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T Modular Thin Film Fab Magnesium fuel cell; deliver higher electrical power outpu"t than |I’[|’1IL.Jm*IOI’1 batteries
Lab, Department of Physics, and have the potential to become an economically attractive alternative power source
University of Kerala, for domestic purposes. In place of noble metals in the air cathode of Mg fuel cells,

Thiruvananthapuram 695581,

India we investigate the use of an integrated structure of a catalyst and current collector

composed of a Cu/CuQ hetero-structure. For a single cell, comprising of electrodes

of dimension 3 cmx 1.5 cm with aqueous NaCl as the electrolyte, the Mg- Cu/CuO-
based fuel cell shows an open-circuit voltage of 0.7 V and discharge current drain rate
of 0.45 mA/s. A power density of 8.75 uWcm™ is obtained with a CuO-based cathode
when 1 M NaCl electrolyte is used. Relative to the magnesium-carbon-based fuel cell,
the Mg-Cu/CuO fuel cell shows improved stability of the anode and cathode materials
and extended operational time.
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Introduction

The advent of climate change has pushed researchers to pursue the development of
green energy devices that are economically viable and environmentally sustainable.
The lookout for batteries that are potentially on a robust supply chain, more sustain-
able to engineer, and cost-effective than state-of-the-art lithium-ion batteries has
recently found a new harbinger in Mg-based batteries [1-4]. Magnesium metal is an
attractive anode material owing to its high abundance in the earth’s crust [5]. Techno-
logically it is Iucrative because of its volumetric capacity of 3833 mAh cm™2, gravimet-
ric capacity of 2205 mAh g%, and a low redox potential of (—2.37 V vs. SHE) [6]. The
divalent character of Mg*" in oxidation offers two electrons per metal (Mg) compared
to only one electron in the case of alkali metals, such as Li and Na. Hence, the poten-
tial to realize a higher energy density relative to lithium-based cells makes the material
investigation worthy [7-9].

Theoretically, magnesium-ion batteries function very similar to lithium-ion batteries
[3]. Magnesium ions are transported between a negative anode and a positive cath-
ode, made of a metal-oxide material [10]. This allows the electrons to move around an
external circuit and do work. But as magnesium is a small ion carrying a lot of electric
charge, it gets tangled in unwanted interactions with surrounding materials. Transfer
of magnesium from the electrolyte to solid electrodes requires excess energy and often
results in “parasitic” reactions that compete with the process of storing charge, which
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limits the lifetime of the batteries [8]. Additionally, the motion of magnesium through
all materials is more sluggish than lithium [6]. Because of this, charge transfer rates
are limited. Magnesium air fuel cells are at an early stage of development and are rec-
ognized for their higher energy density [11]. For the Mg-air fuel cell technology, there
is a magnesium anode, a gas diffusion (air) cathode layer, and an electrolyte. The air
cathode layer has typically four components: (a) a membrane that allows oxygen from
the air to enter the cell and facilitates the oxidation—reduction reaction between the
magnesium and the electrolyte, (b) a gas diffusion layer, (c) a catalyst layer, and (d) cur-
rent collector layer [11].

Noble metals are usually used as the catalyst layer for the oxygen reduction reaction
(ORR), on the surface of the gas diffusion layer near the electrolyte. Anode corrosion
and low coulombic efficiency of the Mg-air fuel cell are ascribed to the over-potential
of the air cathode. The use of Pt and Pt-based alloys as catalysts has been investigated
for the ORR previously [12-19]. Catalysts based on Pd, Ag, Au, and non-Pt alloys which
demonstrated lower and higher activity respectively relative to Pt were also reported
[20-24]. The use of carbon and modified carbon yielded much higher over-potential and
improved stability [25—30]. The use of transition metal oxides yielded lower electro-cat-
alytic activity [31, 32]. The use of complexes of oxides with r-GO vyielded high activity
comparable to Pt [33, 34]. The use of nitrogen-containing metallic complexes showed
high activity comparable to Pt/C [35, 36]. Thus, an improvement in the air cathode is an
area of intense research.

