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In this study, promotional effects of NiO on Pd/NiO-CNT catalysts (CNT: carbon nanotubes) for
formic acid oxidation is investigated. Firstly, NiO is loaded on CNT in various amounts by
precipitation-deposition method using urea as precipitating agent, and then palladium is deposited on
the NiO-CNT support material by the borohydride reduction method. The synthesized catalysts are
characterized by XRD, SEM-EDX, TEM, N, adsorption-desorption and XPS for their morphology,
composition and electronic structure. Cyclic voltammetry, chronoamperometry, and carbon monoxide
stripping voltammetry reveal that the addition of NiO enhances the electrocatalytic activity and
stability of Pd/NiO-CNT catalysts remarkably. Highest current density (80.83 mA/cm? ) is achieved
for the catalyst with 15 wt. % NiO content which is three times higher than the current density shown
by Pd/CNT (23.23 mA/cm?). The maximum power density in passive direct formic acid fuel cell is
found to be 13.6 and 6.2 mW/cm? for Pd/15% NiO-CNT and Pd/CNT, respectively, which clearly
demonstrate the beneficial effect of addition of NiO on Pd/NiO-CNT. The improvement in the
electrocatalytic activity and stability is ascribed to the formation of small and highly dispersed Pd
particles and the modification of electronic structure of Pd in presence of NiO.
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1. INTRODUCTION

In recent years direct formic acid fuel cells (DFAFCs), which use formic acid as anode feed,
are gaining major attention. DFAFCs are attractive because formic acid is relatively less toxic, and
have limited fuel cross over though the membrane during the fuel cell operation, which is a serious
concern in other liquid fuel cells like methanol and ethanol fuel cells[1-4]. Low crossover through
membrane allows DFAFCs to be operated at high formic acid concentration to compensate its low
energy density compared to methanol. Therefore, it can provide high power densities at low
temperature [2]. Furthermore, recent studies have shown that formic acid can be produced at large
scale by the electrochemical reduction of carbon dioxide (COy)[5, 6]. With the possibility of using
solar energy for the electrochemical reduction of CO,, DFAFCs can serve dual purpose of storing
intermittent solar energy as well as to utilize greenhouse CO; gas.

Despite its attractive advantages, one serious drawback with DFACSs is the slow kinetics of
formic acid oxidation (FAO) reaction at the anode. Electrocatalysts containing platinum (Pt) and
palladium (Pd) have been found to be effective in accelerating FAO reaction [2, 7, 8]. Generally, Pd
promotes direct oxidation of formic acid to CO,, whereas Pt tends to favor the indirect pathway, which
involves carbon monoxide (CO) as intermediate specie [7-9]. However, both Pd and Pt show low
stability due to the poisoning of the active metals by CO generated during the during the FAO reaction
[4, 7, 10, 11]. Moreover, it is widely accepted that the addition of some metals or organic ligands can
enhance the performance of the electrocatalysts. Remarkable improvement in the electrocatalytic
activity and stability has been reported when Pt-based catalysts are modified with metals and organic
ligands, sometimes exceeding the performance of Pd based electrocatalysts[12-16]. But, relative to Pt,
Pd is cheaper and more abundant, and displays higher inherent catalytic activity towards FAO.
Therefore, Pd-based electrocatalysts are preferred over Pt-based electrocatalysts. It has been reported
that addition of another metal (Ni, Fe, Co, Pb, Ir, Sn, & Au) to Pd further improves the catalytic
activity and stability for FAO[17-23]. Nevertheless, satisfactory level of catalytic activity, long-term
stability and cost reduction necessary for commercialization of the DFAFCs has not been achieved yet.

In addition to the active metals, support materials also have considerable effect on the
performance of the electrocatalysts for fuel cells[24, 25]. Carbon[26-28] , carbon nanotubes
(CNTs)[11, 22, 23, 29-31], mesoporous carbon[32], carbon nanofibers[33, 34], and graphene[4, 35,
36] are common support material for DFAFCs electrocatalysts. Carbon nanotubes have generally
shown better performance compared to conventional carbon support for electrocatalysts for methanol,
ethanol, and formic acid fuel cells.

Addition of metal oxides to the carbonaceous supports has been shown to impart beneficial
effect on their performance as electrocatalyst. Transition metal oxides are particularly attractive
because of their low cost, high stability and high oxygen carrying capacity. Cerium oxide[10], titanium
oxide[37], aluminum oxide[38], manganese oxide[39], molybdenum oxide[40], tungsten oxide[31, 41-
43], and europium oxide[44] have been shown to greatly improve the catalytic activity of the
electrocatalysts for FAO. To the best of knowledge of the authors, application of nickel oxide (NiO)
modified CNTs as support material for electrocatalysts for DFAFCs has not been reported in the
literature.
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The objective of the present research is to study the promotional effects of NiO on the
electrocatalytic activity of Pd-NiO/CNT catalysts for FAO reaction and to optimize the NiO content to
achieve high activity. The amount of NiO was varied from 5- 30 wt. %, while the Pd loading was kept
at 20 wt. % in all the catalysts. The microstructure and composition of the synthesized catalysts were
characterized by scanning electron microscopy (SEM), X-ray diffraction (XRD), energy dispersive X-
ray spectroscopy (EDX), transmission electron microscopy (TEM), X-ray photoelectron spectroscopy
(XPS), and nitrogen adsorption/desorption isotherm. The electrocatalytic activity of the catalysts were
evaluated by cyclic voltammetry (CV), chronoamperometry (CA) and CO stripping voltammetry tests.
Finally, the Pd/15%NiO-CNT and Pd/CNT were compared in an air breathing passive DFAFC using
polarization and power density curves.

