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a b s t r a c t

Direct borohydride fuel cells (DBFCs) are devices which directly convert the chemical energy stored in
the borohydride ion and oxidant into electrical energy as a result of redox reactions. Unfortunately, a
significant amount of fuel is lost as a result of the undesirable hydrolysis reaction. The selection of an
efficient borohydride hydrolysis inhibitor requires detailed knowledge regarding the interaction mech-
anism between the inhibitor molecule and electrode surface. In this study, various amounts of thiourea
additives (0.011e1.600 mM) were tested to select the best fuel composition for DBFC application. When
AB5-type anode was used, only partial inhibition of sodium borohydride hydrolysis was a desirable
phenomenon. Partially released hydrogen results in the improvement of catalytic properties of the alloy.
The addition of 0.016 mM thiourea does not inhibit the oxidation of borohydride, on the contrary, it
increases the practical capacity from 27% to 41% of the theoretical value. Moreover, we indicate that the
addition of thiourea prevents corrosion as well as degradation of the electrode surface. Pressure mea-
surements confirmed the effectiveness of thiourea in relation to hydrogen evolution, while X-ray
photoelectron spectroscopy and Raman spectroscopy revealed that the electrode surface was not
poisoned.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The growing human population consumes more energy than
ever before in history. It is predicted that in 2035 the demand for
electricity will increase almost twice compared to 2008 [1]. Ac-
cording to the International Partnership for Hydrogen and Fuel
Cells in the Economy (IPHE), fuel cells are important solutions for
large-scale and long-term storage. These devices can help in
effective decarbonization of our energy systems [2].

Currently, the Proton Exchange Membrane Fuel Cell (PEMFC) is
Technical Electrochemistry,
65, Poznan, Poland.
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the most technologically advanced fuel cell system. However, this
type of fuel cell is also characterized by some drawbacks: (i) very
acidic perfluorosulfonic proton exchange membrane renders it
necessary to use non-corrodible materials, which are inherently
costly; (ii) PEMFC must be fed with ultra-pure hydrogen (for
example, obtained by electrolysis of water) or steam reforming of
natural gas [3,4]. Bipolar plates are crucial components of PEMFC
power stack. D. Kong et al. have noticed that after heat treatment,
the proportion of oxides in passive layer formed on SLM 316L in-
creases, which leads to better anti-corrosion properties [5]. The
authors also studied the effect of hydrogen charging on the
microstructure and durability of traditional wrought and selective
laser melted 316L stainless steels. Researchers used thiourea to
prevent the formation of a hydrogen molecule during hydrogen
charging [6].
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Fig. 1. Open circuit potential versus time of AB5-type anodes supplied with different
concentrations of thiourea in 0.5 M NaBH4 þ 6 M KOH.
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Direct borohydride fuel cell (DBFC) is fed with an aqueous
alkaline solution of borohydride. Borohydrides (MBH4, M ¼ Na, K,
Li) are attractive chemical compounds because they are chemically
stable and not flammable [7]. Metal hydride compressors allow to
replace the liquid or compressed hydrogen fuel tanks by a solid fuel
tank [8]. DBFC generally uses sodium borohydride as a fuel, because
NaBH4 offers a high specific energy density (9.3 Wh g�1) owing to
its high hydrogen content (10.8 wt%) [9]. Direct borohydride fuel
cell converts the chemical energy stored in the borohydride ion (Eq.
(1)) [10]:

BH�
4 þ8 OH�/ BO�

2 þ 6 H2Oþ 8 e�,E0 ¼ �1:24 V vs:NHE

(1)

The standard potential of reaction (1) is equal to �1.24 V vs.
NHE, which means that it is possible to achieve a value more
negative by approx. 0.41 V than in the case of hydrogen electrode in
an alkaline medium [11]:

H2 þ2 OH�/ 2 H2Oþ 2 e�,E0 ¼ �0:83 V vs:NHE (2)

Unfortunately, a significant amount of fuel is lost as a result of
the hydrolysis reaction, which leads to the formation of hydrogen
(Eq. (5)) and, consequently, to the reduced utilization of
borohydride.