Nobel metals like Pd, Cu, and Ag have high oxygen reduction activity and can be used
as ORR catalysts. The abundance and lower cost of Cu relative to Pt make it a suitable
candidate for ORR. In the present work, we attempt the use of an integrated structure
comprising of the catalyst and current collector layers by the use of a semiconducting
layer of CuO grown over Cu substrate in an Mg-NaCl-based fuel cell for improving the
kinetics of the ORR. Since the catalytic production of hydrogen from NaCl solution is a
low-cost, high-efficiency process, we explored its potential as the electrolyte material in
our fuel cell structure. We compare the performance of the integrated cathode structure
with that of a standard carbon cathode to quantify the performance of the fuel cell. This
work is a harbinger in the area of air-breathing Mg-Cu/Cuo fuel cells.

Methods

Oxidation of copper metal in KOH solution was used for the growth of CuO. Details of
the method of preparation and detailed characterization of the grown CuO have been
reported previously [37]. Cu/CuO sheets of dimension 3 cm x 1.5 cm were used as
the cathode. Graphitic carbon cloth was purchased and cut to the same dimensions of
3 ¢cm x 1.5 cm for use as a cathode to compare the performance of the Cu/CuO cathode.
The crystal structure of various materials used for the study was identified using X-ray
diffraction studies. Field emission scanning electron microscopy was carried out to char-
acterize the surface morphology of the electrodes used. EDAX was carried out for the
elemental analysis of the materials. XPS studies were conducted on the Mg electrodes
to identify the presence of impurities like oxides and hydroxides. To identify structural
changes as a result of oxidation, Raman analysis was conducted on the electrodes before
and after the operation of the fuel cell. Figure 1 represents a schematic of the fuel cell
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Fig. 1 Schematic of the fuel cell designed and experimented herein

designed and used in our studies. The two electrodes separated by the electrolyte-soaked
cellulose were placed inside a grooved plastic container with holes on the opposite sides
to permit the flow of air. As shown in Fig. 1, the electrical connections were taken from
one side of the electrode. Mg metal strips of 3 cm x 1.5 cm x 1 cm were used as the
anode for all of the studies. A strip of cellulose soaked in 1 M NaCl solution in distilled
water was used to separate the two electrodes. Electrical testing of the fuel cell under
short-circuit mode was conducted using a two-channel source measuring unit. Using an
electrochemical workstation, the characteristics of the fuel cell were studied using the
three-electrode configuration.

Results and discussion

Figure 2a shows the X-ray diffraction (XRD) patterns of the graphite carbon electrode.
The spectra show the crystalline nature of the sample with preferential orientation
along the (002) plane. Other planes (101), (102), and (004) could also be indexed. The
inter-planar spacing (d,y,) was calculated using Bragg’s relation (1) and was found to
be ~0.338 nm [38]. The value is in close agreement with the correct value for the inter-
planar distance of the graphite which is 0.335 nm.

A
doon) = 5 sin(f(02)) (1)

The degree of graphitization (g) was determined to be 3.13 using the Franklin

equation as (2)

_ (0.3440 — d002))
€7 (0.3440 — 0.3354)

x 100% (2)

where 0.3440 and 0.3354 are the carbon layer spacing in nano-meters for the original
carbonaceous materials and the ideal graphite crystal, respectively [39]. For the carbon
layer, the average stacking height (L) was evaluated using the Scherer formula (3)
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Fig. 2 XRD spectra for (a) carbon electrode, (b) Mg metal, and (c) Cu/CuO

kA

Li=—
B002) €os 0002)

3)
where k = 0.94 is the Scherer parameter, By, represents the full width at half maxi-
mum for the diffraction peak corresponding to the (002) plane, and 0y, is the Bragg
angle corresponding to the diffraction peak [40]. The stacking height was obtained
as~ 1.35 nm for our carbon electrode. For a parallel stacked graphitic carbon, the stack-
ing height is related to the lattice spacing by the relation

Loo2) = (N — D)d(002) (4)

where N is the number of parallel layers in a stack [41]. This was calculated to be ~4.9 in
our sample.
The average number of carbon atoms per aromatic lamellae is by the relation

n = 0.32N? (5)

using which we estimate n="7.9 [41].

Figure 2(b) shows the XRD patterns of the metallic Mg plate. Crystalline planes along
the (100), (002), (101), (102), (110), (103), (112), (201), and (440) planes could be indexed.
The inter-planar spacing (d,,) was calculated using Bragg’s relation (1) and was found to
be ~0.261 nm. The average crystallite size (L,) was evaluated using the Scherer formula

(6)

k12

L (6)

‘T B(100) €os O(100)
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where k = 1.84 is the Scherer parameter, ;o represents the full width at half maxi-
mum for the diffraction peak corresponding to the (100) plane, and 8, is the Bragg
angle corresponding to the diffraction peak [40]. The average crystallite size was found
to be ~ 1.4 nm. The stacking height L_ using Eq. (3) was found to be ~1 nm. Magnesium
has a hexagonal closed-packed crystal structure belonging to the P6;/mmc space group.

