related
reactions could be successfully performed simultaneously in
one EHP reactor. The performance is almost as excellent as
that in the individual EHP reactors. Therefore, costs for hydro-
gen production, storage and transportation, as well as reactor
equipment could be saved to a large extent. Moreover, the
bilateral EHP reactor provides a solution to the problem of
hydrogen permeation across PEMs, which decreases the
amount of catalyst active sites.

However, there is still a challenge for the bilateral EHP
reactor proposed in this work. As shown in Fig. 9(a), the
applied potential is much higher in the bilateral reactor as
compared with the individual EHP reactors. In the individual

Fig. 8 Cyclohexanone and cyclohexanol selectivity, hydrogenation rate, current efficiency and conversion of phenol as a function of reaction time
catalyzed by (a) Pd/C; and (b) Pt/C (reaction conditions: 20 sccm H2, 10 ml min−1 phenol, 0.1 M phenol, 18.9 mA cm−2, 80 °C, catalyst loading:
0.5 mg cm−2).

Table 2 Comparison of phenol EHP reactor and bilateral EHP reactor

MEA Reactor
Conversion
(%)

Hydrogenation
rate
(nmol cm−2 s−1)

Selectivitya

(%)

PtRu/
C-Nafion-
Pt/C

Phenol EHP
reactor
(anode H2)

16.5 8.4 85.2

Bilateral
EHP reactor

19.3 10.2 74.3

PtRu/
C-Nafion-
Pd/C

Phenol EHP
reactor
(anode H2)

11.4 18.0 95.5

Bilateral
EHP reactor

8.0 12.7 93.1

Reaction conditions: 18.9 mA cm−2, 80 °C; anode: 10 ml min−1

2-propanol, 1 M 2-propanol, catalyst loading 4.0 mg cm−2; cathode:
10 ml min−1 phenol, 0.1 M phenol, catalyst loading 0.5 mg cm−2, 3 h
for PtRu-Nafion-Pt/C; 1 h for PtRu-Nafion-Pd/C. a Cyclohexanone
selectivity for Pd/C catalyst and cyclohexanol selectivity for Pt/C
catalyst.
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EHP reactors, the applied potential of the anodic 2-propanol
dehydrogenation EHP reactor and the cathodic phenol hydro-
genation EHP reactor are as low as around 0.1 V and 0.02 V,
respectively. For the bilateral EHP reactor, although the start-
ing applied potential is in between that of the anode and
cathode, it increases gradually to 0.6 V with the proceeding of
the reaction. It is assumed that the elevated potential is
caused by cross contamination of the reactants across the
Nafion membrane. In order to confirm this assumption, quan-
titative (3.3 × 10−3 M) additives, including the reactant phenol
and products cyclohexanone and cyclohexanol are added into
1 M 2-propanol, respectively. The obtained mixture is used as
an anode feedstock in the 2-propanol EHP dehydrogenation
reactor to simulate the cross contamination. As shown in
Fig. 9(b), cyclohexanone and cyclohexanol have little effect on
the applied potential, while the applied potential increases
gradually as phenol is present in the 2-propanol solution,
especially with a higher concentration of 0.1 M (inset in
Fig. 9(b)). p-Benzoquinone is detected in the dehydrogenation
products, which means that phenol at the cathode permeates
through the Nafion membrane and dehydrogenates to produce
p-benzoquinone at the anode. It is reported in the literature
that the potential of the phenol dehydrogenation reaction is
around 1.3 V.47,48 Hence, permeation of organic reagents
through proton exchange membranes is an important issue to
be considered in bilateral EHP reactors. Investigation of per-
meation resistant membranes is ongoing in our group.

4. Conclusions

The 2-propanol dehydrogenation reaction and phenol hydro-
genation reaction are successfully achieved in one EHP bilat-
eral reactor. In the 2-propanol dehydrogenation reaction at the

anode, the applied potential is much lower on the Pt–Ru/C
than on the Pt/C catalyst. By applying a pulse current operation
and increasing the catalyst loading and temperature, extensive
dehydrogenation of 2-propanol on the Pt–Ru/C catalyst could
be reduced, thus maintaining a lower applied potential of
around 0.2 V within a 3 h reaction. The available current
density of 2-propanol dehydrogenation on the Pt–Ru/C catalyst
is up to 38 mA cm−2, which supplies abundant in situ
adsorbed hydrogen atoms for the hydrogenation reaction at
the cathode. For the cathode phenol hydrogenation reaction,
Pd/C catalyst is an excellent catalyst to generate cyclohexanone
(selectivity of around 85%) while Pt/C catalyst has high selecti-
vity (95.4% at 38 mA cm−2) for cyclohexanol. Reaction con-
ditions, such as temperature, current density and reaction
time are also investigated in terms of their effects on dehydro-
genation and hydrogenation behaviours in the EHP reactor.
Under optimal conditions, a 2-propanol dehydrogenation and
phenol hydrogenation bilateral EHP reactor is successfully run
with a comparable hydrogenation rate, conversion, selectivity
and current efficiency. The highest hydrogenation rate is
121.0 mmol h−1 g−1Pd (calculated by total products as shown
in Fig. 8), which is much higher than that of the conventional
three-phase reactor and electro-chemical dynamic reactor. The
feasibility of the bilateral EHP reactor provides a novel idea to
integrate multiple reactors into one configuration, reducing
the cost of hydrogen production, storage and transportation,
as well as reactor equipment.
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