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Abstract: This study shows the results, for the first time, of an glycerol alkaline-acid electrolyzer.
Such a configuration allows spontaneous operation, producing energy and hydrogen simultaneously
as a result of the utilization of the neutralization and fuel chemical energy. The electroreformer—built
with a 20 wt% Pd/C anode and cathode, and a Na+-pretreated Nafion® 117—can simultaneously
produce hydrogen and electricity in the low current density region, whereas it operates in electrolysis
mode at high current densities. In the spontaneous region, the maximum power densities range
from 1.23 mW cm−2 at 30 ◦C to 11.9 mW cm−2 at 90 ◦C, with a concomitant H2 flux ranging from
0.0545 STP m−3 m−2 h−1 at 30 ◦C to 0.201 STP m−3 m−2 h−1 at 90 ◦C, due to the beneficial effect of the
temperature on the performance. Furthermore, over a chronoamperometric test, the electroreformer
shows a stable performance over 12 h. As a challenge, proton crossover from the cathode to the anode
through the cation exchange Nafion® partially reduces the pH gradient, responsible for the extra
electromotive force, thus requiring a less permeable membrane.

Keywords: glycerol; hydrogen; electrolysis; alkaline-acid; energy; spontaneity

1. Introduction

On the ever-closer energy scenario dominated by renewable energies, energy vectors
are expected to play a key role in order to match offer and demand [1]. In this sense,
hydrogen has emerged as an attractive candidate due its high mass energy density, envi-
ronmentally friendly character (as H2O is the combustion product), and its generation from
several sources—such as biogas, natural gas, and water electrolysis, among others [2,3].
Hydrogen is not freely available in nature, being produced by chemical processes. Accord-
ing to the International Energy Agency, in 2020, H2 production was 90 Mt, mostly from
fossil fuels—such as naphtha reforming (21%), steam natural gas reforming (59%), and coal
gasification (19%)—as the most notable sources. Such a scenario mandates changes in the
search for a more sustainable economy. Eco-friendly routes for clean hydrogen production
involve the so-called ‘blue hydrogen’ (produced from natural gas with carbon capture, 0.7%
of the overall production) and ‘green hydrogen’, mainly from water electrolysis (0.03%),
with zero dependence on fossil fuels [4].

Water electrolysis, as the cleanest method to produce hydrogen, presents some advan-
tages, such as the possibility of using renewable energies for powering the electrolyzer and
the high purity of the hydrogen produced compared to fossil fuel-based processes, where
purification stages are required [5–7]. As a counterpoint, hydrogen electrolysis is expensive.
According to the IEA, hydrogen from natural gas costs approximately 0.5–1.7 USD/kg–1,
whereas green hydrogen is around 3–8 USD/kg–1. The electricity requirements for water
electrolysis notably impact the cost of production of H2 (up to 75%). In this way, the energy
demand for this system is one of the crucial goals in making electrolysis competitive.
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The main reason for the high electricity requirement of water electrolysis is the high
electromotive force (emf), whose theoretical value is −1.23 V. In practical conditions,
required voltages in the range of 1.6–2.0 V are necessary, resulting in an overall energy
demand of 50 kWh kg–1 of H2 [8]. One of the alternatives to overcome this is the substitution
of the water oxidation half-reaction (standard redox potential 1.23 V vs. normal hydrogen
energy, NHE) by organic molecules whose standard redox potentials are significantly lower
(in the range of 0–0.1 V vs. NHE for most short-chain alcohols). Through this approach, the
energy demands can be, on average, halved [2,9,10].

In parallel, another approach to reducing the electricity demand is the utilization of
an alkaline-acid electrochemical cell. This approach has been already explored for direct
ethanol fuel cells [11,12] and direct glycerol fuel cells [13]. It has also been successfully ap-
plied to water electrolysis (amphoteric water electrolysis) [14–18], a Zn–H2 fuel cell [19], and
for urea electrolysis coupled with H2 production [20,21]. Furthermore, some studies, based
on the principle of an alkaline-acid configuration, developed an acid–base electrochemical
flow battery [22–24]. The common principle of these configurations is the operation under
different pHs at the anode and cathode. Two advantages arise from this arrangement: (1) in
general, oxidation reactions performing better under alkaline medium, whereas reduction
reactions are more active in an acidic medium, e.g., the hydrogen evolution reaction; (2) the
neutralization electromotive force that provides additional energy for the electrolyzer.

For the glycerol alkaline-acid electroreformer, the corresponding electrochemical
reactions are collected in Equations (1) and (2), whose theoretical voltage are also in-
cluded [13,25]:

Alkaline anode: C3H8O3 + 20 OH− → 3 CO3
2− + 14 H2O + 14 e−

E0 = −0.82 V vs. NHE
(1)

Acidic cathode: 2 H+ + 2 e− → H2
E0 = 0.00 V vs. NHE

(2)

Overall: C3H8O3 + 6 OH− + 14 H (3)

The half-cell potentials depict a cell potential difference of 0.82 V, indicating that
the system could even be spontaneous. This may be possible thanks to the pH gradient
between the anode and the cathode (≈14), which allows an extra emf associated to the
∆pH of 0.828 V [14,25].