Figure 2(c) shows the XRD patterns of the CuO thin film layer grown over flexible Cu
foils using a self-assembly process detailed previously by us [37]. The spectra show that
the grown films are polycrystalline in nature. The growth planes were indexed, and it is
found that the films have preferential orientation along the (11 I) plane corresponding
to the 20 = 35.56° cubic phase of CuO. Significant planes along the (110), (111), (2 0_2),
(020), (1 13), (022), and (220) were also evident from the spectra. XRD peaks corre-
sponding to the Cu substrate were also identified from the spectra.

Figure 3 represents the field emission scanning electron microscopy (FESEM) images
for the materials used for the fuel cell. Figure 3a on the left represents the FESEM sur-
face morphology of the carbon electrode material. At a scale of 2 um, the flat layered
structure is evident from the figure and complements the interpretations of the XRD
data analysis. The FESEM image on the right represents a magnified image at a scale of
100 nm. At this scale, the presence of floret microstructure is evident. The lateral dimen-
sion of the floret structures was estimated to be ~ 38 nm. The floret structure appears to
be delineated from each other by the presence of a cracked lamella which are homog-
enously distributed throughout the surface. Figure 3b represents the FESEM image of
the Mg electrode material. The surface morphology at a scale of 2 pm appears to be con-
sisting of a cracked lamella with non-uniformly distributed agglomerated matter of no
definite shape spread over. The FESEM image on the right representing the magnified
image of Mg surface at a scale of 100 nm shows the same morphology as that of carbon
but with a finer-sized spherical structure distributed uniformly. The lateral dimension of
the spherical structures was estimated to be ~70 nm. Figure 3c represents the FESEM
image of the cellulose membrane material used for in the cell. At a scale of 100 pm, the
presence of layered strands in the form of a mesh structure is clearly recognized. The
magnified image on the right at a scale of 2 um shows the thickness of each strand to
be~16 um. In general, from Fig. 3, we can conclude that all three materials appear to
have a porous structure which will eventually aid in the flow of air required for fuel cell
application. It would also be essential from the perspective of loading of electrolyte
within these porous structures enabling the transport of charge carriers.

Table 1 presents the summary of the energy dispersive X-ray analysis (EDAX) meas-
urements done on the carbon electrode and the Mg electrode materials taken for this
work. The incidence of oxygen is unfavorable to the performance of carbon electrodes in
organic electrolytes. We assume that the oxygen identified by EDAX is primarily surface
oxygen in our graphite carbon electrode. For Mg electrode, the presence of oxygen is
required to verify if oxidation of the metal had occurred.

Figure 4 represents the results of the XPS analysis of the Mg electrode used in
this work. The scan shows the binding energy peaks corresponding to Mg (1 s) at
1303.05 eV, two species of C (1 s) with binding energies at 288.25 eV and 283.1 €V, an
oxygen (1 s) specie with binding energies at 530.4 eV and a sodium (1 s) specie with
binding energy of 1070.55 eV. The results of the XPS analysis show that oxidation of
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Fig. 3 FESEM images of a carbon, b magnesium, and c cellulose

Table 1 Elemental composition from EDX measurement

Sample Elements Wt % Atom %
Carbon 72.41 77.76
Carbon
Oxygen 27.59 22.24
Magnesium 36.15 25.55
. Oxygen 47.17 50.64
Magnesium
Carbon 16.63 23.78

Sodium 0.04 0.03
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Fig. 5 Raman spectra for carbon, Mg, and Cu/CuO electrodes

Mg may not have occurred as there is no shift in the binding energy of Mg. The pres-

ence of metal carbide is identified by the presence of a peak at 283.1 eV and O-C =0/

CO; is identified based on the peak at 288.25 eV.