BH�
4 þH2O/BH3ðOHÞ� þ H2, (3)

BH3ðOHÞ� þH2O /BO�
2 þ 3 H2, (4)

BH�
4 þ2 H2O/BO�

2 þ 4 H2, (5)

Most studies are focused on finding appropriate anode catalysts
(CoO, Pd-Cu, Pt/Ti2O, Pd/C) to achieve maximum electron transfer
(i.e. 8e�) [12e14]. Unfortunately, highly active borohydride oxida-
tion catalysts are also highly active toward the borohydride hy-
drolysis. The rare-earth-based, AB5-type hydrogen storage alloys
possess the ability to absorb hydrogen at room temperature,
therefore they are a very interesting group of anode materials for
DBFC [15e18]. For fuel cell application, the formation of the hydride
phase may affect both the catalytic activity and the structural sta-
bility of the electrode. The processes of alloy hydriding, either
chemically or electrochemically, can be attributed to the electro-
oxidation of the hydride introduced into the alloy during activation
[19].

Another method to limit the rate of hydrogen evolution is to add
thiourea to the fuel solution, as proposed by Gyenge [20]. The
interaction of thiourea on platinum electrode was questioned by
Demirci. The author suggested, that sulfur species can cause
deactivation of metallic surface by creating strong metal-sulfur
bonds [21]. The interaction of thiourea on gold [22,23], platinum
[24e26], copper [27,28] and silver [28e30] electrodes in different
solutions was the topic of number of electrochemical and spec-
troscopic studies. For instance, R. Jamard et al. have reported that
the addition of 10�4 M thiourea into 2 M NaBH4 and 1 M NaOH
enhanced the coulombic efficiency of DBFC from 18% to 64% using
Table 1
Nomenclature of analyzed systems with thiourea content.

Abbreviation of fuel solution Dilution Final concentration (mM)
T1 e 1.600
T50 T1/50 0.032
T100 T1/100 0.016
T150 T1/150 0.011
T0 (thiourea zero) e e
Pt anode However, after thiourea addition, OCV was lower, which
led to decrease in DBFC power [10]. C C. Celik et al. have studied the
addition of thiourea in steady state/steady-flow and uniform state/
uniform-flow systems to minimize the anodic hydrogen evolution
on Pd/C electrode. The power density increased from 14.4 to
15.1 mW cm�2 [31]. V.W.S. Lam et al. have experimentally
confirmed, using the electrochemical quartz crystal microbalance
technique, that at thiourea concentrations higher than 0.045 mM
(with reference to 30 mM BH4

�) increases the overpotential of
borohydride electrooxidation on Pt, inhibiting the hydrolysis re-
action [32]. Atwan et al. have studied the oxidation of sodium
borohydride in the presence of thiourea on Os nanoparticles. Based
on half-cell tests, it was found that thiourea is oxidized at a po-
tential of about 0 V vs. Ag/AgCl, KClstd. However, it is uncertain,
whether the accumulation of thiourea oxidation products would
poison the Os catalyst in DBFC [33,34]. Therefore, further research is
still required in both, surface techniques and fuel cell experiments
to clarify the inhibition mechanism of hydrolysis and possible long-
term poisoning of the catalyst by thiourea. This paper discusses the
correlation between partial inhibition of hydrogen evolution and
catalytic activity of AB5-type hydrogen storage alloy towards
Fig. 2. Potentiodynamic polarization curves of all tested electrolytes.

http://mostwiedzy.pl


Table 2
Corrosion potential (Ecorr), corrosion current density (jcorr) and slopes of anodic (ba)
and cathodic (bc) polarization curves values estimated from potentiodynamic po-
larization measurements. All the values were estimated using EC-Lab® Software.

Fuel solution Ecorr (mV vs Hg/HgO) jcorr (mA cm�2) ba (mV) -bc (mV)

T0 �1119 39.0 534 241
T1 �1015 3.56 1044 159
T50 �1107 26.5 1005 177
T100 �1102 26.5 826 251
T150 �1105 31.2 837 279
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borohydride electrooxidation, which is essential to improve the
catalytic fuel processing. To the best of our knowledge such studies
have not be performed before. The effective use of AB5-alloy-based
electrode for DBFC application in the presence of thiourea remains
without a clear response. The innovative research presented in the
framework of this study concerns the impact of inhibition of
hydrogen evolution by thiourea on the effectiveness of borohydride
oxidation reaction and, at the same time, on the formation of the
hydride phase. Additionally, we have also reported changes in the
internal pressure profiles in the half-cell for the first time, which
depend on the amount of thiourea added.
2. Experimental

2.1. Electrode materials and chemicals

The materials and chemicals used during the tests are listed as
follows: NaBH4 (99%, Acros Organics), KOH (85%, POCH), (NH2)CS
(�99%, Sigma-Aldrich), Ni foam (Changsha LYRUN New Material
Co.,Ltd), LaMmNi3.55Al0.30Mn0.40Co0.75 (�99.5% Stanchem, Trei-
bacher, Aldrich), 255-type carbonyl nickel powder (Inco, 99.9%),
graphite powder (Lonza), PVA (M.W. 115,000 � 88%,VWR).
2.2. Materials preparation