In this way, we propose the development of a glycerol electrochemical reformer based
on operation under alkaline conditions at the anode and acidic at the cathode. With
this, it will be possible to take the advantage of the favorable pH gradient between the
anode and the cathode to gain emf (0.828 V), allowing for the spontaneous operation of a
range of current densities whilst simultaneously producing hydrogen. The electroreformer
is based on the use of glycerol, a green alcohol obtained as by-product from biodiesel
synthesis, whose valorization can turn the biodiesel economically more attractive. A Pd/C
electrocatalyst, prepared by a sodium formate chemical reduction, was used as anode
and cathode catalyst. Palladium nanoparticles supported on carbon black are known
to be very active for glycerol electro-oxidation reaction (GEOR) [10,26,27], as well as for
hydrogen evolution reaction (HER) in acidic medium [28]. Initial preliminary CV tests
were carried in a three-electrode glass cell, showing the potential of this approach for
the spontaneous operation. The real application was displayed in a single-cell alkaline-
acidic glycerol electroreformer based on a Nafion® 117 membrane pre-treated with NaOH.
Different temperatures were applied to evaluate the influence of this parameter, along
with preliminary stability tests, also assessing the initial and final pH of the anolyte and
catholyte to assess the possible crossover of ionic species.
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2. Materials and Methods
2.1. Chemicals

Sodium tetrachloropalladate (Na2PdCl4, 98 wt% purity) and the Nafion® 117 cationic
exchange membrane were purchased from Sigma-Aldrich (Jurubatuba, Brazil). Sodium
hydroxide (97 wt% purity, P.A.-ACS), sulfuric acid (98 wt% P.A.), formic acid (85 wt% purity,
P.A.-ACS), glycerol (99.5 wt% purity, P.A.-ACS), and 2-propanol (99.5 wt% purity, P.A.-ACS)
were acquired from Dinâmica (São Paulo, Brazil). For titration, a solution 1 mol L−1 NaOH
(Sigma-Aldrich, Titripur®) and 1 mol L−1 HCl (Sigma-Aldrich, Titripur®) were used for
acid and alkali quantification. Vulcan XC-72R was purchased from Cabot Corporation
(Boston, Massachusetts, USA). Nafion® (5 wt% in a mixture of aliphatic alcohols) was
acquired from IonPower (New Castle, DE, USA).

2.2. Preparation of the Pd/C Catalyst

The Pd/C catalyst was prepared by the sodium formate reduction method. In a typical
procedure for preparing 100 mg of 20 wt% Pd/C, 100 mL of a 0.01 mol L–1 sodium formate
solution was prepared. The pH of the solution was increased to 13 by the addition of some
droplets of a 4 mol L–1 NaOH solution. Next, 80 mg of carbon was added and sonicated for
30 min with the aid of an ultrasonic tip (Sonics Vibra-Cell VC 505, Biovera, Rio de Janeiro,
Brazil). Afterwards, the reaction mixture was poured into a jacketed reactor and heated
to 80 ◦C in a thermostatic bath. In parallel, 55.3 mg of Na2PdCl4 was dissolved in 8 mL
of water in an ultrasonic bath. The Na2PdCl4 solution was divided into three portions
of the same volume and added dropwise with the aid of a burette. After completing the
addition of the Pd solution, the temperature was maintained at 80 ◦C for 1 h and the system
maintained under stirring for 12 h. The Pd/C electrocatalyst was then filtered, washed
thoroughly with boiling water, and left to dry at 70 ◦C for 12 h. The obtained material was
then ground to obtain a fine powder and stored under inert atmosphere for future use.

2.3. Physico-Chemical Characterization

To verify the final metal loading, EDX analysis was carried out using a JEOL JSM
66,100 scanning microscope with 30-kV acceleration voltage. The XRD analysis was carried
out on a D/MAX-B Geiger-flex diffractometer (Rigaku, Tokyo, Japan) using the Cu-Kα1
(0.154 nm), between 2θ angles of 20◦ and 90◦, at 0.5◦ min–1 and steps of 0.05◦. The average
crystallite size was estimated by Scherrer’s equation [29]. TEM images were obtained from
a JEOL 2100 microscope at 200 kV at the LabMic (Laboratório Multiusuário de Microscopia
de Alta Resolução, Univ. Federal de Goiás, Goiânia, Goiás, Brazil). From the images, the
average particle size (D) was estimated from Equation (4) [30], where ni is the number of
particles whose size is Di:

D =

∑
i

niDi

∑
i

ni
(4)

2.4. Electrochemical Measurement in the Three-Electrode Glass Cell

The initial electrochemical characterization of the prepared Pd/C was carried out by cyclic
voltammetry (CV) in supporting electrolytes: 1 mol L–1 NaOH for GEOR and 0.5 mol L–1

H2SO4 for the HER. Next, the GEOR measurements were carried out by preparing a so-
lution of 1 mol L–1 glycerol in 1 mol L–1 NaOH. In the case of the HER, the same H2SO4
solution was used. The working electrode was prepared by dispersing 4 mg of Pd/C in
1 mL of 2-propanol and 10 µL of Nafion® emulsion in an ultrasonic bath for 30 min. With
the aid of an automatic pipette, 10 µL was deposited onto a circular reticulated vitreous
carbon support (diameter = 5 mm) inserted in a Teflon rod. The counter-electrode was a
platinized platinum mesh, whereas the reference electrode for alkaline experiments was a
Hg/HgO electrode and Ag/AgCl for acidic medium. A µ-Autolab (model Type III) poten-
tiostat/galvanostat was coupled to a personal computer. General-Purpose Electrochemical
System (GPES) software was used for the electrochemical measurements. Alkaline blank CVs
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were performed between –0.926 and 0.474 V vs. Hg/HgO at a scan rate of 0.05 V s–1. The same
window was used for GEOR with a reduced scan rate of 0.005 V s–1. Acid blank CVs were
recorded between –0.15 and 1 V vs. Ag/AgCl, whereas for the HER, the voltage was cycled
between 0 and −0.4 V vs. Ag/AgCl. Curves were repeated until a stable voltammogram
shape was obtained. For comparison purposes, oxygen evolution reaction (OER) was also
evaluated with potential limits between −0.8 and 0.9 V vs. Hg/HgO.