Figure 5 represents the Raman spectra for the electrode materials used. For the car-

bon electrode, the Raman spectra show that the carbon material used exhibits a very
high degree of three-dimensional ordering confirming it to be a highly oriented pyro-
lytic graphite exhibiting the G band at 1579 cm™! [42]. The G band is a characteristic
peak of graphene-related materials and is used to quantify the response of materials
and devices based on graphene to external perturbations. The G band is associated
with the doubly degenerate phonon mode corresponding to the E,, symmetry. Single
crystal graphite belongs to the D46h symmetry group and shows vibrational modes of
the types 2 E2g, 2B2g, Elu, and A2u. The peak at 1579 cm™* (G band) with very strong
relative intensity indicates the vibration of E2g mode. The peak at 1323 cm™! (D band)
corresponds to the Alg mode of vibration. The peak at 1079 cm™! corresponds to the
stretching vibration of the C—C bonds [43]. It is well known that a change in polariza-
bility during molecular vibrations results in the generation of Raman spectra. For the
metal Mg, there occurs no change in polarizability which is evidenced by the absence
of any Raman peak in the spectra recorded. The Raman spectra for the CuO grown
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current-voltage (CV) characteristics

over Cu substrate show two peaks one at 297 cm ™! and another at 609 cm ™! which are
the characteristic Raman peak for CuO [44].

Figure 6 shows the results of the test conducted on the fuel cells under short-circuit
conditions, where the current was monitored during the discharge cycle. Figure 6a
represents the results for the Mg-CuO fuel cell and Fig. 6b that of the Mg-carbon fuel
cell. It is evident that the Mg-carbon cell exhibits a relatively quick discharge com-
pared to the Mg-Cu/CuO fuel cell. The Mg-carbon cell exhibited an exponential dis-
charge where the current decreased from 2.55 A to 0.25 A in~200 s after which a
discharge plateau was evident. In the case of the Mg-Cu/CuO fuel cell, the current
decreased from 0.36 A to 0.04 A in~700 s. Thus, the discharge current drain was
11.5 mA/s for the Mg-carbon cell and 0.45 mA/s for the Mg-Cu/CuO fuel cell.

Figure 7a represents the rate of change in open-circuit voltage across the fuel cells
when they are drained by a load of 200 mW. The results show that the rate of decrease
of open-circuit voltage is slower for the Mg-Cu/Cuo fuel cell relative to the Mg-C
fuel cell. Figure 7b represents the current—voltage measurement conducted for the
fuel cells using a source measurement unit in the two-probe mode. A voltage scan
from —2 to+2 V was carried out across the two electrodes of the cells. The meas-
urement shows that the Mg-C cells have higher conductivity relative to the Mg-CuO
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cells. Thus, we could conclude that the larger discharge current drain exhibited by the
Mg-C cells was because of its higher conductivity.

In order to evaluate the performance of the CuO anode under fuel cell operation,
cyclic voltammogram for the anode were obtained by stopping the fuel cell operation
and subjecting the anode to CV measurements. Figure 8a represents the CV measure-
ments for the Cu/CuO electrode carried out at a sweep rate of 100 mV/s by scanning
the potential from —0.5 to 1 V. The shape of the voltammogram indicates that a non-
reversible electron transfer is occurring during the reverse scans from 1 to —0.5 V. The
area of the voltammogram decreased after subsequent cycles without a change in the
shape of the absorption/desorption peaks. The distinct shifts to higher potential in the
voltammogram with each subsequent scan cycle show that the system is kinetically lim-
ited. To verify this, scans were conducted by varying the sweep rates as shown in Fig. 8b.
When the scan rates are increased beyond 250 mV/s, no peak-to-peak separation is
observed representing that the electrolyte ions and the active species in the electrode
fail to interact and no electron transfer takes place. Also, the area under the voltammo-
gram decreases as the scan rates are increased demonstrating that the power per active
surface area of the electrode is decreasing. The presence of the reduction peak in the vol-
tammetry curves indicates the capacitive performance of the electrode under the poten-
tial range. Our results show that the Cu/CuO electrode undergoes reduction between
the 0.6-0.8 V (vs SHE) range. Electrochemical active surface area (ECSA) measurements
were conducted using the area under the voltammetry curve using the relation:

S

ESCA(m?g™!) = 14 7
(m7g) 10 x 0.21(mCcm™2) x M @)

where S,; is the area under the curves (A V), Vis the sweep rate (V s™!), the conversion
value for the desorption of a hydrogen monolayer is used as 0.21 mC cm~2, and M (g) is
the mass of the electrode material [45]. The Mg-Cu/CuO fuel cell was estimated to have
a lower value for ESCA (18 m?g~") relative to the Mg-C fuel cell ESCA (38 m?g™!). To
compare the degradation of ECSA with each operation cycle, the percentage change of
catalysts is normalized with respect to its initial state value of ECSA. Figure 9 shows the
variation of % ESCA with cycling, exhibiting a reducing trend with each cycle.