2. EXPERIMENTAL

2.1 Chemicals

Multiwall carbon nanotubes (MWCNTS) (with purity greater than 99.9% and BET surface area
of 300 m?/g) were purchased from Cheap Tubes Inc®. Multiwall carbon nanotubes (MWCNTS) will be
referred to as CNT throughout the text for brevity. Nickel nitrate hexahydrate (Ni(NO3),. 6H,0,
99.9%), palladium nitrate dihydrate (Pd(NO3),.2H,0, 40 wt. %Pd), tri-sodium citrate dihydrate
(HOC(COONa)(CH,COONa),.2H,0 and sodium borohydride (NaBH,) were purchased from Merck®.
Sulfuric acid (H2SO4, 97-98 wt.%), formic acid (HCOOH, 95 wt.%), ethanol (C,HsOH, 99.8 wt.%),
hydrochloric acid (HCI, 37 wt.%) and Nafion resin (5 wt.% solution in aliphatic alcohols and water)
were purchased from Sigma Aldrich®. Millipore water was used for the preparation of all aqueous
solutions. All reagents were used as received without further purification.

2.2 Catalyst preparation

2.2.1 Preparation of NiO-CNT composite

The CNTs were acid group functionalized using nitric acid and sulfuric acid by following the
procedure outlined previously[45]. Nickel oxide was deposited on CNTs by homogeneous deposition
precipitation method (HDP) using urea as precipitating agent[46]. In a typical synthesis procedure,
required amount of nickel nitrate was added in a constantly stirred suspension made by adding 0.8 g
functionalized CNTSs in 200 ml deionized water. The suspension was acidified (pH~2 — 3 ) by adding
few drops of nitric acid. The suspension was heated to 90 °C, and subsequently, 30 ml of 0.42 M
aqueous urea solution was added dropwisely. The suspension was maintained at 90 °C for 6 hours with
vigorous stirring for deposition to take place. At the end of 6 hours, the suspension becomes neutral
(pH~7), which indicates that urea was completely hydrolyzed. The slurry was cooled to room
temperature, centrifuged, thoroughly washed with deionized water and dried at 70°C for 8 hours in a

vacuum oven. The powder was calcined in a tubular furnace at 400 °C for 3 hours under high purity



Int. J. Electrochem. Sci., Vol. 11, 2016 2689

argon flow of 100 ml/min. By following the same procedure with different amount of nickel nitrate,
support materials with 5, 10, 15, 20, & 30 wt % NiO were synthesized.

2.2.1 Preparation of Pd/NiO-CNT electrocatalysts

As synthesized NiO-CNT was used as support material for the electrocatalyst and Pd, the active
metal, was deposited on the support by wet impregnation method using sodium borohydride as
reducing agent. The procedure outlined by Zhang et al. [47] was followed with slight modification. In
a typical synthesis procedure, 150 mg of the support material was suspended in 100 ml of 3:1(v/v)
water and ethanol mixture and sonicated for 30 minutes. Separately, appropriate amount of tri-sodium
citrate dihydrate was dissolved in 10 ml water-ethanol solution. The sodium citrate solution was added
to the support suspension and stirred for 1 hour. The required amount of the precursor salt was
dissolved in 50 ml of water-ethanol solution separately. The solution was added dropwisely to the
support suspension under constant stirring. The suspension was sonicated for 1 hour, and further
stirred for another three hours to achieve a homogenous suspension. A few drops of 5 % NaOH was
used to adjust the pH of the mixture to near neutral (pH~7). Freshly prepared solution of sodium
borohydride, prepared by dissolving 120 mg of sodium borohydride in 10 ml water-ethanol mixture,
was added to the support suspension dropwisely under vigorous stirring. The suspension was
vigorously stirred for 10 hours to make sure that all precursor salts were reduced to metal particles.
Finally, the suspension was cooled to room temperature, centrifuged, thoroughly washed with
deionized water and dried at 70 °C for 8 hours under vacuum to get the final catalyst. A total of 20
wt% loading of Pd in all the electrocatalyst was desired.

2.3. Catalyst characterizations

X-ray diffraction patterns of catalyst were collected in order to characterize phase, crystallinity
and size of the catalyst particles. XRD analysis of the prepared catalyst was performed by a Rigaku
diffractometer (D/MAX-1I1A, 3 kW) using CuK,, radiation (40 kV, 30 mA, A = 0.1543 nm) to record
the diffraction patterns between 20° = 28 = 80°,

The Bruauner, Emett, Teller (BET) surface area, pore volume, and average pore radius of the
CNTs and the prepared electrocatalysts were measured by recording the N, adsorption-desorption
isotherm at 77 K using ASAP-2020 system from Micrometrics®. Prior to the analysis, the samples
were degassed at 200 °C for 5 hours under 50 mTorr vacuum.

The morphology of the prepared electrocatalysts was investigated by using a field emission
scanning electron microscope (FESEM) (JEOL JSM-6460LV) operated at 20 KV equipped with
energy dispersive X-ray (EDX). Transmission electron microscopy (TEM) images were obtained with
high resolution field emission transmission electron microscope at 200 kV using JEOL JEM-2100F.
Sample for TEM and SEM was prepared by sonicating one milligram of the catalyst in 10 mL of
ethanol for 30 min and then an aliquot of the suspension was placed on a an aluminum foil which was
mounted on the sample holder by means of a double sided adhesive copper tape.
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X-ray photoelectron spectroscopy (XPS) was carried out using a VG scientific ESCALAB
MKII spectrometer equipped with a dual aluminum-magnesium anode X-ray gun and a 150-mm
concentric hemispherical analyzer using Al-Ka (hv =1486.6 eV) radiation from an anode operated at
130W.