Electrochemical reforming tests were carried out in a 4-cm2 single-cell electrochemical
reformer. Briefly, the system is composed of two graphite monopolar plates with parallel
channels of 1 mm thickness and depth, and 2 cm length with 10 channels. Stainless-steel end
plates were used as current collectors and mechanical support for closing and tightening
the single cell. In order to control the temperature, a thermocouple was inserted within
the graphite plate of the anode, connected to a temperature controller (Novus N1020,
Canoas, Brazil), whose controlling action was executed onto heating rods inserted within
the stainless-steel end plates. Two peristaltic pumps (EX-P4203, Exatta, Palhoça, Brazil)
were used to supply the fuel (1 mol L–1 of glycerol in 4 mol L–1 NaOH solution, established
in a previous study [31]) and catholyte (1 mol L–1 H2SO4 solution) solutions at 1 mL min−1.
More details can be found elsewhere [32]. For the preparation of the electrodes, a slurry
containing the required mass of catalyst (2 mg cm–2 of Pd in the anode and 0.5 mg cm–2 of
Pd in the cathode), Nafion® emulsion at 10 wt% normalized with respect to the amount of
carbon (IonPower, USA), and a mixture of 2-propanol and water as the solvent were used.
The slurry was paint-brushed onto a carbon cloth diffusion layer (Zoltek, Bridgeton, MO,
USA). As membrane electrolyte, a Nafion® 117 membrane was used, previously soaked
in 1 mol L−1 NaOH at 80 ◦C for 1 h. Next, the membrane was thoroughly washed with
water to exchange the H+ with Na+ ions [33]. The polarization curves were recorded with
a AUTOLAB PGSTAT 302 N potentiostat/galvanostat (Metrohm Autolab BV, Utrecht, The
Netherlands) in galvanodynamic mode from zero current up to that corresponding to a
voltage corresponding to an electrochemical window of 1.4 V, at a scan rate of 0.1 mA s–1.
Hydrogen was collected with an inverted burette system over the whole polarization curves.
Equation (4) was used to estimate the Faradaic efficiency by comparison of the measured H2
(VH2,exp, normalized to STP conditions, 105 Pa and 273 K) and the theoretical one, estimated
by the denominator of Equation (5). The parameter I(t) is the recorded current, F is the
Faraday constant (96,485 C mol−1), t is the time, and 22,711 is the volume in mL of 1 mol of
H2 in STP conditions.

Efficiency(%) =
100VH2,exp(mL)∫ t

0 I(t)dt (C)

2F(C mol−1)
22, 711

(
mL H2mol−1 H2

) (5)

Finally, galvanostatic experiments were carried out to verify the stability of the elec-
trolyzer at the current density where the system presented the maximum power density
in the spontaneous mode. Furthermore, the initial and final OH− and H+ concentrations
were assessed by titration with the standard solution of HCl and NaOH. The volumes of
both anolyte and catholyte were 50 mL.

3. Results and Discussion

Table 1 collects the results from EDX regarding the Pd loading in the prepared catalyst.
As can be seen, the experimental value was very close to the nominal, corroborating the
successful deposition of Pd nanoparticles (EDX spectrum in the Supplementary Materials,
Figure S1). The results corresponding to the XRD patterns and TEM images are briefly
presented and briefly discussed in Figures S2 and S3, with the typical patterns of the
Pd fcc crystalline structure (Figure S2), as well as the presence of nanosized Pd particles
distributed in a relatively homogeneous manner on the carbon support (Figure S3). Table 1
summarizes the main information extracted from the physico-chemical characterization.
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Table 1. Main information extracted from the physico-chemical characterization.

Electrocatalyst Experimental Pd
Percentage from EDX

Average Crystallite
Size by XRD (nm)

Average Particle Size
by TEM (nm)

20% Pd/C 19.5 ± 0.8 5.0 5.5

Figure 1 shows the blank voltammograms of the Pd/C electrocatalyst in 0.5 mol L–1

