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(5) To investigate the formic acid tolerance, electrochemical active surface area,

and factors that could affect the efficiency and stability.

Scheme 1.2 Methodology of the projects.

Note: GNP: graphite nanoparticles, NP: nanoparticle, NR: nanorod, FA: formic acid, ECSA: electrochemical active surface area, CV:
cyclic voltammetry, LSV: linear sweep voltammetry, CA: chronoamperometry, CO: carbon monoxide, SEM: scanning electron

microscopy, EDX: energy-dispersive X-ray spectroscopy, TEM: transmission electron microscopy.

Methodology followed in the projects is summarized in Scheme 1.2, where three
broad classes of electrocatalysts including commercially available activated carbon
supported 20 wt% Pd catalyst and seven metal-acetylacetonate (M-acac) complexes will

be investigated. The Pd-based mono and ternary composites are synthesized on three
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different carbon supports and compared with the commercial Pd/C. Whereas, POSS
based particles are prepared separately. Specifically, Bi nanorods are mixed with the
commercial Pd/C to examine a different aspect of FAO mechanism. All the synthesized
catalysts are analyzed utilizing microscopic techniques such as scanning electron
microscope (SEM) and transmission electron microscope (TEM) for structural
characterizations. For chemical composition and elemental mapping energy-dispersive X-
ray spectroscopy (EDX) is used. The electrochemical analyses are carried out using drop
casting methods with constant catalytic loads on the working electrode. Catalytic
activities towards FAO are determined by cyclic voltammetry (CV) and linear sweep
voltammetry (LSV). The durability and performance over time are measured with
chronoamperometry (CA) and multi-potential CA techniques. Additionally, formic acid
(FA) tolerance and electrochemical active surface area (ECSA) of the synthesized Pd-
based catalysts are evaluated against the commercial Pd/C by CO-stripping voltammetry.
Finally, purchased and synthesized metal complexes will be dispersed with the
commercial Pd/C to explore the synergistic effects which could be further investigated.
1.7 Electrochemical Analyses
1.7.1 Cyclic Voltammetry (CV)
1.7.1.1 Fundamentals of CV

Cyclic voltammetry (CV) is a simple, flexible but sophisticated potential sweep
method to obtain chemical, mechanistic, and kinetic information of the electroactive
species. For a Nerstian reversible system, this technique was advanced by Randles and
Sev¢ik!? where peak current, ip, is measured for applied potential without agitating the
electrolyte. Thus, for diffusion controlled redox reaction, the peak current is given by:
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Table 5.2

Summary of FAO activities of the M-acac and Pd/C blends vs. Pd/C.

Catalysts

20% Pd/C
20% Pd/C + Co(acac):
20% Pd/C + Cu(acac):
20% Pd/C + Ir(acac)s
20% Pd/C + Mn(acac)2
20% Pd/C + Ni(acac):
20% Pd/C + Rh(acac)s
20% Pd/C + V(acac)s

Table 5.3

scan)

-0.944
-0.438
-1.050
-0.644
-0.553
-0.122
-0.281
-0.827

Peak current,
mA (Forward

Peak potential,

V vs.

(Hg/Hg2S0.)

-0.0927
-0.1383
-0.0520
-0.2107
-0.2457
-0.2569
-0.2273
-0.2287

Durability of M-acac complex blends towards FAO vs. Pd/C.

Catalysts

20% Pd/C
20% Pd/C + Co(acac):
20% Pd/C + Cu(acac):
20% Pd/C + Ir(acac)s
20% Pd/C + Mn(acac):
20% Pd/C + Ni(acac):
20% Pd/C + Rh(acac)s
20% Pd/C + V(acac)s

% Current change
(after 4.27 h)

-91.9
-89.9
-86.8
-84.6
-84.1
-75.8
-88.7
-90.9

117

Potential shift
vs. Pd/C, mV

-45.6
+40.7
-118.0
-153.0
-164.2
-134.6
-136.0

Residual current,

mA

(after 1 h)

0.084
0.141
0.494
0.256
0.308
0.192
0.134
0.207
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Figure 5.12 Multi-pulse chronoamperometry curves of 20% Pd/C and M-acac blends.

Note: Pulse CA signals of (A) fixed loads/cm? GCE of 20 wt% Pd/C (0.025 mg Pd) and M-acac complexes (0.100 mg) for ~4000 step

cycles (4.27 h) between -0.10 and -0.60 V vs. MSE, (B) Close-up around 3600 sec.
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5.3.3 Future Directions
5.3.3.1 Metal-complex Blends with Bi NRs