The details regarding the preparation of anodes have been
described in our previous publication [35]. AB5-type hydrogen
storage alloy with addition of nickel carbonyl and graphite was
distinguished by the best catalyst activity regarding sodium boro-
hydride oxidation, therefore we selected it for further experiments.
Fig. 3. (a) Potential-current curves for different concentrations of thiourea in 0.5 M
NaBH4 þ 6 M KOH (b) Chronopotentiometry curves in 6 M KOH (I ¼ 1 mA g�1) of AB5-
type anodes previously exposed for 4 h to T0, T1 and T100 fuel solution.
2.3. Electrochemical measurements

Electrochemical measurements were performed in a three-
electrode configuration. The AB5-type anode was used as the
working electrode, while nickel foam and Hg/HgO were used as the
counter and reference electrodes, respectively. All the electro-
chemical tests were carried out in a 6 M KOH solution containing
0.5 M of NaBH4 with different amounts of thiourea. The electrodes
have been immersed into a 60 mL of fuel solution. At first, the in-
fluence of thiourea (TU) on the anti-corrosive properties of DBFC
anode was estimated. Therefore, potential at open circuit condi-
tions (OCP) was measured (4 h), followed by potentiodynamic
polarization (PP) test. PP study was performed to determine the
corrosion potential (Ecorr) and corrosion current density (jcorr). The
working electrode was first polarized cathodically to �250 mV and
then anodically to 250 mV, twice vs. OCP. The anodic scan rate was
equal to 0.2 mV s�1. The impact of inhibition of hydrogen evolution
by thiourea on the effectiveness of borohydride oxidation reaction
was investigated using chronopotentiometric measurements with
the constant current density of 1 mA g�1 and 100 mA g�1 (calcu-
lated based on the active mass of electrode), cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS) (6.3 mHz -
100 kHz). All electrochemical tests were carried out at ambient
temperature using potentiostat/galvanostat VMP3 (BioLogic,
France), equipped with the impedance module. The gas evolution
was detected with a digital pressure sensor KELLER 33X (pressure
range 0e3 bars with total error band of 0.05%).

To obtain a full insight into the electrode behavior in the pres-
ence of thiourea (TU), four different concentrations were tested.
Table 1 presents the content of thiourea in a 0.5 M NaBH4 þ 6 M
KOH solution.
2.4. Materials characterization

Surface morphology and physicochemical analyses of working
electrodes were carried out using a Scanning Electron Microscope
(Quanta 250 FEG, FEI) equipped with Energy Dispersive X-ray
spectrometer (EDX). 3D surface measurements were analyzed us-
ing the VHX-7000 series (Keyence) digital microscope. The X-ray
diffraction method (XRD) with CuKa radiation wavelength of
1.5418 Å (Philips, PW 1050) was used to examine the structure of
alloys. All measurements were recorded at an angle (2q) range of
20e80�. AB5-type anodes were also analyzed by Raman spectros-
copy, which were carried out using an inVia Renishaw micro-
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Raman system with a diode-pumped laser that emits a 785 nm
wavelength. After electrochemical measurements, the electrodes
were also subjected to XPS analysis (Escalab 250Xi, ThermoFisher
Scientific) which was performed with Al Ka radiation (1486.7 eV).
The pass energy was equal to 20 eV and spot size was at 650 mm.
The spectra were deconvoluted by applying GaussianLorentzian
line-shapes with Smart® background, the feature implemented in
Avantage software (ThermoFisher Scientific).
3. Results and discussion

3.1. Electrochemical measurements

In the first step, measurements were carried out in a borohy-
dride alkaline solution (0.5 M NaBH4 þ 6 M KOH), which was
selected as the reference system (T0) in order to estimate the in-
fluence of different amounts of thiourea on the electrochemical
performance.

Fig. 1 shows the OCP vs. time of anode materials for different
types of fuel solutions. The OCP values were equal to �1.10 V
(T0), �0.96 V (T1) and c.a. �1.08 V vs. Hg/HgO for subsequent di-
lutions of the T1 system, i.e. T50, T100 and T150. Although the OCP
of all types of fuel solutions were less negative than the theoretical
BH4

�/BO2
� equilibrium potential (�1.34 V vs. Hg/HgO), they were

significantly lower than the potential of hydrogen electrode in the
alkaline medium, which confirms the activity of AB5-alloy-based
electrode for the borohydride oxidation reaction. Moreover, as can
be observed after analysis of the curve, the OCP for T1 system is
equal to approx. �0.96 V when the electrode is immersed in the
solution and this value does not decrease within 2 h. This indicates
that the surface state does not change dramatically, which could
happen if thiourea was decomposed to sulphide.