H2SO4 and 1 mol L–1 NaOH. The different regions of the voltammograms are also identified
in Figure 1 according to Grdeń et al. [34]. The voltammogram in the acidic electrolyte
(Figure 1a) shows the typical regions associated with the hydrogen adsorption/desorption
between 0.05 and 0.3 V vs. NHE, whereas the formation and reduction of Pd oxide/hydroxide
species are observed in the high potential region (>0.8 V vs. NHE in the forward scan
and down to 0.6 V vs. NHE in the reverse scan) [35,36]. In NaOH (Figure 1b), the behavior
is more complex and indeed involves the hydrogen adsorption/desorption region at low
potentials combined with the formation of a premonolayer of adsorbed hydroxides (Pd-OHads,
approximately > –0.4 V vs. NHE) onto the palladium surface [36–40], completed by the
formation of PdO at higher potentials (approximately > –0.15 V vs. NHE) [41]. In the
cathodic scan, the maximum intensity of the reduction of the PdO can be observed at
approximately –0.15 V vs. NHE. An initial tiny shoulder can be observed at 0.05 V in the
PdO reduction peak. According to Grdeń et al. [34] and Chierchie et al. [42], the position
of the Pd reduction peak can shift according to the density of package of the PdO formed,
displacing to lower reduction potential the thicker and denser the PdO layer. Thus, the
initial shoulder might be ascribed to the reduction of some thin PdO layer. From this, the
electrochemically active surface area (EASA) can be estimated, considering an associated
charge to a monolayer of PdO of 0.424 mC cm–2 [43]. The obtained average EASA was
66.3 ± 2.8 m2 g–1 Pd; for such an EASA, the average particle size is 7.5 ± 0.3 nm, according
to Equation (6), where d is the average particle size and 11.9 × 107 is the mass density
of Pd in g m−3. Such higher particle size value can be attributed to some isolation of Pd
nanoparticles in small pores of the carbon support or to the presence of some oxides that
isolate the catalyst particles [44].

d(nm) =
6× 109(nm m−1)

11.9× 107g m−3EASA(m2g−1)
(6)
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Figure 2 shows the corresponding voltammogram for GEOR and OER in NaOH
(Figure 2 (left)), and for HER in H2SO4 (Figure 2(right)). Regarding the GEOR, the onset
potential corresponds to a value of –0.24 V. In this region, the Pd surface is partially oxidated,
providing the required oxygenated species for the GEOR [45–47]. The GEOR intensifies up
to a maximum current of 2.03 mA cm–2 of Pd −1346 mA mg–1 of Pd, after which there is a
drastic drop attributed to the massive coverage of the Pd surface by oxygenated species. At
a potential above 0.4 V, there is a renewed increase in the current density, perhaps due to an
activation of the PdO surface at high potentials. The activity of Pd at a potential of 1.299 V
was recently observed (1.1 V vs. Ag/AgCl for ethylene oxidation to ethylene glycol [48]). In
the reverse scan, a new peak appears at –0.05 V, corresponding to the reactivation of the Pd
surface by the reduction of the PdO layer. The comparison with OER indicates the higher
required potential for this process (>0.401 V vs. NHE [18]) compared to the GEOR (−0.82 V
vs. NHE, Equation (1)). For instance, at a mass-normalized current density of 1 mA mgPd

−1,
the potential for GEOR is −0.015 V vs. NHE, whereas for the OER the corresponding value
is 0.82 V vs. NHE. Such differences are responsible for the reduced energy demand of
the glycerol electrochemical reforming compared to water electrolysis [49], as already
observed for ethanol electrolysis [50–52]. Figure 2 also displays the HER, showing a very
low overpotential typical of this low-polarizable process [53]. This figure shows that it
would be theoretically possible to operate this system spontaneously up to 0.64 mA cm–2

of Pd and 424.3 mA mg–1 of Pd (potential (E) of GEOR = potential (E) of HER = −0.063 V,
at lower currents the emf (EHER−EGEOR) is positive, indicating spontaneity) thanks to the
favorable pH gradient.
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Figure 2. (left) CV for GEOR in 1 mol L−1 glycerol in 1 mol L−1 NaOH, OER in 1 mol L−1 NaOH,
and (right) HER in 0.5 mol L−1 H2SO4 (measurement carried out in the three-electrode glass cell).

The polarization curves of the single-cell alkaline-acid glycerol electrochemical re-
former are displayed in Figure 3. As can be seen, there is a voltage region in which it is
possible to operate spontaneously from the extra emf coming from the pH gradient. This
is a very remarkable feature and, to the authors’ knowledge, the first reported for alcohol
electrochemical reforming. Up to 26, 49, 71, and 100 mA cm–2 at 30, 50, 70, and 90 ◦C,
respectively, the electrolyzer operates with no energy requirement and, indeed, might be
used as a fuel cell. The increase in the temperature enhances, as expected, the performance
(and reduces the open circuit voltage) as a result of the activation of the GEOR and the
HER, as well as the increase in the ionic conductivity of the membrane. The curves also
show a horizontal asymptotic region for current at intermediate voltage, ascribed to the
large coverage of the Pd surface by oxide species, after which the current again increases,
giving the observations seen in Figure 2.
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Figure 4a shows the power density than can be drawn from the electroreformer vs. the
H2 flux (estimated faradaic efficiencies above 99% from Equation (5)). As can be observed,
in addition to the hydrogen production, energy from the existing pH gradient can be
extracted from the electroreformer, with maximum H2 flux/power density pairs of (0.05453,
0.00123), (0.1177, 0.0046), (0.16328, 0.00827), and (0.20124, 0.01187) (STP m3 m–2 h–1, W cm–2)
at 30, 50, 70, and 90 ◦C, respectively. These conditions may be depicted as optimal, as they
combine hydrogen production with the maximum power density. Figure 4b shows the
energy requirements in the electrolytic mode region, including the values found in other
studies on Pd electrocatalysts [9,54–57]. As can be observed, compared to previous studies
carried out by this research group with an alkaline electrochemical reformer, this alkaline-
acid electroreformer results, in general, in a reduction in energy consumption, showing
the advantage of adding the neutralization energy to the electroreformer (see Table 2 for
details of the literature studies). Compared to the results of Prof. Vizza’s research group
(entries 3 to 6 of Table 2), this system is more energy-consuming, indicating that there is still
room for further improvements by, for instance, working on the electrocatalyst composition
and architecture. Another barrier that requires improvement is the ionic conductivity. In
this case, the Na+ cations are transported from the anode to the cathode [11–13], where
their mobility is inferior to that of H+ within the Nafion® membrane [58]. Thinner or
alternative membranes could be considered to reinforce the advantages of the alkaline-acid
electrolyzer, further boosting hydrogen and electricity production and the energy demand
in the electrolytic region.