2.4. Electrochemical measurements

Cyclic voltammetry (CV), chronoamperometry (CA) and CO stripping experiments were
carried out to ascertain the overall electrocatalytic activity of the prepared electrocatalysts. All the
above mentioned electrochemical experiments were performed with PGSTAT 302 (Metrohm-Autolab,
Netherlands) at room temperature in a 250 ml standard three-electrode cell. Glassy carbon (3 mm
diameter) electrode coated with a thin layer of electrocatalyst was used as working electrode. A Pt
mesh connected with Pt wire (8 cm length, 1.23 mm dia.) and Ag/AgCl (3.5 M KCI) electrode was
used as the counter and reference electrodes, respectively. Active surface area of the working electrode
and counter electrode were 0.071 cm? and 8.0 cm?, respectively. All the potentials in this study are
reported with respect to Ag/AgCl electrode (3.5 M KCI) unless otherwise mentioned. The GC
electrode was polished to a mirror finish with of 0.3 p and 0.05 p alumina powder and sonicated for 15
min in ethanol first and then in millipore water before every experiment. At first 5 mg of the
electrocatalyst was dispersed in 1 mL of ethanol, and 30 pL 5 wt. % Nafion solution by sonication for
30 min to form catalyst ink. Ten micro liters of the catalyst ink was transferred (by micropipette) to the
polished surface of the GC electrode and dried at 80 °C for 10 min to obtain catalyst later. For all the
experiments, the Pd loading on the working electrode was maintained at 0.127 mg/cm? High purity
nitrogen was purged through the 0.5 M H,SO, solution with and without 0.5 M HCOOH for 15 min to
remove dissolved air. Cyclic voltammetry experiments were performed from -0.2 to 1.2 V (vs.
Ag/AgCl) at a scan rate of 20 mV/s in 0.5 M H,SO, solution with and without 0.5 M HCOOH. The
third cycles were recorded and used for comparison. Chronoamperometry was carried out at +0.3 V for
one hour in a N2-saturated 0.5 M H,SO4 + 0.5 M CHOOH solution.

Electrochemically active surface area (ECAS) and the tolerance towards CO poisoning of the
catalyst samples were assessed by CO stripping voltammetry. In the stripping voltammetry, high purity
N, was purged through the 0.5 M H,SO,4 and 0.5 M HCOOH solution for 15 min to remove dissolved
air. Subsequently, high purity CO (99.99%) was bubbled through the solution for 30 min, while the
working electrode was maintained under constant applied electrode potential of -0.166 V. The solution
was then purged with N, at the same constant potential (-0.166 V) for 30 mins to remove the dissolved
CO from the solution. The CO stripping voltammograms were performed between -0.2 to 1.2 V with
20 mVs™? scan rate to ensure the complete oxidation of CO,¢s. The ECAS of Pd was estimated using
two assumptions: (1) there was a monolayer of linearly adsorbed CO and (2) the Coulombic charge
required for oxidation was 0.42 mC/cm?[43-45].
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2.5. Passive fuel cells

2.5.1. Membrane electrode assembly

A membrane-electrode assembly (MEA) having an active area of 4 cm? was fabricated using
Nafion® 117 membrane. The membrane was pretreated before being used in the MEA. The membrane
was washed with millipore water and boiled in 5 wt.% H,0, for one hour. Then it was flushed with
water several times and again boiled in 0.5 M H,SO4 solution for one hour to exchange Na* with H”.
The membrane was rinsed with water again to complete the pretreatment process. Pd/15 wt% NiO-
CNT and Pd/CNT were used as anode electrocatalysts, and 60 wt.% Pt-Ru/C was used as cathode
electrocatalyst. Catalyst loadings on the cathode and anode side were kept 2 mg/cm?® Appropriate
amount of the catalyst and Nafion® solution were mixed and sonicated for one hour. The prepared
catalyst slurries were then coated on both the sides of the membrane. Carbon cloth (ETEK Inc.) was
used as gas diffusion layer (GDL) for both anode and cathode sides. After drying, the MEASs were hot
pressed in carver press at 130 °C and 2000 psi for 5 min.

2.5.2. Single cell and test conditions

Detail of the passive fuel cell used in this study can be found elsewhere [48]. In short, the MEA
was sandwiched between two 1 mm thick SS 316 plates, which function as the electrical current
collector. The surface of the current collector plates were coated with platinum to reduce the contact
resistance with the electrodes. Several circular holes of 3 mm diameter were drilled in both current
collectors to serve as the passage of formic acid and air. Two, 1 cm thick, transparent of transparent
acrylic plates were used to hold the cell. The cathode side plate was open, whereas the anode side
fixture housed a 3.0 ml formic acid solution reservoir. Formic acid solution diffused into the anode side
of the catalyst layer of the MEA from the formic acid solution reservoir, while oxygen, from the
ambient air, was diffused into the cathode catalyst layer through the holes on the current collector
plates. Passive fuel cell testing was performed using An Arbin BT 2000 testing system. The
polarization curves (I-V) were obtained by constant current charge/discharge measurements. A wait
time of 40 s was allowed to obtain the stable voltage for each discharging current. All the experiments
of the passive DFAFCs were performed at the room temperature 21-23 °C and the relative humidity of
65-71%.