The results of PP tests were presented in Fig. 2, while the
analysis data in Table 2. Corrosion potential (Ecorr), corrosion cur-
rent density (jcorr) and slopes of anodic (ba) and cathodic (bc) po-
larization curves values were estimated using EC-Lab® Software.
Fig. 4. (a) Voltammetric responses with a scan rate of 5 mV s�1 (b) Pressure p
The T1 system was characterized by the highest and lowest
corrosion potential and corrosion current density values, respec-
tively. The other types of electrolytes demonstrated slightly lower
corrosion potentials and higher corrosion current densities. It is
well known, that the corrosion process of an alloy depends on the
chemical composition of the material, its microstructure, the na-
ture of electrolyte and cycling conditions [36e40]. The presence of
a lone pair of electrons in the inhibitor molecule (TU) allows for
electron transfer from an inhibitor to the metal, leading to the
formation of a coordinate covalent bond [41]. This was most likely
caused by the formation of a protective film on the anode surface
through thiourea adsorption. The shift of OCP and Ecorr values to-
wards more positive values may suggest that the thiourea additive
acts as an anodic corrosion inhibitor.

The potential-current characteristics of the anode system were
presented in Fig. 3a. It can be observed, that the polarization per-
formance strongly depended on the thiourea concentration in
0.5 M NaBH4 þ 6 M KOH. In case of T1 fuel solution, the reduced
surface activity of the electrode is evident. It should be noted that
AB5-alloy based electrode immersed in the borohydride solution
without the addition of thiourea exhibited the highest oxidation
currents. This is most likely due to the continuous hydrolysis of
borohydride, which results in the production of large amounts of
hydrogen and allows for greater insertion of hydride into the alloy.

The experiment in which the electrodes were charged by im-
mersion in borohydride solution for 4 h with different concentra-
tions of thiourea confirmed the above-mentioned information
(Fig. 3b). When the AB5-alloy-based electrode was used as the
anode catalyst for borohydride oxidation, our results confirmed
that the hydrogen storage alloy is able to absorb hydrogen during
immersion in T0 and T100 electrolytes. The hydrogen produced
may be stored in the form of metal hydride or released in the form
of gas bubbles, when the rate of hydrolysis reaction is higher than
the rate of hydride absorption [42]:
rofiles for AB5-type anodes supplied with T0, T100 and T1 fuel solutions.
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Fig. 5. Effect of thiourea (TU) concentration on the voltammetric responses of AB5-
type anodes (a) 0.016 mM TU (b) 1.6 mM TU (c) 16 mM TU.

Fig. 6. Chronopotentiometry curves (I ¼ 100 mA g�1) of AB5-type anodes supplied
with different concentrations of thiourea in 0.5 M NaBH4 þ 6 M KOH.

Fig. 7. Nyquist plots of all tested systems and electrical equivalent circuit used for
fitting the EIS data. Raw data (symbols) and fitted data (solid lines).
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BH�
4 þ 2 H2Oþ 8M 4 BO�

2 þ 8 MHads (6)
MHads4MHabs (7)

MHads 4 1=2 H2 þ M (8)

These investigations indicate that there is a very good prospect
for the application of these materials as anodes for DBFC. In case of
T100 fuel solution, the AB5-alloy-based anode appeared to be less
active towards the hydrolysis reaction (compared to T0 fuel solu-
tion), therefore, as expected, less gas was released from the elec-
trode resulting in a lower hydride charge.

The internal pressure of anode systems supplied with 60 mL of
T1, T100 and T0 fuel solution was determined using a pressure
sensor to follow hydrogen evolution during the oxidation of sodium
borohydride. The results were presented in Fig. 4. The top pictures
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Table 3
Inductance (L), resistance (R) and constant phase element (CPE) values of electrical equivalent circuit components, matched to Nyquist plots. All the values were estimated
using EC-Lab® Software.

