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Mascarós *ae

Cobalt hexacyanoferrate, the Co–Fe Prussian blue derivative (CoFePB), is an effective, selective and stable

electrocatalyst for formate oxidation, exhibiting robust performance under a variety of electrolyte

conditions. In this work, we test CoFePB as a non-noble-metal formate oxidation catalyst in a liquid fuel

cell, with formate acting as a carbon-based, water soluble, hydrogen carrier. Herein we fabricate two

proof-of-concept aqueous direct formate fuel cells. One uses CoFePB as a formic acid oxidation catalyst

coupled with Pt as an oxygen reduction reaction catalyst and delivers a maximum power density of 67

mW cm�2. The second one, based on carbon felt as a cathode and Ce4+ as a terminal electron acceptor,

shows a stable maximum power output of 8.6 mW cm�2. This is, to our knowledge, the first example of

a noble-metal-free direct formate oxidation fuel cell.
Introduction

The intermittent and diverse nature of renewable energy sour-
ces requires the utilization of new vectors to store and deliver
energy in an efficient and environmentally friendly manner.
Chemical fuels are attractive energy storage systems due to their
high energy density and relative ease of storage and trans-
portation.1,2 Hydrogen and other small molecules, such as
formate/formic acid, methanol or methane, can be sustainably
obtained from photo/electrochemical transformation of water
and carbon dioxide.3 The stored energy in these small organic
molecules can then be extracted via oxidation of the products in
a fuel cell.4 Hydrogen fuel cells (HFCs) have been commercially
available for decades. Despite their excellent reliability, two
major drawbacks remain unsolved in this technology; on one
end, hydrogen is a gas under ambient conditions, and is typi-
cally stored by liquefaction at low temperatures or by
compression under high pressure for greater volumetric energy
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density.5,6 On the other hand, low-temperature hydrogen fuel
cells still require precious metal catalysts, i.e. platinum-group
metals (PGMs), to reach their maximum potential, jeopardiz-
ing their wide spread dissemination.7

To mitigate the rst problem, liquid hydrogen carriers (such
as C-based alcohols, acids and sugars) have been proposed as
alternative H2 storage media with higher volumetric energy
densities and greater ease of transport, handling and
storage.8–13 The energy stored in the organic molecules is then
released either by decomposition in situ to deliver hydrogen for
HFC use or, more efficiently, through a liquid fuel cell directly
oxidizing the organic molecule.14,15 In the last few years,
increasing attention has been focused on direct formate fuel
cells (DFFCs).16,17 DFFCs have indeed higher theoretical cell
voltage (1.45 V with oxygen as the oxidant) with respect to other
liquid fuel cells running on methanol (1.21 V) or ethanol (1.14
V). Moreover, formate can be easily stored and transported as
a salt, thus minimizing hazards. Formate production by CO2

electrochemical reduction and its direct use in DFFCs have been
already reported in a single device also using sunlight as the
energy source.11,13

Nevertheless, direct and selective oxidation of formate
requires the use of electrocatalysts traditionally based on noble
metals. Most DFFCs reported use either O2 or H2O2 as an oxidant
and employ Pd/C-based anodes and Pt/C-based cathodes, with
metal loadings ranging from 2 to 4 mg cm�2.16 In addition to the
scarcity of Pd and Pt, the use of thesemetals in formate oxidation
is limited by the low tolerance to impurities present in fuels, or
poisoning by the adsorbed intermediates (such as CO) during
operation, resulting in the rapid decay of catalytic performance
Sustainable Energy Fuels, 2020, 4, 6227–6233 | 6227
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and low current densities.14,18 Much effort must be expended on
decreasing the catalyst metal loadings and nding alternatives.
One common approach is to employ other transition metals in
conjunction with Pd or Pt.19–21 Some examples of noble-metal-free
electrocatalysts for anodic oxidation of small hydrocarbon
molecules like methanol ethanol or formic acid have been re-
ported in the literature.22–27 Interestingly, there is only one
publication with a direct formic acid fuel cell, where the anode is
made of MnO2 and polyaniline and the cathode, where the
oxygen reduction reaction (ORR) takes place, is Pt/C. This cell had
an open circuit potential of 0.55 V and maximum power density
of 3 mW cm�2 at 10 mA cm�2 at room temperature.28

We previously studied the cobalt hexacyanoferrate Prussian
blue derivative (CoFePB) in the context of water oxidation,
where it proved to be a versatile and robust electrocatalyst.29,30