3. RESULTS AND DISCUSSION
3.1. Catalyst characterizations

3.1.1. N, adsorption isotherms

The surface area of the electrocatalysts plays a pivotal role in their performance. Generally,
support with high surface area favors the formation of well dispersed Pd nanoparticles which is
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preferable for higher formic acid oxidation performance. Nitrogen adsorption-desorption isotherms
were determined to investigate the textural properties of the support and the prepared electrocatalysts.
Figure 1 shows the N, adsorption-desorption isotherms for pure CNTs and prepared electrocatalysts.
All the isotherms show a typical type 1V adsorption model according to the IUPAC classifications.
Table 1 summarizes the physicochemical properties, BET surface area, and pore volume for the pure
CNTs and electrocatalysts.
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Figure 1. Nitrogen adsorption-desorption isotherm of the catalysts at 77K

With increase in the NiO content from 0% to 30% in the Pd/x NiO-CNTs electrocatalysts, BET
surface area and the pore volume decreased from 300.25 to 92.55 m%g (Table 1). The decrease in the
surface area and pore volume could be attributed to increased agglomeration and pore blocking as a
result of the addition of Pd and NiO into CNTs. Although, the surface area decreased markedly upon
addition of Pd and NiO, this area is still high enough to facilitate formic acid oxidation.

Table 1. Physicochemical properties of the tested catalysts

Catalysts BET Pore Mean Pd particle Pd
Surface Volume Pore Size  size (nm)® Crystallite
Area (cclg) (nm) size (nm)°
(m’/g)
Pristine CNT 300.25 0.56 22.9 -
10%NiO/CNT 257.25 0.344 51 -

Pd/CNT 180 0.4 9.4 6.72 6.5
Pd/5% NiO-CNT 140.62 0.46 9.9 5.80 5.6
Pd/15% NiO-CNT 111.50 0.348 9.6 3.70 35
Pd/30% NiO-CNT 92.55 0.22 8.2 3.8 3.5

a =calculated from TEM, b= calculated from XRD data
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3.1.2. X-ray diffraction pattern

X-ray diffraction patterns of the catalysts were collected to characterize different phases,
crystallinity and crystallite size of the metal particles. Figure 2 shows the XRD patterns of 20 wt. %
NiO-CNT, Pd/CNT and Pd/x NiO-CNT, catalysts prepared with different amount of NiO. The
diffraction peak at 25° is found in all the samples.

Intensity / au —— =

T T T T T T
10 20 30 40 50 60 70 80

2 theta / degrees — =

Figure 2. X-ray diffraction analysis of Pd based catalysts and support. (A) 20% NiO-CNT (B) Pd-
CNT (C)Pd/5 %NiO-CNT (D)Pd-15%NiO-CNT (E) Pd/20%NiO-CNT (F) Pd/30% NiO-CNT

This peak is attributed to the hexagonal graphitic (002) plane of the graphitic carbon [43, 44].
The peak size was found of decrease with the increase of NiO loading. The surface coverage of CNT
by the additional NiO and Pd is believed to be responsible for the reduction of the (022) graphitic
carbon peak size. The prominent diffraction peaks at 37°, 43° and 63° (Figure. 2A) are assigned to the
NiO (111),(200), and (220) planes, respectively [49, 50]. For all the catalysts, as seen in Figure.2B
through Figure. 2E, the peaks at 39.8°, 47.7°and 68° correspond to the (111), (200) and (220) planes of
Pd, respectively, indicating the characteristics of face-centered cubic (fcc) crystalline structure of
palladium nanoparticles (JCPDS, Card No. 65-6174)[31, 50]. The presence of strong peaks of Pd
(111), (200), and (220) facets in all the catalysts except, 20% NiO-CNT confirms the existence of Pd
in all the samples. No detectable peak of NiO is observed in case of Pd/5% NiO-CNT (Figure. 2-C).
However, the peaks become visible at higher NiO loadings (Figure 2 D-E). Absence of clear NiO peak
at lower loadings might be due to the weakening of NiO peak due to the strong diffraction of Pd
compared with that on the corresponding NiO-CNTSs supports. Moreover, first NiO was deposited on
CNTs and then Pd was loaded on the composite. Therefore, at low NiO loading (5%), Pd could cover
the entire NiO which reduces the chance of NiO being detected by XRD. Similar observations also
reported by Feng et al[44]. Furthermore, the Bragg’s angle of Pd diffraction in Pd/NiO-CNTs was
smaller than Pd/CNTSs, which indicates that crystal lattice of Pd/NiO-CNTs was slightly expansive.
This could be due to the strong interaction between NiO and Pd, and partial entering of NiO in Pd
lattice. Similar phenomena was observed by Wang et al. [50].
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The most prominent peak of Pd (111) was used to calculate the crystallite size of Pd according
to the Scherrer’s equation,
~ 0.9\
" BcosO

where, A is the X-ray wavelength (1.54056 °A), 0 is the Bragg angle of the peak of interest and
B is the line broadening measured from the increased peak width at half height (FWHM)[50]. The
results are presented in Table 1 along with the mean particle size calculated from TEM. It is also
observed that Pd(111) becomes broader as the NiO content is increased (Figure 2C-E). Peak
broadening of Pd (111) in Fig 2 C-E compared to Pd/CNT (Figure 2 —B), shows that NiO helps in the
better dispersion of the Pd and to form smaller particle size [31]. These results are similar to the
findings by Wang et al.[50] on a Pd-NiO/C catalyst. Wang et al observed that the addition of NiO to
Pd/C catalysts greatly decreases the Pd particle sizes from 59.6 to 7.0 nm. Similar observations were
made by Kim et al.[51], and Amin et al. [49].