Fuel solution L$10�6 (H) Rs (U) CPE1 (F s(a�1)) R1 (U) CPE2 (F s(a�1)) R2 (U) CPE3 (F s(a�1)) R3 (U)

T0 0.64 0.14 0.001 0.27 0.018 0.75 6.99 0.55
T1 0.02 0.28 0.018 0.25 0.046 8.74 16.29 0.09
T50 0.55 0.28 0.171 0.36 0.051 0.86 19.46 0.34
T100 1.51 0.29 0.013 0.25 0.036 1.58 8.37 0.70
T150 1.53 0.23 0.098 0.50 0.037 1.04 17.55 0.53
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(Fig. 4a) demonstrate the borohydride oxidation current densities
(CV curves). Potential scanning was performed from open-circuit
potential to 0.00 V in the anodic region and then the scan was
reversed in the cathodic direction to �1.15 V. The bottom pictures
(Fig. 4b) represent the pressure profiles, which are proportional to
the rate of H2 formation. During the scanning process to more
positive potentials, the generation of hydrogen occurred as a result
of borohydride hydrolysis, therefore a continuous pressure increase
in T0 (black line) and T100 (red line) systems was observed. Two
oxidation peaks were observed for these types of fuels. The broad
peak A1 visible at the potential value of c.a.�0.6 V vs. Hg/HgO could
be attributed to desorption of hydrogen atoms from the electrode
surface and due to the direct oxidation of borohydride [43]. In the
absence of thiourea, the profile of pressure formation during
borohydride oxidation suggests that hydrogen may also be formed
Fig. 8. Bode plots of all tested systems. Raw data (symbols) and fitted data (solid lines).
(a) Phase angle (b) Impedance modulus.
as a by-product of this reaction (reactions (3) and (4)). The second
anodic peak (A2), which appears at c.a. �1.0 V in the reverse cycle,
could be mainly assigned to BH3OH� oxidation [44]. There is also a
quantitative difference in gassing when the T100 fuel solution was
used, which confirms that this amount of thiourea has a beneficial
effect on the inhibition of borohydride hydrolysis, because it does
not interfere with borohydride oxidation. In case of T1 fuel solution
(blue curve), it was observed that peaks A1 and A2 disappear. The
pressure profile stabilizes with the change of the electrode poten-
tial, which indicates complete inhibition of borohydride oxidation
and hydrolysis processes. This means that such a high concentra-
tion of thiourea has a negative impact on the performance of this
system by decreasing the current density associated with borohy-
dride oxidation. Thiourea strongly adsorbs on the anode surface,
therefore some AB5-type hydrogen storage alloy sites are not
accessible for oxidation, which is in good agreement with our
previous results. A significant change in the pressure profile was
only observed due to the cathodic discharge of water.

In order to determine the effects of thiourea concentration on
the borohydride oxidation, additional cyclic voltammetry tests
were carried out (Fig. 5aec). The voltammogram obtained for T100
system (0.016 mM TU) confirms that this amount of TU does not
restrict the borohydride electrooxidation. However, we decided to
significantly increase the concentration of thiourea (up to 16 mM)
just to understand the mechanism of the oxidation reaction. After
increasing the thiourea concentration, it can be observed that
current density associatedwith the peak at c.a.�0.5 V vs. Hg/HgO is
lower than that observed only with thiourea in 6M KOH.With such
a high concentration of thiourea, there is a competition between
Fig. 9. XRD patterns of AB5-type anodes before (black line) and after activation in T1
fuel solution (blue line) and T0 fuel solution (red line). (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the Web version of this
article.)
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Fig. 10. SEM images of AB5-type anodes before (a) and after 4 h activation in T0 (b) and
T1 (c) electrolytes.

Fig. 11. EDS analysis of AB5-type anodes before (a) and a
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the oxidation of TU and BH4
�, which is in good agreement with

results of Martins et al. [45]. It is well known that in acidic and
neutral media thiourea is oxidized to formamidine disulphide ac-
cording to the following reaction [46]:

2 H2NCðSÞNH2 4HN¼CðNH2ÞS� SC¼NHðNH2Þþ 2e� þ 2Hþ

(9)

Considering the data reported by Vandeberg et al. [47], it can be
assumed that the anodic peak at c.a. �0.5 V vs. Hg/HgO can also
correspond to the one-electron oxidation of thiourea. Unfortu-
nately, in an alkaline medium this disulfide is unstable which can
result in the formation of atomic sulfur [48].