Recently, we discovered that CoFePB exhibits excellent selec-
tivity and high current density for aqueous HCOOH/HCOO�

oxidation in a wide pH range.31 Moreover, it is unique when
compared to Pt and Pd, in that it is not poisoned by CO or other
intermediates at a high current density—indeed CoFePB can
achieve current densities > 10� higher than Pt or Pd@C.31

Herein, we report the implementation of this electrocatalyst in
two aqueous formate fuel cells, one based on molecular oxygen
as the terminal electron acceptor and the other using Ce4+ as the
terminal electron acceptor. Appropriate catholyte and anolyte
solutions were used to maximize cell voltage in acidic and/or
basic conditions. These proof-of-concept fuel cells demonstrate
the potential of non-noble-metal catalysts, and especially of
CoFePB, for selective electrooxidation of organic small mole-
cules as fuels for carbon-neutral electricity generation.
Experimental
Materials and chemicals

All chemicals used were of analytical reagent grade, and
included, ammonium cerium(IV) nitrate Ce(NH4)2(NO3)6 (Acros
organics), cobalt(II) nitrate hexahydrate Co(NO3)2$6H2O
(Aldrich), urea 98% CH4NO2 (Aldrich), potassium hex-
acyanoferrate K3Fe(CN)6 (Aldrich), 98% formic acid solution
(Aldrich), 63–67% nitric acid (Aldrich), and 98% sulfuric acid
(Aldrich). All solutions were prepared using 18.2 MU cmMilli-Q
water. If not specied, all commercially available reagents and
solvents were used as received without further purication.

Fluorine-tin-oxide coated glass slides (FTO, 12–14 U per
square surface resistivity) were purchased from Pilkington NSG
TEC 15A, 2.2 mm slides with 80.0–81.5% transmittance. Pt foil
(99.95%, 0.1 mm thickness) was purchased from Goodfellow.
Carbon felt (5 mm thickness) was supplied by NOBRAN Trade &
Service Co Ltd. Naon® 115 (127 mm thinkness) was purchased
from Ion Power.
CoFePB electrode preparation

In a typical synthetic procedure,29 a thin pink lm of CoOx with
a 1 � 1 cm2 geometric surface area was initially grown on
a transparent FTO surface by a hydrothermal method. The
CoOx/FTO sample was subsequently placed in the freshly
6228 | Sustainable Energy Fuels, 2020, 4, 6227–6233
prepared 800 mg/100 mL K3Fe(CN)6 aqueous solution and
heated at 60 �C for 24 hours. Finally, the CoFePB sample was
immersed in concentrated H2SO4 solution (pH 1) for more than
4 hours to remove any possible remaining traces of oxide, and
then rinsed with MilliQ water. The average CoFePB mass
loading on the electrodes is 0.3 mg cm�2.

Three-electrode electrochemical measurements

All electrochemical experiments were conducted with
a computer-controlled Bio-Logic VMP3 multichannel potentio-
stat. Formate oxidation was tested on a CoFePB catalyst at pH 13
under ambient conditions. A standard three-electrode
arrangement was used with CoFePB/FTO as the working elec-
trode, Pt mesh as the counter electrode and saturated calomel
electrode (SCE) as the reference electrode. All the potentials
were referred to NHE by adding +0.241 V to the potential vs.
SCE. Quasi-steady-state polarization curves were measured at
a sweep rate of 5 mV s�1 under magnetic stirring (600 rpm). The
formate concentration in the electrolyte solution was 2 M, and
1M KNO3 was added to reduce the impact stemming frommass
diffusion and to ensure good ionic conductivity. The pH was
adjusted by adding aliquots of concentrated KOH or HNO3.

Fuel cell tests

Fuel cell measurements were conducted in a H-shaped cell with
a Naon® 115 membrane (127 mm thick) as the separator,
a CoFePB/FTO (catalyst loading 0.3 mg cm�2) electrode as the
anode; and Pt foil (1.5 cm � 1.5 cm) or carbon felt (1 cm � 1
cm2) as the cathode. First a formate/oxygen fuel cell (FC1) was
tested where the anolyte was 2 M HCOO� solution (pH 13),
prepared as mentioned above, and the catholyte was 1 M H2SO4

solution (pH 0), saturated with oxygen by air bubbling. Then
a formate/Ce4+ fuel cell (FC2) was tested where the anolyte was
a 2 M HCOO� solution (pH 13) and the catholyte was 1 M
Ce(NH4)2(NO3)6 in 1 M HNO3 solution (pH 0). Polarization
curves were collected at 25 or 60 �C. The potential range spans
from the open circuit potential to 0.1 V, and each point was
collected when the steady state was reached (aer ca. 5–10 min).
Both the sides are under ambient pressure as well as under
magnetic stirring (600 rpm). For the durability test, the glass cell
was connected to two glass reservoirs (1 L each) for the anode
and cathode solutions. Each electrolyte was continuously fed
into the cell with a ow of 50 mL min�1 through two peristaltic
pumps (Verderex EV500). The fuel cell scheme can be observed
in Fig. S1 of the ESI.†