Nanomaterials 2022, 12, 1315 8 of 13
Nanomaterials 2022, 12, x FOR PEER REVIEW 8 of 13 
 

 

 
Figure 4. (a) Power vs. H2 flux of the glycerol alkaline-acid electrochemical reformer in the sponta-
neous region, and (b) Energy demand for the electrolysis mode region including comparison with 
other studies presented in the literature (see Table 2 for details about each entry). 

Table 2. Information about the studies used for comparison purposes in Figure 4 

Reference 
Curves 

Work Anode Fuel Cathode Catholyte Membrane Temperature 

1 
Costa San-

tos et al. [54] 
2 mg cm−2 20% Pd/C 

1 mol L−1 

glycerol and 
4 mol L−1 

KOH 

1 mg cm−2 com-
mercial 20% Pt/C 

2 mol L−1 
KOH 

KOH-doped 
polybenzimid-

azole (PBI) 
30 °C 

2 
Costa San-

tos et al. [54] 
2 mg cm−2 20% Pd/C 

1 mol L−1 

glycerol and 
4 mol L−1 

KOH 

1 mg cm−2 com-
mercial 20% Pt/C 

2 mol L−1 
KOH 

KOH-doped 
polybenzimid-

azole (PBI) 
90 °C 

3 
Bambagioni 

et al. [55] 

Pd-(NiZn)/C on Ni 
foam anode (Pd 

loading 1 mg cm−2) 

10 wt% glyc-
erol in 2 mol 

L−1 KOH 

Pt/C cathode on 
carbon paper (Pt 

loading 2 mg 
cm−2) 

2 mol L−1 
KOH 

Tokuyama 
A006 

40 °C 

4 
Bellini et al. 

[56] 

Pd-(NiZn)/C on Ni 
foam anode (Pd 

loading 1 mg cm−2) 

10 wt% glyc-
erol in 2 mol 

L−1 KOH 

Pt/C cathode on 
carbon paper (Pt 

loading 2 mg 
cm−2) 

2 mol L−1 
KOH 

Tokuyama 
A201 

Room tempera-
ture 

5 
Chen et al. 

[57] 

Pd supported on ti-
tania nanotubes (Pd 
loading 1.7 mg cm−2) 

2 mol L−1 
glycerol and 

KOH 

Pt/C on carbon 
cloth cathode (Pt 
loading 0.3 mg 

cm−2) 

No liquid 
Tokuyama 

A201 

80 °C (the 
study also in-
cluded 25 and 

50 °C) 

6 
Bellini et al. 

[9] 

Pd-CeO2/C (Pd load-
ing of 1 mg cm−2) 

supported onto Ni 
foam 

2 mol L−1 
glycerol and 

KOH 

Commercial 40% 
Pt/C (Pt loading 
0.4 mg cm−2) on 

carbon cloth 

Not speci-
fied 

Tokuyama 
A201 

60 °C 

Figure 4. (a) Power vs. H2 flux of the glycerol alkaline-acid electrochemical reformer in the sponta-
neous region, and (b) Energy demand for the electrolysis mode region including comparison with
other studies presented in the literature (see Table 2 for details about each entry).

Table 2. Information about the studies used for comparison purposes in Figure 4.

Reference
Curves Work Anode Fuel Cathode Catholyte Membrane Temperature

1 Costa Santos
et al. [54] 2 mg cm−2 20% Pd/C

1 mol L−1 glycerol
and 4 mol L−1

KOH

1 mg cm−2

commercial 20% Pt/C
2 mol L−1

KOH

KOH-doped
polybenzimidazole

(PBI)
30 ◦C

2 Costa Santos
et al. [54] 2 mg cm−2 20% Pd/C

1 mol L−1 glycerol
and 4 mol L−1

KOH

1 mg cm−2

commercial 20% Pt/C
2 mol L−1

KOH

KOH-doped
polybenzimidazole

(PBI)
90 ◦C

3 Bambagioni
et al. [55]

Pd-(NiZn)/C on Ni foam
anode (Pd loading 1 mg cm−2)

10 wt% glycerol in
2 mol L−1 KOH

Pt/C cathode on
carbon paper (Pt

loading 2 mg cm−2)

2 mol L−1

KOH Tokuyama A006 40 ◦C

4 Bellini et al.
[56]

Pd-(NiZn)/C on Ni foam
anode (Pd loading 1 mg cm−2)

10 wt% glycerol in
2 mol L−1 KOH

Pt/C cathode on
carbon paper (Pt

loading 2 mg cm−2)