The chronopotentiometric curves of the anode systems supplied
with 60 mL of fuel solution with different concentrations of thio-
ureawere presented in Fig. 6. In this case, it is theoretically possible
to store a 6.3 Ah charge, assuming a maximum electron transfer. In
the absence of thiourea (T0) the anode potential is stabilized at
c.a.�1.05 V vs. Hg/HgO in the first 50 h, and then a sharp decrease is
observed. Fuel solutionwithout thiourea was characterized by very
low coulombic efficiency because of the parallel hydrolysis reac-
tion. The measured capacity was equal to 1.7 Ah, which is
approximately equal to 27% of the theoretical value. In case of T100
fuel solution, the anode potential is maintained at approx. �0.95 V
vs. Hg/HgO for about 100 h. The measured capacity was equal to 2.5
Ah, which is approximately equal to 41% of the theoretical value.
This may suggest that hydrogen molecules produced as a result of
the minimized, but still partly present borohydride hydrolysis
contribute to the improvement of AB5-alloy-based anode activation
properties.

During the ex situ measurements, electrochemical impedance
spectroscopy served to characterise the materials used in DBFC. The
electrochemical impedance spectroscopy results (Nyquist plots) of
all tested systems were presented in Fig. 7. Electrical equivalent
circuits (EEC) were matched using EC-Lab® Software. Symbols and
solid lines represent raw and fitted data, respectively. The EEC is
composed of an inductive element (L), an equivalent series resis-
tance (Rs), and three CPE/R time constants. The first of these ele-
ments (L) describes the magnetic phenomena (negative values of
eZ’’), the second (Rs) expresses the resistance of the electrolyte
solution inwhich all the electrochemical tests were performed. The
remaining three time constants represent two elements connected
in parallel, i.e. CPE (constant phase element) and R (resistor). The
first one expresses the capacitance of a non-ideal capacitor. The
fter 4 h activation in T0 (b) and T1 (c) electrolytes.
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Table 4
Chemical composition of marked areas in Fig. 11 in wt. %.

Area Ni Co Mn Nd Pr Ce La Al O

2a 43.3 ± 0.6 3.3 ± 0.1 1.4 ± 0.1 1.1 ± 0.1 0.6 ± 0.1 2.5 ± 0.1 3.3 ± 0.1 0.2 ± 0.03 10.5 ± 1.7
2b 32.6 ± 0.4 1.8 ± 0.1 0.8 ± 0.1 0.8 ± 0.1 0.6 ± 0.1 1.5 ± 0.1 2.0 ± 0.1 1.5 ± 0.1 30.0 ± 4.7
2c 34.7 ± 0.5 2.0 ± 0.1 0.9 ± 0.1 0.5 ± 0.1 0.2 ± 0.04 1.7 ± 0.1 2.5 ± 0.1 0.1 ± 0.02 26.4 ± 4.1
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second describes the resistance. CPE presence (instead of a capac-
itor) is associated with capacitive dispersion at the electrode/
electrolyte interface. This is caused by slow ion adsorption and
surface chemical heterogeneity [49]. Table 3 contains all EEC
components values, which were determined using EC-Lab® Soft-
ware. The obtained EIS results confirmed the previous assumptions.
The Nyquist plots showed three loops (or semicircles). The first
time constant (high-frequency time constant) corresponds to the
first loop and presents the resistive and capacitive phenomena of
various types of electrical connections, including the connection
between the working and reference electrodes [50]. Values of the
resistance elements constituting the first time constant were
similar for all the presented systems, which confirms that it is not a
reflection of the occurrence of electrochemical phenomena. In
addition, all systems containing thiourea were characterised by an
identical value of the equivalent series resistance (Rs). The elec-
trolyte solution without the addition of thiourea (T0) exhibited the
highest conductivity (lowest Rs). The second time constant (CPE2/
R2) refers to the adsorption processes of hydrogen atoms on the
electrode surface as well as to the electrochemical reactions [50]. In
this case, there were remarkable differences between all tested
samples. The highest value of resistance R2 was exhibited by the T1
system with the greatest amount of added thiourea. As mentioned
Fig. 12. High-resolution XPS of O1s and S2p for AB5-type anodes after chronopotentiom
previously, the presence of 1.6 mM TU caused an almost complete
blockage of the free sites on the electrode surface for electro-
chemical reactions involving hydrogen. In case of the remaining
systems, the highest value of the charge transfer resistance,
included in R2, was exhibited by the sample T100 (0.016 mM TU).
Based on the results of direct current methods, such an amount of
TU has been considered as optimal, i.e. such an amount of TU results
in effective blocking of available sites for borohydride hydrolysis,
making the direct oxidation of borohydride more favourable.
Therefore the value of R2 increases, while CPE2 decreases. In the
system without thiourea, all the processes discussed above were
most rapid. The third time constant (CPE3/R3) refers to the diffusion
of hydrogen atoms in the AB5-alloy-based anode [50]. The R3 and
CPE3 values was highest and lowest for T100, respectively. As
mentioned above, the addition of 1.6 mM of thiourea resulted in an
almost complete inhibition of the electrode/electrolyte interface
reactions. This could be caused by the formation of intermediate,
thermodynamically unstable products, which is indicated by the
negative capacitive loop in the low frequency range.