A few other blends and composite catalysts were tested towards FAO. As shown
in Figures 5.13 and 5.14, when Bi NRs are added to the V/(Il1)-acac and Pd/C blend, the
FAO current is decreased with a peak shift of -70.3 mV relative to that of Pd/C is
observed. Moreover, this ternary system is more stable with a 72.9% current decay after
4.27 h than both Pd/C (91.9%) and V(Il1)-acac with Pd/C (90.9%). The third-body effect
of Bi NRs and the ensemble effect of V/(111) could have played a role for the higher
stability. However, the addition of two components to Pd/C lowers the effective Pd sites,
hence lowers the FAO current. Different loadings of Bi NRs with the blends to prepare

new composites could be beneficial to screen more effective FAO catalysts.
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Figure 5.13 Effect of added Bi NRs to the V(acac)s-Pd/C blend on FAO at GCE.
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Note: CV signals of 0.50 M HCOOH with 0.10 M H,SO, using GCE coated with (a) Pd/C (0.025 mg Pd load) mixed with \V/(Ill)-acac

(0.100 mg), and (b) Pd/C (0.025 mg Pd load) and V(Ill)-acac (0.100 mg) mixed with 0.025 mg of Bi NRs at a scan rate of 20.0 mV/s.
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Figure 5.14 Multi-pulse CA response from the Bi NRs added blend.

Note: Pulse CA of Pd/C (0.025 mg Pd load) and V/(lI1)-acac (0.100 mg) mixed with 0.025 mg of Bi NRs for ~4000 step cycles (4.27

h) between -0.10 and -0.60 V vs. Hg/Hg,SOs.

5.3.3.2 New Composites for FAO

Among few other ternary and binary composites, 10% PdSn/Vulcan XC-72 was
characterized as displayed in Figures 5.15 — 5.17 and Table 5.4. The porous morphology,
homogeneity, and small particle size (~10 nm) could be advantageous towards FAO.
However, the material was not stable under the acidic condition, which could be due to
the dissolution of the Sn particles. Mixing or adding other stable components could be
approached to make this binary catalyst stable. Additionally, the CO tolerance of new

blends could be studied.
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Figure 5.16 EDX mapping of 10% PdSn/Vulcan XC-72.
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Figure 5.17 EDX spectra of 10% PdSn/Vulcan XC-72.

Table 5.4

Elemental composition of 10% PdSn/Vulcan XC-72.

Elements Pd Sn C Si Ag @)

Weight% | 0.29+0.03 | 7.09+0.05 | 17.07+0.13 | 73.03+0.23 | 1.42+0.02 | 1.10+0.03

5.4 Conclusion
In this chapter, several transition metal complexes were incorporated with the

commercial 20% Pd/C catalyst and their activity and long-term durability towards FAO
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were investigated. The synthesized Fe(l11)-POSS alone had a very low catalytic activity
when Pt electrode was used. Whereas, V(111)-POSS was a good candidate when mixed
with Pd/C. Furthermore, the metal-acac complexes could be potential component to form
hybrid catalysts. In terms of FAO current produced (from large to small), the blends can
be ranked as: Cu(ll) > Pd/C > V(I1I) > Ir(111) > Mn(11) > Co(ll) > Rh(I11) > Ni(ll).
Additionally, their FAO efficiencies in terms of the peak potential shift to the negative
direction with respect to Pd/C are in the order of: Ni(ll) > Mn(l1) > V(I11) > Rh(Ill) >
Ir(111) > Co(ll) > Cu(Il). The catalytic stability of the hybrids after 4.27 h multi-pulse
cycling can be ranked as: Ni(Il) > Mn(l1) ~ Ir(111) > Cu(I1l) > Rh(I11) > Co(ll) > V(1) >
Pd/C. Consequently, the hybrid catalysts could be promising towards FAO. Finally, few

more new approaches utilizing binary/ternary systems were suggested for future studies.
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CHAPTER VI - SUMMARY AND PERSPECTIVES

To alleviate the ever-increasing energy crisis of 21% century, developing
renewable fuels have become apparent. In this context, formic acid (HCOOH) has been
considered a promising fuel to be used in direct formic acid fuel cells (DFAFCs) as a
green fuel. Formic acid possesses several advantages over typical fuels (H2, CH3OH etc.)
such as low toxicity, low crossover, good electrical conductivity, high output potential,
and availability from biomass. However, the need for cost-effective, high performance,
and durable anodic catalyst for the electrooxidation of HCOOH is still an unresolved
issue. Considering the literature review and fundamentals of electroanalytical techniques
discussed in Chapter I, this dissertation mainly focused on designing and analyzing a
wide variety of new transition metal based nanocatalysts combining morphological and
electrochemical characterization methods for formic acid oxidation (FAO).