2 mol L−1

KOH Tokuyama A201 Room
temperature

5 Chen et al. [57]
Pd supported on titania
nanotubes (Pd loading

1.7 mg cm−2)

2 mol L−1 glycerol
and KOH

Pt/C on carbon cloth
cathode (Pt loading

0.3 mg cm−2)
No liquid Tokuyama A201

80 ◦C (the
study also

included 25
and 50 ◦C)

6 Bellini et al. [9]
Pd-CeO2/C (Pd loading of
1 mg cm−2) supported onto

Ni foam

2 mol L−1 glycerol
and KOH

Commercial 40%
Pt/C (Pt loading
0.4 mg cm−2) on

carbon cloth

Not
specified Tokuyama A201 60 ◦C

Finally, the stability of the system in the optimum condition for the simultaneous
generation of hydrogen and electricity is displayed in Figure 5. The stability curves are
presented for the current densities in which the maximum power density was drawn
from the spontaneous region of the electrochemical reformer. As can be seen, for the four
temperatures, the electroreformer presents a relatively stable performance with an initial
decay attributed to the poisoning of the accumulation of adsorbates onto the Pd surface in
the first 3 h [59]. After this, the Pd electrocatalyst seems to achieve a (pseudo)stationary
state in which poisoning and recovery of the Pd surface seem to occur at similar rates.
Further studies for longer times and more stressing conditions (dynamic load cycles) are
recommended for a deeper study of this feature. Such conditions better match to the real
demands of an electrolyzer [60]. In this sense, Table 3 collects the initial and final OH−

concentrations in the anolyte and H+ in the catholyte. It can be observed a decrease in
both OH- and H+ concentration due, primarily, to the consumption of these ions in the
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redox reactions (see Equations (1) and (2)), although non-electrochemical processes, such as
proton crossover, could also contribute to the decrease in the concentration of H+ and OH−.
An estimation of the final H+ concentration can be calculated from the application of the
Faraday’s law (Equation (7)), considering the stoichiometry of Equation (2). The parameter
nH+consumed represents the number of H+ consumed. In the case of the consumption of
glycerol, the estimation of the OH− consumption is not so straightforward given the
complexity of the GEOR [10,54]. Several products with different OH− consumption can
be formed, which would turn necessary the complete product characterization, an issue
that is currently under investigation. Table 4 presents a comparison of the theoretical
final H+ concentration and the experimental one, along with the protons “consumed
non-faradaically”.

nH+consumed =
I× t

F
(7)
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Table 3. Initial and final OH− and H+ concentrations over the chronoamperometric.

Temperature
(◦C)

Current
Density
(A cm−2)

Anolyte Catholyte

Initial OH−
Concentration (mol L−1)

Final OH−
Concentration (mol L−1)

Initial H+

Concentration (mol L−1)
Final H+

Concentration (mol L−1)

30 0.0140 3.98 3.70 2.02 1.81

50 0.0255 4.02 3.60 1.96 1.60

70 0.0353 3.95 3.35 1.89 1.40

90 0.0435 3.89 3.19 2.05 1.43

Table 4. Comparison between the real and theoretical proton concentration according to Faraday’s law.

Temperature
(◦C)

Current Density
(A cm−2)

Theoretical Final H+

Concentration (mol L−1)
Experimental H+

Concentration (mol L−1)
103 Non-Faradic

Consumed Protons (mol)

30 0.0140 1.86 1.81 2.5

50 0.0255 1.66 1.60 3.0

70 0.0353 1.48 1.40 4.0

90 0.0435 1.54 1.43 5.5
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As can be observed, the real final concentrations are lower than the theoretical ones
predicted by the Faraday’s law. This behavior is explained by Wang et al. [16], Mundaray
et al. [23], and Weng et al. [24] as a result of certain crossover of H+, leading to a loss of
pH gradient and ionic species that participate in the redox process. In this manner, the
efficiency of the system is somehow reduced. In fact, one of the challenges of the systems
that utilize a pH gradient to generate a favorable emf is the development of materials with
low protons and hydroxide anions permeability without excessively losing conductivity.

4. Conclusions

This work has demonstrated the possibility of simultaneously producing hydrogen
and electricity from an alkaline-acid glycerol electroreformer (using a Na+–Nafion® ion-
exchange membrane and a Pd/C electrocatalyst). This very remarkable feature arises
from the combined exploitation of the pH gradient—which allows an extra emf—and
chemical (from the fuel) energy of the system. An increase in the temperature increases the
maximum power density and the hydrogen rate, due to the improvement in the kinetics
of the GEOR/alkaline and HER/acid, as well as the increase in the ionic conductivity of
the electrolytic membrane. The system also presents a relatively stable performance for
12 h in a preliminary stability test at the current density in which the maximum power
density is extracted from the cell, evidencing the feasibility of this novel approach. In
contrast, attention should be given to the proton crossover through the membrane—the
more intense, the higher the temperature—which presents a challenge for the development
of membranes with low ionic permeability.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano12081315/s1, Figure S1. EDX spectrum of the Pd/C elec-
trocatalyst used in this study; Figure S2. XRD pattern of the Pd/C electrocatalyst; Figure S3. (a–c).
TEM images with different magnification of the prepared 20% Pd/C, (d) Particle size distribution.
References [29,61–63] are cited in Supplementary Materials.