G (b) j
15 50 / 154 //,
—— 100 mV/s| ,//,’
200 mV/s Yy 4
= ] . g Cyc:es 105 250 mV/s VY
< cycies < 300 mV/s
£ +— 50 cycles E 350 mV/s
€ -
2 o5 2 o5
3 3
0.0 0.0
05 +— T T T T T T T T 0.5 +— T T T T T T T T
06 -04 -02 00 02 04 06 08 10 12 06 04 -02 00 02 04 06 08 10 12
potential vs SHE (V) potential vs SHE (V)

Fig. 8 Cyclic voltammetry curves of Cu/CuQ a between — 0.5 and 1.0V with a scan rate of 100mV's ~'and b
between — 0.5 and 1V with the scan rate varied from 100 mV/s to 350 mV/s
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Based on the ESCA calculation, we conclude that an excess supply of ionomer content
on the catalyst may wrap the catalyst and block the catalyst sites leading to a decrease in
mass transport. This would be manifested in the form of reduced current intensity from
the fuel cell as evidenced in Fig. 6. The overall reaction of the fuel cell during its opera-
tion is

2Mg + 6NaCl + 6H20 — 2MgCI3 + 6NaOH + 3H, ®)

Polarization studies could be used to complement the observed ECSA decrease. Figure 10
shows the polarization curve for the Mg-Cu/CuO and Mg-C fuel cell, where the test elec-
trode potential was increased in the anodic direction, until the applied potential, reached
the preselected maximum magnitude. For the Cu/CuO electrode, the polarization curve
exhibits four distinct regions with the graph showing that the mass transport resistance is
the most limiting process in this fuel cell device architecture. The effect of the activation
over-potential required to drive the electrochemical reaction is evident in the low current
density regions. For the “C” electrode in the Mg-C fuel cell, the polarization curve pre-

dominantly exhibits effects of ohmic resistance and also is showing that the mass transport
resistance is the most limiting process.

Conclusions

We have been able to engineer an air-breathing Mg-Cu/CuO fuel cell consisting of an inte-
grated structure of the catalyst and current collector using Cu/CuO structure for this pur-
pose. The fuel cell has been demonstrated in this report using saline water as the working

electrolyte. Under short-circuit conditions, the Mg-Cu/CuO fuel cell delivers a maximum
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current of 0.35 A, which is lower than that of the 2.55 A achieved by the Mg-C fuel cell
under similar test conditions. The maximum open-circuit voltage of the Mg-Cu/CuO fuel
cell was 0.70 V relative to 1.37 V achieved by the Mg-C fuel cell. A power density of ~8
uWem ™2 was delivered when operated with 1 M NaCl electrolyte which was much lower
than that of the 1.16 Wcm ™2 obtained from the Mg-C fuel cell under the same test condi-
tions. Relative to the Mg-C fuel cell, the Mg-Cu/CuO fuel cell exhibits a lower rate of drain
of discharge current indicating that they are operationally more stable than the former. For
the Mg-C cell, the carbon cathode could not be reused as it disintegrated after 3 h of oper-
ation. For the Mg-Cu/CuO cell, the Cu/CuO electrode could be reused but delivered lower
power density on subsequent trails. Based on ESCA, we conclude that an excess supply of
ionomer content on the catalyst may be wrapping the catalyst and blocking the catalyst
sites which leads to a decrease in the operational efficiency of the Mg-Cu/CuO fuel cell.
Polarization studies identified that mass transport resistance was the most limiting process
for both of the device architectures. Our effort to identify an alternative catalyst in place of
the exquisite Pt and Ag for the air cathode system in the form of an integrated structure of
the catalyst and current collector has yielded promising results. It may be worth applying
more efforts in this direction to develop Cu/CuO system for the Mg-air fuel cell.

Abbreviations

EDAX Energy dispersive X-ray analysis

ORR Oxygen reduction reaction

cv Current voltage

SHE Standard hydrogen electrode

FESEM  Field emission scanning electron microscopy
XRD X-ray diffraction

ESCA Electrochemical active surface area
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