Results and discussion
Electrochemical behaviour

We recently reported details of formate electrooxidation using
CoFePB as a heterogeneous electrocatalyst under various
conditions.31 The key points are that (i) we characterized
CoFePB electrochemical properties and stability using cyclic
voltammetry (CV), electrochemical impedance spectroscopy
(EIS), and chronoamperometry. Furthermore, (ii) CoFePB was
studied before and aer prolonged electrolysis using SEM, IR
This journal is © The Royal Society of Chemistry 2020
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and Raman no signicant structural changes were observed and
(iii) comparison with heterogeneous CoOx conrms that
CoFePB is the true electrocatalyst and that it exhibits robust
stability in the experimental time frames studied.24 Lastly, (iv)
CoFePB is not poisoned by intermediates of formate oxidation
and therefore is able to achieve much higher current density
than Pt and Pd.

For the present work, formate electrooxidation onCoFePB was
rst studied in the half-cell conguration by using pH 13 with
2 M formate and 1 M KNO3, since these conditions ensure the
lowest onset potential of formate oxidation. Fig. 1 shows the
cyclic voltammogram (CV) obtained with the CoFePB electrode
with 2 M formate, and under identical conditions without added
formate. A large, irreversible anodic current is observed at
potentials >+0.35 V vs. NHE in the presence of formate that is not
observed in the pH 13 electrolyte alone. In other studies with
Pd32–34 or Pt35–37 catalysts several oxidation peaks are instead
observed in both forward and reverse scans. These peaks are
ascribed to the direct formate oxidation followed by formation of
Pd or Pt oxide layers and/or adsorption of poisoning intermediate
species (in the forward scan) and to the further oxidation of these
reaction intermediates, known as indirect formate oxidation (in
the reverse scan). In contrast, herein the expected CoII/CoIII redox
couple (at ca. 0.4 V vs. NHE at pH 13)29 is hidden by the formate
oxidation wave and does not lead to any catalyst deactivation at
high potentials. The apparent absence of hysteresis between
positive and negative scans indicates a negligible inhibition rate
or a low tendency towards surface poisoning under these
conditions, in contrast with Pt-based electrocatalysts, which
show severe poisoning by CO adsorbed species.16,31
Fuel cell performance

The high selectivity and poison resistance shown by the CoFePB
electrocatalyst open prospects for its use in a low temperature
aqueous fuel cell. Oxygen is a preferred oxidant for fuel cells,
Fig. 1 Cyclic voltammograms (CV) on the CoFePB electrode with pH
13 electrolyte (1 M KNO3) in the presence (black) and in the absence
(blue) of formate. Scan rate of 5 mV s�1. The inset shows the CoII/CoIII

redox peak at around 0.4 V vs. NHE.

This journal is © The Royal Society of Chemistry 2020
being readily available, with a standard oxidation potential of
1.23 V at pH 0. Theoretically, this thermodynamic potential
should be enough to use O2 as an oxidant in a formate fuel cell
with a CoFePB anode, with an onset potential for formate
oxidation of ca. +0.35 V at pH 13. Thus, the use of electrolyte
solutions with pH 0 and 13 for the catholyte and anolyte,
respectively, could lead to the achievement of a cell voltage of up
to 0.88 V.

The rst electrochemical cell (FC1) consisted of an anode
side based on the CoFePB/FTO electrode immersed in a 2 M
formate solution (pH 13) and a cathode side with a Pt foil
electrode immersed into a O2-saturated 1 M H2SO4 solution (pH
0). Pt has been selected as it is the benchmark catalyst for the
oxygen reduction reaction (ORR)38–40 and is commonly used in
DFFCs.16,17 To hold the pH difference between the cathode and
the anode sides, the two half-cells were separated by a Naon®
115 membrane. A Naon® ionomer is generally employed as
proton exchange membrane in acid media fuel cells, however it
has also been applied as a cation exchange membrane in DFFCs
to separate a basic anode from an acid cathode.41–43 The capacity
of this membrane to effectively separate the two compartments
was conrmed by measuring both catholyte and anolyte pH,
which proved to be stable in all experiments (2–3 hours each).
Fig. 2 shows the V vs. J curve and the related power density of the
FC1 fuel cell.