3.1.3. TEM analysis
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Figure 3. TEM image of Pd/CNT (A) and the histogram for particle size distribution (B); TEM image
of Pd-15% NiO /CNT (C) and the histogram for particle size distribution (D)
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Figure 3 displays the TEM micrographs of the Pd/CNT and Pd/15% NiO-CNT catalysts.

Figure 3A-B show the TEM image and corresponding histograms of Pd/CNT catalysts,
respectively. The Pd particle sizes obtained from the TEM images are in good agreement with the Pd
crystallite sizes calculated from Scherrer equation using XRD data, as summarized in Table 1. The Pd
nanoparticles are found to be randomly dispersed on the wall of the characteristic tube like structure of
CNTs and some of the particles agglomerated to form large particles.

Particle size ranged from 3-11 nm, with the average being 6.72 nm for Pd/CNT. In case of
Pd/15% NiO-CNT, the particle size were more narrowly distributed (ranged from 2-6 nm) and the
average particle size was 3.7 nm. This shows that Pd on CNTs crystals size is larger than the Pd
crystals on NiO modified CNTs. Therefore, the presence of NiO minimizes the agglomeration of Pd
particles on the surface of CNT support resulting in more uniformly dispersed and smaller Pd particles.

3.1.4. SEM-EDX analysis

Figure 4. High magnification SEM-EDX for (A-B) Pd/5% NiO-CNT (C-E) Pd/15%NiO-CNT
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The morphology and elemental analysis of the catalysts were investigated using SEM-EDX
analysis. The corresponding results are shown in Figure 4.

Tube like structure of CNTs is clearly visible in all the catalysts. Nanosized metal particles can
be seen to be deposited on the surface of the CNTs. The three-dimensional structure of the CNTSs,
small particles size and high dispersion of catalyst (Pd) nanoparticles could result in large catalyst
surface area and good electrocatalytic properties for FAO. Moreover, for the catalyst samples with
high NiO (>20%) contents, large agglomerations of metal oxide and metal particles are visible. On the
other hand, from the EDX results shown in Figure 4b, Pd, is confirmed that Ni, C and O, are the
present in Pd/NiO-CNT electrocatalyst. Oxygen (O,) may come from the nickel oxide and
functionalized CNT. A large peak of Al in the spectra is because of the use of aluminum as sample
holder. Therefore, the SEM-EDX result confirms that Pd and NiO were successfully deposited on the
surface of CNTs and the tube like structure of the CNTSs are retained. These results are consistent with
the findings of the XRD results.

3.1.5. XPS characterization

X-ray photoelectron spectroscopy (XPS) was employed to determine the electronic property
and composition of the catalyst surface. The full-scale XPS spectra for NiO-CNT, Pd/CNT and
Pd/15% NiO-CNT are shown in Figure 5-A. The figure reveals the presence of carbon, nickel and
oxygen in NiO-CNT, and palladium, carbon, and oxygen in Pd/CNT. Oxygen in Pd/CNTs could be
from the acid functional group (-COOH) groups present on the surface of CNTs. Nickel, oxygen,
palladium and carbon were found in Pd/15% NiO-CNT.

— 15% NiO-CNT
— Pd/CNT
— Pd/15%NIO-CNT

Intensity / a.u —

0 200 400 600 800 1000 1200 1400

Binding Energy / eV A
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Figure 5. (A) Full range spectra of PA/CNT and Pd/15% NiO-CNT, (B) comparision of Pd 3d peaks of
Pd/CNT and Pd/15% NiO-CNT

The content of each element is 14.5% Pd, 72.3% C and 8% Ni, and 7.5 % oxygen, by weight
%, respectively. In the case of Pd/CNT, 17.5% Pd, 80% C and rest oxygen. Therefore, this result
further corroborates the results obtained in XRD.

Figure 5-B shows Pd(3d) regions of the XPS spectra for Pd/NiO-CNTs and Pd/CNTs. Both the
spectra include a doublet that consists of a high energy peak (Pd 3ds;;) and a low energy peak (Pd
3dsp). To analyze the peaks more accurately, the positions of Pd(3d) peaks were referred to the main
peak of C(1S) (284.4 eV). The peak position for Pd 3ds, is found to be 335.4 and 335.9 eV for Pd/15%
NiO-CNTs and Pd/CNT, respectively whereas the peak position for Pd 3ds/, are 341.1 and 341.5 eV,
respectively. It is evident that both Pd 3ds,, and Pd 3ds/, shifted negatively by 0.5 eV for Pd/15% NiO-
CNTs compared to Pd/CNTs. The negative shift of Pd(3d) peaks is indicative of the lowering of Pd
binding energy due to the addition of NiO. This behavior is typical of these types of nanoparticles and
have been reported previously[21, 52, 53]. Therefore, the addition of NiO modifies the electronic
structure of Pd and produces an electronic effect. The electronic effect is expected to impart beneficial
effect to the electrocatalytic activity of the catalysts containing NiO and Pd. Furthermore, Zhang et
al.[21] reported the lowering of Pd(3d) binding energy altered the adsorption characteristics and
increased the catalytic activity of Pd/C due to the addition of tin. Similar observations were made by Li
et al with the addition of Ni in the Pd supported on CNTs[22]. Therefore, it can be anticipated that in
our case also the electrocatalytic activity of PA/CNTs will be improved on addition of NiO. Moreover,
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it was demonstrated by Kibler et al. that a suitable downshift of the d-band center of Pd-increased the
electrocatalytic activity of the Pd for formic acid oxidation [52].