Author Contributions: Conceptualization, F.M.L.A., R.C and J.J.L.; methodology, F.M.L.A., R.C and
J.J.L.; validation, F.M.L.A., R.C and J.J.L.; formal analysis, F.M.L.A., R.C and J.J.L.; investigation,
F.M.L.A., R.C and J.J.L.; resources, J.J.L.; data curation, F.M.L.A., R.C and J.J.L.; writing—original
draft preparation, F.M.L.A., R.C and J.J.L.; writing—review and editing, J.J.L.; supervision, R.C. and
J.J.L.; project administration, J.J.L.; funding acquisition, J.J.L. All authors have read and agreed to the
published version of the manuscript.

Funding: The authors would like to thank Fundação de Apoio à Pesquisa do Distrito Federal (FAPDF,
process no. 0193.001.473/2017) for the financial support and FINEP through the DENDEPALM project.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to privacy.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Staffell, I.; Scamman, D.; Abad, A.V.; Balcombe, P.; Dodds, P.E.; Ekins, P.; Shah, N.; Ward, K.R. The Role of Hydrogen and Fuel

Cells in the Global Energy System. Energy Environ. Sci. 2019, 12, 463–491. [CrossRef]
2. Linares, J.J.; Vieira, C.C.; Costa Santos, J.B.; Magalhães, M.M.; dos Santos, J.R.N.; Carvalho, L.L.; dos Reis, R.G.C.S.; Colmati,

F. Electrochemical Reforming of Alcohols. In Electrochemical Methods for Hydrogen Production; Scott, K., Ed.; Royal Society of
Chemistry: Croydon, UK, 2019; pp. 94–135. ISBN 978-1-78801-378-9.

3. Falcone, P.M.; Hiete, M.; Sapio, A. Hydrogen Economy and Sustainable Development Goals: Review and Policy Insights. Curr.
Opin. Green Sustain. Chem. 2021, 31, 100506. [CrossRef]

4. IEA Global Hydrogen Review. 2021. Available online: https://iea.blob.core.windows.net/assets/5bd46d7b-906a-4429-abda-e9c5
07a62341/GlobalHydrogenReview2021.pdf (accessed on 5 April 2022).

5. Chi, J.; Yu, H. Water Electrolysis Based on Renewable Energy for Hydrogen Production. Cuihua Xuebao/Chin. J. Catal. 2018, 39,
390–394. [CrossRef]

https://www.mdpi.com/article/10.3390/nano12081315/s1
https://www.mdpi.com/article/10.3390/nano12081315/s1
http://doi.org/10.1039/C8EE01157E
http://doi.org/10.1016/j.cogsc.2021.100506
https://iea.blob.core.windows.net/assets/5bd46d7b-906a-4429-abda-e9c507a62341/GlobalHydrogenReview2021.pdf
https://iea.blob.core.windows.net/assets/5bd46d7b-906a-4429-abda-e9c507a62341/GlobalHydrogenReview2021.pdf
http://doi.org/10.1016/S1872-2067(17)62949-8


Nanomaterials 2022, 12, 1315 11 of 13

6. Scott, K. Introduction to Electrolysis, Electrolysers and Hydrogen Production. In Electrochemical Methods for Hydrogen Production;
Scott, K., Ed.; Royal Society of Chemistry: Croydon, UK, 2019; pp. 1–27. ISBN 978-1-78801-378-9.

7. Kumar, S.S.; Himabindu, V. Hydrogen Production by PEM Water Electrolysis—A Review. Mater. Sci. Energy Technol. 2019, 2,
442–454. [CrossRef]

8. Bristowe, G.; Smallbone, A. The Key Techno-Economic and Manufacturing Drivers for Reducing the Cost of Power-to-Gas and a
Hydrogen-Enabled Energy System. Hydrogen 2021, 2, 273–300. [CrossRef]

9. Bellini, M.; Pagliaro, M.V.; Marchionni, A.; Filippi, J.; Miller, H.A.; Bevilacqua, M.; Lavacchi, A.; Oberhauser, W.; Mahmoudian, J.;
Innocenti, M.; et al. Hydrogen and Chemicals from Alcohols through Electrochemical Reforming by Pd-CeO2/C Electrocatalyst.
Inorg. Chim. Acta 2021, 518, 120245. [CrossRef]

10. Coutanceau, C.; Baranton, S.; Kouamé, R.S.B. Selective Electrooxidation of Glycerol Into Value-Added Chemicals: A Short
Overview. Front. Chem. 2019, 7, 100. [CrossRef]

11. An, L.; Zhao, T.S.; Chen, R.; Wu, Q.X. A Novel Direct Ethanol Fuel Cell with High Power Density. J. Power Sources 2011, 196,
6219–6222. [CrossRef]

12. An, L.; Zhao, T.S. Performance of an Alkaline-Acid Direct Ethanol Fuel Cell. Int. J. Hydrog. Energy 2011, 36, 9994–9999. [CrossRef]
13. Banjong, J.; Therdthianwong, A.; Therdthianwong, S.; Yongprapat, S.; Wongyao, N. High Performance Alkaline-Acid Direct

Glycerol Fuel Cells for Portable Power Supplies via Electrode Structure Design. Int. J. Hydrog. Energy 2020, 45, 2244–2256.
[CrossRef]

14. Li, Y.; Chen, J.; Cai, P.; Wen, Z. An Electrochemically Neutralized Energy-Assisted Low-Cost Acid-Alkaline Electrolyzer for
Energy-Saving Electrolysis Hydrogen Generation. J. Mater. Chem. A 2018, 6, 4948–4954. [CrossRef]