The Bode plots of all tested samples were presented in Fig. 8a
and b. In the high frequency range, values of the phase angle and
the impedance modulus were positive and negative, respectively.
This is a reflection of the occurrence of magnetic phenomena in the
etric measurements (I ¼ 100 mA g�1) in T0 (a), T100 (b) and T1 fuel solution (c).
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Fig. 13. Survey scanned XPS spectrum (a) high-resolution spectrum in Ni2p (b) La3d (c) and Co2p (d) for AB5-type anodes after chronopotentiometric measurements in T0 fuel
solution.
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studied systems. In the lower frequency range (below 10000 Hz),
the phase angle become negative. The first time constant CPE1/R1
(first loop or semicircle) and the second time constant CPE2/R2
(second loop) appeared. The third one was almost imperceptible in
the lowest frequency range. In the diagram which presents the
dependency of the impedance modulus and the frequency (Fig. 8b),
the capacitive element of each of mentioned constants is expressed
by a straight line with a slope of �1, while the resistive element
corresponds to the plateau. In the case of the first and second time
constants, the phase angle values were the lowest for T0 and T1
respectively, as shown in Fig. 8a.
Fig. 14. Raman spectra of solid thiourea, graphite and anode materials after chro-
nopotentiometric measurements (I ¼ 100 mA g�1) in different electrolytes.
3.2. The characterization of structure

In order to investigate the influence of immersion activation (4 h
in borohydride solution with different concentrations of thiourea)
on the electrode structure, XRD measurements of the analyzed
electrodes were carried out. XRD patterns of anodes before (black
line) and after activation in T1 fuel solution (blue line) and T0 fuel
solution (red line) were presented in Fig. 9. This measurement
confirmed that the AB5-alloy-based anodes were characterized by
CaCu5-type hexagonal structure. It can be seen that the basic
structure remains unchanged after activation. However, a slight
peak shift to lower angle was observed for electrode activated in T0
solution, which is in good agreement with the results of Wang et al.
[51]. This change means that the hydrogen (produced by borohy-
dride hydrolysis process) was absorbed in the alloy during the
immersion which caused the crystal expansion. No change in the
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Fig. 15. 3D surface analysis of AB5-type anodes after 4 h activation in (a) T0 (b) T100 (c)
T1 fuel solutions.
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structure of anode was observed during the electrode activation in
the T1 solution, which confirms the complete inhibition of boro-
hydride hydrolysis.

The SEM images of AB5-alloy-based anodes before (a) and after
4 h activation in T0 (b) and T1 (c) electrolytes were presented in
Fig.10 a-c. It should be noted, that soaking of the electrode in the T0
solution results in the formation of rod-like particles on the elec-
trode surface, which contain La, Mn or Ce elements as confirmed by
EDS mapping. The presence of these particles affects the surface
roughness of the alloy, which increases its active surface. Similar
effects have been described by Ikoma et al. [52]. Corrosion in the T1
fuel solution was much less intense, which resulted in significantly
lower surface coverage with corrosion products.

The elemental composition of the alloy has been studied by the
EDS technique at different sites (1,2,3) as presented in Fig. 11 a-c.
Area 1 corresponds to the graphite basis, 2 to the alloy basis and 3
to the spherical nickel particles. In area 2 (Table 4), an increase in
elemental O was detected after activation in the T0 fuel solution
(2b), which indicates the oxidation of electrode surface. It was
found that Ni and Co decrease by a certain amount after alkaline
treatment, while Al increases by an amount on the anode surface. It
is well known that Mn and Al can dissolve and then deposit on the
alloy surface as an oxide [51e53]. These phenomena were much
less visible in the presence of thiourea (2c). This again indicates that
thiourea interacts with the electrode surface, preventing corrosion.
The residual amount of Pr, Ce and Nd results from the chemical
composition of this alloy [54].

XPS study was carried out to obtain detailed information
regarding the chemical state of the AB5-alloy-based anodes after
chronopotentiometric experiments (Fig. 12 a-c). The deconvolution
of O1s spectra is in good accordance with the previously discussed
results. In all cases, the anode surfaces consist of oxygen atomswith
peak binding energies characteristic either for metal oxides
(530.3 eV) or hydroxides and carbonates (531.8 eV) [55]. The peak
for S2p3/2, typically located at ~164 eV for metal sulfides, was not
observed [56,57]. This suggests that thiourea was completely
removed from the anode surface after rinsing the electrodes with
distilled water.