3.2. Electrochemical evaluation

3.2.1. Hydrogen adsorption-desorption

Cyclic voltammetry experiments were conducted in 0.5 M H,SO,4 in order to evaluate the
electronic and geometric structure of Pd surfaces. Cyclic voltammograms for catalysts with different
NiO wt. % loadings are shown in Figure. 6. The shape of the profile is similar to the literature[7, 50,
51]. The multiple peaks between -0.2 VV and +0.1V are attributed to the so called hydrogen /desorption
(Hab) and hydrogen adsorption-desorption peak.
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Figure 6. Cyclic voltammograms for the catalysts in 0.5 M H,SO,4 with 20 mV/s scan rate.

The hydrogen adsorption-desorption peak in the interval of -0.2 - 0 VV on Pd/NiO-CNT is larger
than those on Pd/CNT. This indicates that Pd/NiO-CNT catalysts have larger ECSA, which could be
due to the reduced particle size and better dispersion of the Pd nano particles. There is a prominent
peak in negative scan of the CV. This peak could be attributed to the reduction of Pd oxide formed in
the forward scan of the CV. In addition, the Pd surface oxide reduction peak of Pd/NiO-CNT shifts
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negatively to +0.44 V from +0.5 V in Pd/CNT. This is because NiO can weaken the adsorption
strength of hydrogen on the Pd surface and increases the OH adsorption strength.

3.2.2. CO stripping analysis

CO stripping cyclic voltammetry was carried out in 0.5 H,SO, to evaluate CO tolerance and
ECSAs of the catalysts.
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Figure 7. Cyclic voltammograms of (A) preadsorbed CO and immediate next cycle for Pd/10% NiO-
CNT and (B) preadsorbed CO of Pd/CNT and all the Pd/NiO-CNT catalysts.
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Figure 7 A shows the voltammograms in presence of pre adsorbed CO and the immediate next
cycle for Pd/NiO-CNT. A strong and distinct oxidation peak at potential near about +0.8 V confirms
the presence of adsorbed CO on the Pd surface. Moreover, no such peak was observed in the
immediate next cycle, which confirms the complete removal of CO from the Pd surface during the first
scan. Figure 7-B shows the CO stripping voltammograms for catalysts with different NiO loadings. A
well-defined stripping peak of the adsorbed CO (CO,q) is formed at the potential of approximately 0.77
V on Pd/CNTSs, which illustrates that CO is strongly adsorbed on the Pd surface. In contrast, the anodic
oxidation peak of CO stripping for Pd-15% NiO-CNTs is located at about 0.710 V . The peak position
of CO stripping has shifted negatively by 67mV for Pd/15% NiO-CNT compared to Pd/CNT. This
suggests that the addition of NiO weakens the CO adsorptive bond on the Pd active sites. The
weakened strength of the CO adsorption on the Pd prevents the accumulation of the poisoning
intermediates (CO) and improves the activity and stability of the catalysts[11]. Moreover, Figure 7-B
shows that the area of the CO stripping peak increased steadily with the increase in the NiO content in
the 20% Pd/NiO-CNT catalysts. The area of CO stripping peak was used to calculate the ECSA of the
Pd nanoparticles. Table 2 summarizes the important characteristics of the CO stripping
voltammograms and the ECAS of the catalysts calculated from the CO stripping measurements for all
the catalysts investigated in this research. It is evident from the table that amount of NiO present in the
catalysts has profound effect on the intensity of CO oxidation peaks and onset potential. Obviously, the
increased ECSA at moderate NiO content is due to the smaller and well dispersed Pd nano particles in
catalysts containing NiO. Thus, higher concentration of the Pd active sites are available for the
electrooxidation of formic acid via direct oxidation pathway, which results in an exceptional
enhancement of the electrocatalytic activity and stability.

Table 2. Electrochemical characteristics of the electrocatalysts obtained from CO stripping
voltammetry.

Area of CO Stripping ECASco ?

Catalyst desorbed CO Eonset (MV)  Epeak (m*lg
peak (mC/cm?) (mV) metal)

Pd/CNT 27.94 580 747 52.38
Pd-5% NiO-CNT 37.11 432 712 69.57
Pd-10% NiO-CNT 34.77 480 747 65.18
Pd-15%NiO-CNT 26.44 650 710 49.56
Pd-20%NiO-CNT 30.55 454 710 57.27
Pd-30% NiO-CNT 9.88 420 700 18.52

" ECASco = ——— , 6c=mClem’ , w = 0.127 mg/cm’

w42 °

3.2.3. Cyclic voltammetry analysis

Electrochemical oxidation of formic acid on Pd/x%NiO-CNT was evaluated by the cyclic
voltammetry.
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Figure 8. Cyclic voltammograms in 0.5 M H,SO, + 0.5 M HCOOH at 20 mV/s scan rate for (A)
Pd/CNT and Pd/NiO-CNT catalysts (B) Peak current density for the catalysts tested.