15. Huang, J.; Xie, Y.; Yan, L.; Wang, B.; Kong, T.; Dong, X.; Wang, Y.; Xia, Y. Decoupled Amphoteric Water Electrolysis and Its
Integration with Mn–Zn Battery for Flexible Utilization of Renewables. Energy Environ. Sci. 2021, 14, 883–889. [CrossRef]

16. Wan, L.; Xu, Z.; Wang, P.; Lin, Y.; Wang, B. H2SO4-Doped Polybenzimidazole Membranes for Hydrogen Production with
Acid-Alkaline Amphoteric Water Electrolysis. J. Memb. Sci. 2021, 618, 118642. [CrossRef]

17. Lv, B.; Yin, H.; Shao, Z.; Luan, Z.; Huang, Z.; Sun, S.; Teng, Y.; Miu, C.; Gao, Q. Novel Polybenzimidazole/Graphitic Carbon
Nitride Nanosheets Composite Membrane for the Application of Acid-Alkaline Amphoteric Water Electrolysis. J. Energy Chem.
2022, 64, 607–614. [CrossRef]

18. Lei, Q.; Wang, B.; Wang, P.; Liu, S. Hydrogen Generation with Acid/Alkaline Amphoteric Water Electrolysis. J. Energy Chem.
2019, 38, 162–169. [CrossRef]

19. Cai, P.; Li, Y.; Wang, G.; Wen, Z. Alkaline-Acid Zn-H2O Fuel Cell for the Simultaneous Generation of Hydrogen and Electricity.
Angew. Chem. Int. Ed. 2018, 57, 3910–3915. [CrossRef]

20. Wang, G.; Chen, J.; Li, Y.; Jia, J.; Cai, P.; Wen, Z. Energy-Efficient Electrolytic Hydrogen Production Assisted by Coupling Urea
Oxidation with a PH-Gradient Concentration Cell. Chem. Commun. 2018, 54, 2603–2606. [CrossRef]

21. Chen, J.; Ci, S.; Wang, G.; Senthilkumar, N.; Zhang, M.; Xu, Q.; Wen, Z. Ni(OH)2 Nanosheet Electrocatalyst toward Alkaline Urea
Electrolysis for Energy-Saving Acidic Hydrogen Production. ChemElectroChem 2019, 6, 5313–5320. [CrossRef]

22. Sáez, A.; Montiel, V.; Aldaz, A. An Acid-Base Electrochemical Flow Battery as Energy Storage System. Int. J. Hydrog. Energy 2016,
41, 17801–17806. [CrossRef]

23. Mundaray, E.; Sáez, A.; Solla-Gullón, J.; Montiel, V. New Insights into the Performance of an Acid-Base Electrochemical Flow
Battery. J. Power Sources 2021, 506, 230233. [CrossRef]

24. Weng, G.-M.; Vanessa Li, C.-Y.; Chan, K.-Y. Hydrogen Battery Using Neutralization Energy. Nano Energy 2018, 53, 240–244.
[CrossRef]

25. Ding, Y.; Cai, P.; Wen, Z. Electrochemical Neutralization Energy: From Concept to Devices. Chem. Soc. Rev. 2021, 50, 1495–1511.
[CrossRef] [PubMed]

26. Antolini, E. Glycerol Electro-Oxidation in Alkaline Media and Alkaline Direct Glycerol Fuel Cells. Catalysts 2019, 9, 980. [CrossRef]
27. Arjona, N.; Rivas, S.; Álvarez-Contreras, L.; Guerra-Balcázar, M.; Ledesma-García, J.; Kjeang, E.; Arriaga, L.G. Glycerol Electro-

Oxidation in Alkaline Media Using Pt and Pd Catalysts Electrodeposited on Three-Dimensional Porous Carbon Electrodes. New J.
Chem. 2017, 41, 1854–1863. [CrossRef]

28. Sarkar, S.; Peter, S.C. An Overview on Pd-Based Electrocatalysts for the Hydrogen Evolution Reaction. Inorg. Chem. Front. 2018, 5,
2060–2080. [CrossRef]

29. Patterson, A.L. The Scherrer Formula for X-ray Particle Size Determination. Phys. Rev. 1939, 56, 978–982. [CrossRef]
30. Bergeret, G.; Gallezot, P. Particle Size and Dispersion Measurements. In Handbook of Heterogeneous Catalysis; Ertl, G., Knözinger,

H., Schüth, F., Weitkamp, J., Eds.; Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim, Germany, 2008; pp. 738–765.
31. Nascimento, A.P.; Linares, J.J. Performance of a Direct Glycerol Fuel Cell Using KOH Doped Polybenzimidazole as Electrolyte. J.

Braz. Chem. Soc. 2014, 25, 509–516. [CrossRef]
32. De Paula, J.; Nascimento, D.; Linares, J.J. Influence of the Anolyte Feed Conditions on the Performance of an Alkaline Glycerol

Electroreforming Reactor. J. Appl. Electrochem. 2015, 45, 689–700. [CrossRef]
33. An, L.; Zhao, T.S. An Alkaline Direct Ethanol Fuel Cell with a Cation Exchange Membrane. Energy Environ. Sci. 2011, 4, 2213.

[CrossRef]
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