The survey in Fig. 13a indicates the presence of the Ni, La, Co,
Mn, O, C and Al peaks, which confirms the composition of the AB5-
type anode. The XPS spectrum of Ni2p (Fig. 13b) includes two
characteristic peaks at 855.2 eV and 873.0 eV, which can be
attributed to the spin-orbit doublet of 2p orbital of Ni2þ (Ni2p3/2
and Ni2p1/2) and two shake-up satellites at 861.2 and 879.3 eV,
respectively [58]. With regard to La3d (Fig. 13c), the binding energy
of the La3d5/2 peak is present at 833.9 with the shake-up peak
located at 837.6 eV, which is consistent with the reported results of
La3þ in a La(III) oxidation state [59,60]. The Co2p spectrum
(Fig. 13d) consists of the Co2p3/2 contribution at 780.6 eV and its
corresponding satellite peak at 785.2 eV as well as the Co2p1/2
contribution at 796.2 eV, which correspond to the coexistence of
Co(II) and Co(III) oxides [61,62]. Metal oxides/hydroxides are
formed as a result of the consumption of oxygen in the electrolyte
solution. In addition, the same chemical states are representative
for each electrode tested in all fuel solutions.

Additionally, Raman spectroscopy measurements of the elec-
trodes were performed in order to understand the process occur-
ring at the anode surface after discharge experiments (100 mA g�1)
in T0, T1 and T100 fuel solutions (Fig. 14). Raman spectrum of solid
thiourea is characterized by four strong bands at 481, 735, 1094 and
1385 cm�1, which is in good agreement with the thiourea spectra
reported in the literature [63]. These bands are assigned to NCN
bending, CS stretching, strong coupling of NCN with NH2 group
rocking and NCN symmetric stretching modes, respectively. Raman
spectra of the anode surface for all electrolytes exhibit two
characteristic graphitic D and G-bands and one overtone G’ band
which appear at ~1355 cm�1, ~1576 cm�1 and ~2700 cm�1,
respectively, which confirm the presence of graphite in the AB5-
alloy-based anodes [64]. Based on the literature data, the bands
with a broad shoulder at approx. 500e700 cm�1 could be assigned
to the formation of Ni, Co, Mn and Al oxides [65,66]. The band at
~1100 cm�1 (T0 electrolyte) can be attributed to Ni oxide, while
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bands appearing at ~1280 cm�1 correspond to Ni(OH)2 [67]. These
observations are in good agreement with the results of XPS anal-
ysis. This confirms again that thiourea reduces the formation of
corrosion products. Importantly, no band originating from the
metal sulphide was observed, which suggests that no poisoning of
the electrode surface occurred.

Finally, 3D surface analysis also confirms that thiourea is able to
inhibit the hydrogen evolution (Fig. 15 a-c). It can be observed, that
nickel foam was significantly exposed after activation in the T0
solution (Fig. 15a), which corresponds to the most intense gassing
in this electrolyte and, consequently, mechanical cracking of the
alloy due to tension between charged and discharged alloy phases
[36]. The active material was loosened and, consequently, the
packing density decreased, which is an unfavorable phenomenon
for DBFC application. Significantly lower loss of anode material was
observed after activation in the T100 solution (Fig. 15b). The most
compact and undisturbed surface was observed in case of the T1
fuel solution (Fig. 15c), which results from the completely inhibited
process of borohydride hydrolysis.

4. Conclusions

Sodium borohydride hydrolysis results in a high hydrogen loss.
At 100 mA g�1 only 27% of fuel is effectively used. It was expected
that the addition of thiourea would significantly improve the
coulombic efficiency by inhibiting hydrogen evolution. After addi-
tion of 0.016mMof thiourea, the practical capacity was increased to
41%. Higher concentration of this inhibitor causes a competition
between the oxidation of thiourea and borohydride. Moreover, the
electrochemical data suggest that alloy hydriding occurs simulta-
neously with the borohydride oxidation, which significantly
enhanced the catalytic performance. Pressure measurements have
shown that hydrogen can be formed either by hydrolysis or by
partial oxidation of borohydride ions. Raman and XPS analyses
indicate that there are still no detectable elemental sulfur-rich
surfaces. Taking the results of spectroscopic studies into account,
it should be noted that the effect of thiourea on the AB5 alloy-based
anode remains strictly limited to adsorption/desorption phenom-
ena without poisoning its catalytic sites.
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