This fuel cell shows a commonly shaped J–V curve with an
open circuit voltage (OCV) of ca. 0.5 V and a maximum power
density of 67 mW cm�2 at 0.18 V and 372 mA cm�2 which is in the
same range as other formate/oxygen biofuel cells using non-
PGM anodes.44,45 The obtained power density is even lower in
the case of a similar fuel cell conguration but employing Pt foil
as the anode (30 mW cm�2, see Fig. S2†), likely inuenced by the
poisoning effect mentioned above. The low performance of this
fuel cell device can be explained by the high overpotentials
required for both the formate oxidation and the ORR. In fact,
the best ORR catalysts need >280 mV overpotential to reach very
low currents in liquid electrolyte.46,47 In the case of formate
oxidation, the onset overpotential required with the CoFePB
Fig. 2 Polarization curve and power density of the formate/oxygen
fuel cell FC1 at 25 �C. Anode: CoFePB/FTO; anolyte: 2 M HCOO� (pH
13); cathode: Pt foil; catholyte: 1 M H2SO4 (pH 0).

Sustainable Energy Fuels, 2020, 4, 6227–6233 | 6229
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catalyst has been estimated48 as ca. 1.32 V. This value was ob-
tained by considering the onset formate oxidation potential
empirically obtained in Fig. 1 (ca. +0.35 V vs. NHE at pH 13) and
a theoretical oxidation potential of �0.97 V at pH 13. The latter
value was calculated from a standard formic acid/formate
oxidation potential of �0.20 V, taken from the literature (this
value varies from �0.17 to 0.25 V depending on the precise
conditions).16,20,49–52

In order to overcome these issues, we fabricated another fuel
cell, FC2, where oxygen was replaced by Ce4+ as the oxidant with
a standard potential of 1.61 V vs. NHE.53–55 The reduction of Ce4+

does not exhibit complications such as side reactions, bubbles,
disproportionation, or poisoning, and can be reduced on
carbon electrodes. To determine the best electrode for Ce4+

reduction, a series of materials were evaluated by linear sweep
voltammetry, including carbon felt, FTO, Au, and Pt (Fig. S3†).
The electrochemical reaction on the carbon felt electrode
showed the best performance with an onset potential as high as
ca. 1.5 V vs. NHE at pH 0. In this conguration, Ce4+ will be
reduced to Ce3+ at the carbon felt and HCOO� will be oxidized
to CO2 at the CoFePB surface, with the ow of electrons between
anode and cathode resulting in net electrical energy. J vs. V
curves and the related current density at both 25 �C and 60 �C
are reported in Fig. 3.

At 25 �C, an OCV of 1.45 V was obtained with a maximum
power density of 5.5 mW cm�2 at 11 mA cm�2 and 0.45 V. As
expected, the use of a stronger oxidant afforded a better fuel cell
performance. Similar to the previous fuel cell, no pH variation
of the anodic or cathodic solutions was observed during the
experiment. This further demonstrates the effectiveness of the
Naon®membrane to separate the two half-cells. Moreover, the
colours of both anode and cathode remained unchanged
throughout the whole experiment (see Fig. S1†). This visual
evidence, in addition to the pH values, measured before and
aer the catalysis, conrm negligible chemical crossover
between the two compartments.
Fig. 3 Polarization curve and power density of the formate/Ce4+ fuel
cell FC2 at 25 �C and 60 �C. Anode: CoFePB/FTO; anolyte: 2 M
HCOO� (pH 13); cathode: carbon felt; catholyte: 1 M Ce4+ in 1 MHNO3

(pH 0).

6230 | Sustainable Energy Fuels, 2020, 4, 6227–6233
At 60 �C an OCV of 1.52 V was observed while the maximum
power density was 8.6 mW cm�2 at 17 mA cm�2 and 0.5 V. The
enhanced fuel cell power output with the increased temperature
could be ascribed to the enhanced reaction kinetics at both
electrodes and the lower ohmic drop due to the higher ion
conductivity of the Naon® membrane. Similar behaviour has
been already reported in other DFFCs.42,56

Finally, we developed a set-up, analogous to FC2, working
under a continuous supply of reactants (i.e. using peristaltic
pumps to supply fresh solution), in order to demonstrate the
reliability of our device under operating conditions closer to
those of actual fuel cells. The polarization curve and the related
power density obtained at 60 �C are reported in Fig. 4a.