Figure 8 (A) shows the cyclic voltammograms (CVs) of FAO in a 0.5 M H,SO4+ 0.5 M
HCOOH electrolyte solution on the Pd supported on NiO/CNT with different content of NiO and
Pd/CNT electrodes at a scan rate of 20 mVs ' in the potential range -0.2-1.2 V. Current density in
Figure 8 A-B is expressed as current per unit geometric area of the GC electrode (0.071cm?). To
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further, compare the activities of catalysts, the current is normalized to the real mass of Pd metal to get
the mass activity of the catalysts. It can be observed in Figure 8-A that the basic shape of
voltammogram for FAO on Pd-NiO/CNT catalyst is similar to that on the Pd/CNT. In addition, in the
potential range, one broad oxidation peak in the forward scan and one similar oxidation peak in the
reverse scan were obtained for all the catalysts containing Pd at~ 0.3 V, which is in agreement with
previous literature[10, 21, 40, 53]. The oxidation peak observed in the forward scan during the FAO
reaction on Pd surface is almost exclusively by the non poison —forming direct dehydrogenation
pathway, HCOOH — intermediate — C0O, + 2e~ +2H*, [7, 28, 54]. The oxidation peak in the
reverse scan could be attributed to the oxidation of formic acid on the regenerated Pd surface from the
reduction of oxidized species of Pd, PdAOH (Pd,0) and PdO, formed in the forward scan at potentials
higher than 0.7 V [19, 54]. The anodic peak current density (forward scan) reflects the amount of
formic acid oxidized at the Pd electrocatalysts, and the anodic peak potential represents the ability of
electrocatalysts to catalyze FAO reaction. Therefore, the anodic peak current density (or mass activity)
and the peak potential are two important parameters to evaluate the electrocatalytic activity of
catalysts. High value of peak current density (or mass activity) and low peak potential indicate good
catalysts. It is evident from Figure 8-A that the addition of NiO in Pd/CNT catalysts increased the
current density for FAO. The current densities of the main anodic peak of FAO increases sharply at
Pd/10%NiO-CNT and Pd/15% NiO-CNT (47.83 and 80.83 mA/cm?, respectively), which are 2 and
3.37 times as large as that of Pd/CNT (23.93 mA/cm?). Similarly, peak mass activities of Pd/ 10%
NiO-CNT and Pd/ 15%NiO-CNT are 0.38 and 0.64 Amg™, respectively, whereas the mass activity of
Pd/CNT is 0.19 Amg™. Therefore, the activity for FAO is significantly increased by the addition of
NiO in Pd/NiO-CNT compared to Pd/CNT. Many previous researches have also concluded that
addition of metal oxides enhanced the electrocatalytic activity of the electrocatalyst [10, 31, 40, 41].
However, there was small positive shift of the peak position of PA/CNT upon addition of NiO in
Pd/NiO-CNT. Similar observation was made by others [34, 44, 54, 55]. Qin Li et al. attributed the
positive shift in the peak potential in Pd supported on SnO,-TiO, modified MWCNT to the synergic
effect among the components in catalyst[34]. Zhou & Lee [55], and Feng et. al.[44] observed similar
behavior and attributed the positive shift to the particle size effect. However, the positive shift in the
peak potential was small and did not affect the catalytic activity much.

The optimization of the content of nickel oxide in these electrocatalysts was conducted by
varying the oxide content at a fixed Pd metal loading 20% by wt. and recording the peak mass
activities for FAO. The results are plotted in Figure 8B. It is clear that the content of NiO affects the
peak current density for FAO with the maximum value at 15 wt. % of NiO, which is 3.37 times of
Pd/CNT. Therefore, it can be concluded that moderate amount of NiO is best in enhancing the activity
of the Pd/CNT catalysts.

The increased electrocatalytic activity of the Pd/NiO-CNT can be attributed to (A) increased
ECSA due to the smaller particle size of the Pd crystallites (B) modification of Pd energy level due to
electronic effect as revealed by the XPS analysis of the catalysts (C) presence of more oxygen —
containing species provided by the NiO.

It is well known that uniformly dispersed and smaller particle size of Pd improves the catalytic
activity [9, 31, 53, 55, 56]. TEM results (Table 1) show that the addition of 15 wt. % NiO to Pd/CNT



Int. J. Electrochem. Sci., Vol. 11, 2016 2703

decreased the mean particle size of Pd from 6.72 to 3.7 nm, which is manifested in terms of increased
ECSA. Therefore, the narrow range of particles and smaller particle size could be partially responsible
for enhanced activity for FOA. However, the improved activity can not be entirely attributed to this
decrease in particle size of Pd nano particles in the Pd/ NiO-CNT catalysts[10]. XPS results show that
the presence of NiO modifies the electronic properties of Pd particles in Pd/NiO-CNT. This
modification of the electronic structure could affect the bond energy and the interaction between
HCOOH and Pd surface, which will increase the rate of FAO reaction [22, 53].

As mentioned previously that it has been accepted that electrooxidation of formic acid on the
Pd supported catalysts is primarily through the direct oxidation pathway [7, 57]. Therefore, a large
amount of hydrogen could occupy the Pd active sites which hinder the further adsorption of formic
acid molecules. It is speculated that NiO improves the catalytic activity and CO tolerance by the same
mechanism as Ru does in Pt-Ru/C during methanol oxidation. NiO, like Ru in Pt-Ru/C, generates
active oxygen containing species OH,q at lower potential (0.2 V). The OH,q species can oxidize CO-
like or other carbonaceous poisons species on the surface of Pd to CO,, releasing the active sites Pd
for further electrochemical reaction. At low oxide content, there are not enough NiO sites to effectively
assist the releasing of OH,q4 species and the oxidation current remains almost at the level obtained from
pure noble metal.