For this device, a maximum power density of 8.6 mW cm�2

was obtained at 0.6 V and 14.4 mA cm�2. These values are
similar to those observed in the absence of continuous ow of
catholyte and anolyte (Fig. 3), and signicantly superior to
previous aqueous non-PGM formate fuel cells, typically based
on biocatalysts.44,45 Moreover, in this formate/Ce4+ fuel cell
conguration, the CoFePB catalyst shows a better performance,
in terms of open circuit voltage and maximum current density,
Fig. 4 (a) Polarization curve and power density profile, and (b) chro-
noamperometry at 0.8 V obtained with the formate/Ce4+ fuel cell FC2
at 60 �C under continuous flow of catholyte and anolyte.

This journal is © The Royal Society of Chemistry 2020

https://doi.org/10.1039/d0se01398f


Table 1 Comparison of electrocatalytic activity of direct formic acid/formate fuel cells using non-PGM anodes

Anode Cathode Fuel/oxidant Fuel cell conguration T/�C OCV/V
Maximum power
density/mW cm�2

PANI/MnO2 (ref. 28) Pt/C 0.5 M HCOOH + 0.5 M H2SO4/O2 Membrane-electrode assembly 30 0.55 3
60 0.55 5

CoFePB/FTO Pt 2 M HCOO� + KOH (pH 13)/air in
1 M H2SO4 (pH 0)

H-type cell with Naon® 115
membrane (FC1)

25 0.5 0.07

CoFePB/FTO Carbon felt 2 M HCOO� + KOH (pH 13)/1
M Ce4+ in 1 M HNO3 (pH 0)

H-type cell with Naon® 115
membrane (FC2)

25 1.45 5.5
60 1.52 8.6
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as compared with the only direct formic acid fuel cell found in
the literature based on a non-PGM anode, PANI/MnO2, in
addition, in the Membrane-Electrode Assembly (MEA) congu-
ration.28 Since in this case a Pt/C cathode was used for the ORR,
the proposed formate/Ce4+ fuel cell employing carbon felt as the
cathode is the rst fully PGM-free formate fuel cell. Table 1
compares the performance of these fuel cells.

The maximum power density value obtained herein is still
lower than the best-performing oxygen- and hydrogen peroxide-
driven formate fuel cells,16 but in the present study the electrode
engineering is yet to be enhanced (thus lowering the formate
oxidation overpotentials) and a non-optimized reactor cong-
uration (H-type cell) was employed as a proof of concept, while
the state-of-the-art DFFCs consist of MEA congurations. The
obtained power output is very promising taking into account
the absence of precious metals, the non-optimized anode
catalyst amount (over 5 times lower than that generally used in
DFFCs16), and the very high resistance (ca. 30 U) of our liquid
electrolyte conguration; especially if compared to MEA
congurations, that usually show ohmic drops close to 10�2 U.

In order to have preliminary evidence of the stability of our
fuel cells, chronoamperometry at 0.8 V was performed (Fig. 4b).
In this case, the obtained current (10.5 mA cm�2) remained
practically constant during the whole experiment (6 hours),
which reects a promising electrochemical stability of our
catalyst, its selectivity towards formate oxidation and its high
resistance to poisoning with respect to noble metals like Pt and
Pd. However, longer accelerated stress tests (for days) should be
carried out when implementing the proposed catalyst in a MEA-
based device in order to prove the durability of our fuel cell
under actual operating conditions.
Conclusions

In this manuscript, we report two proof-of-concept direct
formate fuel cells based on a cobalt hexacyanoferrate Prussian
blue derivative (CoFePB) as an efficient, selective and stable
non-noble-metal catalyst for formate oxidation. The rst fuel
cell, using Pt as the cathode and saturated oxygen as the oxidant
reaches a maximum power density of 67 mW cm�2 at 25 �C. The
second device, based on a carbon felt cathode and Ce4+ as the
oxidant showed a maximum power output of 5.5 mW cm�2 and
8.6 mW cm�2 at 25 �C and 60 �C, respectively. Moreover, stable
power generation was obtained for at least 6 hours. This fuel cell
is, to the best of our knowledge, one of the rst completely
This journal is © The Royal Society of Chemistry 2020
noble-metal-free direct formate fuel cells. Compared to the only
other example we could nd in the literature, our fuel cell
achieves a higher OCV and almost double the power output. Our
formate/Ce4+ fuel cell shows outstanding performance consid-
ering the low loading of CoFePB (0.3 mg cm�2) used and the
high resistance (30 U) of the fuel cell conguration. This reects
the exceptional activity and selectivity of CoFePB towards
formate oxidation and its high resistance to poisoning. Opti-
mization of fuel cell parameters such as type and thickness of
the ion exchange membrane and the reactant concentration
(especially oxygen) are expected to lead to better device perfor-
mance, and could pave the way for incorporation of the
proposed CoFePB catalyst into other congurations, such as
a membrane electrode assembly based fuel cell.
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