The NiO content of 15% seems to present a site distribution close to the optimum for FAO. The
decrease in the peak current with the further increase in the NiO content can be rationalized in terms of
an inhibition of formic acid adsorption, which is probably due to the diminution of Pd active sites. In
addition to this, the decline in performance with the further increase in the amount of oxide may also
be due to the decrease in the electrocatalysts conductivity since NiO is a semiconductor[10, 31, 41, 44,
50, 58]. Therefore, it can be concluded that the increased activity of Pd/NiO-CNT for FAO is due to
increased ECSA, electronic modification and the presence of oxygen carrying components.

3.2.4. Chronoamperometry analysis

The long-term stability (or durability) of the electrocatalytic materials is a major obstacle in the
commercialization of DFAFCs. In order to evaluate the electrochemical stability of the Pd/NiO-CNT
and Pd/CNT catalysts, chronoamperometry tests were conducted in 0.5 M H,SO,4 and 0.5 M HCOOH
at 0.3 V for 3600 s. This potential corresponds to the near peak current activity observed in cyclic
voltammograms for most of the catalysts tested in this research. As seen from Figure 9, in both the
catalysts, an initial rapid decrease in the current density was observed, followed by a slower decline in
the current density.

The initial rapid decrease in current density may be due the diffusion of formic acid and the
formation of poisonous intermediate species during formic acid oxidation such as CO,s and
CHOyg.[11, 25, 59]. [59]. After several minutes, the current subsequently decreased slowly and a
pseudo-steady state is achieved for the catalysts. The current density for Pd/ 15% NiO-CNT is 0.077
Amg™, which is seven times larger than the mass activity for Pd/CNT (0.011 Amg™). Therefore, it can
be concluded that Pd/NiO-CNT is able to maintain current density higher than Pd/CNT. Therefore, it
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can be concluded from the results of cyclic voltammetry and chronoamperometry that the addition of
NiO, improves the activity as well as long- term stability of Pd/CNT.
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Figure 9. Chronoamperometry of 20%Pd/CNT and Pd/’15%NiO-CNT in 0.5 M H,SO, and 0.5
HCOOH solution at 0.3 V

3.2.5 Passive fuel cell results

Air breathing fuel cells are suitable for portable devices as they do not require any external
pumps or other auxiliary devices. Pd/CNT and Pd/15%NiO-CNT catalysts were tested in a homemade
passive fuel cell system with 3 M HCOOH in the anode side and air from atmosphere in the cathode
side. The polarization and power density curves of a single passive DFAFC with the two catalysts as
anode are shown in Figure 10.

It was evident that the Pd/NiO-CNT catalyst showed improved performance in comparison
with the Pd/CNT. The maximum power density was approximately 13.6 and 7.0 mW cm 2 for Pd/NiO-
CNT and Pd/C catalyst, respectively. Therefore, power density increased by 1.8 factor in Pd/NiO-CNT
compared to Pd/CNT. This can be attributed to the addition to NiO to Pd/CNT. Ha et al.[60] had first
reported studies on the air breathing DFAFCs.
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Figure 10. Polarization curves in a passive fuel cell with breathing air on the cathode side and 3 M
HCOOH on the anode side.

They reported very high performance of the DFAFCs with maximum power density of
33mW/cm? .They used Pt black and Pt black or PtRu black (unsupported) catalysts for anode and
cathode, respectively in their study. Their catalyst loading was 12 mg/cm?. Recently, Feng et al.[41]
reported the maximum power density of 7.6 mW cm 2 for Pd-WO3/C under similar test condition with
4 mg/lcm?® metal loading. In our case, both the anode and cathode catalyst loading was 2 mg/cm?.
Therefore, high power density was used achieved with relatively low Pd metal loading. But, still this
was a preliminary result and yet the performance was not very high for DFAFC which may be due to
the low catalyst loading and not optimized MEA preparation method. However, it proves the beneficial
effect of addition of NiO to Pd/CNT electrocatalysts for FAO. These results confirm the results
obtained in cyclic voltammetry and chronoamperometry.

4. CONCLUSIONS

In this investigation Pd/NiO-CNT electrocatalysts with various NiO content were synthesized,
characterized, and assessed using different electrochemical evaluation techniques. Following are the
conclusions of this study:

1. Addition of NiO caused slight reduction in the specific surface area and pore volume of the
CNTs support due to the pore blockage.
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2. XRD, SEM, and TEM techniques revealed that the incorporation of NiO to the support
improved the active metal, Pd, dispersion on the support surface. The nominal particle size of the
active metal decreased with the increase in the NiO content in Pd/NiO-CNT catalyst sample.

3. The electrochemical tests (CV and CA) showed that Pd/NiO-CNT electrocatalysts exhibit
higher electrocatalytic activity and long term stability for the electrooxidation of formic acid as
compared to Pd/CNTSs catalyst.

4. CO stripping results indicated that the addition of NiO in Pd/NiO-CNT increased the tolerance
of the electrocatalysts towards the CO poisoning as compared to the Pd/CNT catalyst.

5. 15wt.% NiO in Pd/NiO-CNT is the optimum content of NiO for formic acid oxidation.

6. Passive fuel cell results showed power density of 13.6 mW/cm? for Pd/15% NiO-CNT which is
two times higher than Pd/CNT.
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