Chapter Il presented the investigation of the effect of leaked chloride ions on
FAO at glassy carbon electrode (GCE) coated with 20 wt% Pd/C. Halide ions are known
to be common contaminants that are believed to hinder the catalytic activity of polymer
electrolyte membrane fuel cells (PEMFCs). The use of chloride ions containing reference
electrodes such as Ag/AgCl (3.0 M KCI) and Hg/Hg2Cl>, is common in studies of
HCOOH electrooxidation, but no systematic study has been reported about the effect of
Cl ions on FAO catalysts. Thus, this study provides valuable insight about the impact of
Cl ions on the inhibition of HCOOH electrooxidation behavior, which revealed that ~6.0
mM added chloride could deplete FAO current at GCE with 0.025 mg Pd load. It was
also found that the immersion of Ag/AgCl electrode into the HCOOH electrolyte for ~6-8
min can result in complete loss of catalytic activity of Pd towards FAQO. Based on the
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study, non-chloride containing reference electrodes, e.g., mercury/mercury sulfate,
Hg/Hg2SO4 (satd. K2SOs4), and standard hydrogen electrode (SHE), are recommended to
avoid the adverse effect of adsorbed chloride ions that poison the Pd/C catalyst even at a
very low concentration.

Low metal loading, high surface area, good electrical conductivity, excellent
stability in acidic and alkaline media, and easy availability make nanostructured carbon
supports attractive for fuel cell applications. In Chapter 111, the comparative studies of
three different carbon-based support materials and their influence on catalytic activities
towards FAO using mono (20 wt% Pd) and ternary (10 wt% PdNiCo) composite nano-
catalysts with commercial 20 wt% Pd/C (activated carbon, ~500 m?gt) were reported.
The nano-catalysts were synthesized using Pd?*, Ni?* and Co?* precursors using Vulcan-
XC72 (250 m?gt, <50 nm), Ketjen Black EC600 (1400 m?g?), and graphite nano-
particles (~10 nm) support materials with NaBH3 as a reducing agent. The catalytic
activity of all the catalysts for FAO was compared using cyclic voltammetry (CV). Multi-
pulse chronoamperometry (CA) was utilized for stability tests, and carbon monoxide
stripping-voltammetry (COSV) was employed to calculate the electrochemical active
surface area (ECSA) and the anti-CO poisoning effects. The catalytic behavior of all the
ternary nano-catalysts is believed to be ascribed to the direct FAO pathway as indicated
by the oxidation peak potential of ~-0.2 V vs. Hg/Hg>SO4 (satd. K2SOa). In contrast, the
synthesized mono catalysts and commercial Pd/C showed both direct and indirect
oxidation pathways. The use of NiCo combination with Pd showed synergistic effect as
the FAO peak potential was shifted by ~-200 mV with respect to that of the commercial
catalyst that contained double the amount of Pd. On the other hand, Vulcan-XC72
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supported catalysts showed the highest FAO current and the rest were in close proximity
to one another. Multi-pulse CA data showed that Ketjen Black supported catalysts were
the most stable. Furthermore, COSV displayed the highest ESCA from the Vulcan XC-72
supported catalysts. Finally, morphology and elemental analyses employing electron
microscopy techniques revealed that the different catalytic activity on various support
materials were concordant with the electrochemical data as the nanocarbon substrates
contributed to better metal dispersion and uniform size distribution.

Polyhedral oligomeric silsesquioxane (POSS) molecules are unique hybrid
organic-inorganic ligands. Their high surface area, rigid cage structure, and low cost
makes them potential candidates for developing new nano-hybrid catalysts for DFAFC.
Chapter IV discussed the template assisted syntheses of Bi nanorods (Bi NRs) and Pd
nanoparticles (Pd NPs) using OA-POSS and their catalytic activities for FAO. The
synthesized Bi NRs showed third-body enhancement effect when dispersed with
commercial 20 wt% Pd/C at a 1:1 mass ratio of Pd:Bi with a peak potential shift of ~-173
mV with respect to that of Pd/C. Due to small size of the Pd NPs, the catalytic activity for
FAO and durability was high although the FAO peak current was low.

In Chapter V, a number of transition metal complexes (synthesized and
commercial) were blended with the commercial 20 wt% Pd/C, and screened as
electrocatlysts for FAO. First, trisilanol-POSS was used as a ligand to syntheses M-POSS
complexes among which V(I11)-POSS showed enhanced FAO activity due to synergistic
effect on Pd/C. Additionally, several metal-acetylacetonate (M-acac) complexes were
dispersed to screen new hybrid catalysts towards FAO. Based on CV and multi-pulse CA
results, the blends were ranked. A few promising candidates would be Cu(ll)-, V(I11)-,
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Ir(111)-, Mn(Il)-acac complexes in terms of FAO current, activity, and long-term stability.
Finally, new approaches using the metal-complexes and prepared composites could be
utilized for future studies to develop new hybrids for FAQ. In this regard, Bi NRs mixed
with V(I11)-acac and Pd/C was tested, which showed a low current decay of 72.9% over
4.27 h. Binary composite of 10 wt% PdSn/Vulcan XC-72 was also synthesized and
characterized. Although this new catalyst was not stable towards FAQ, efforts to make it
stable could be studied as the material had uniform dispersion and small size distribution.
In summary, this dissertation provides valuable insights of the electro-catalytic
characteristics of formic acid oxidation involving three broad classes of catalysts,
namely, carbon supported Pd-based mono and ternary nanocatalysts, nanomaterials
prepared utilizing POSS template, and metal-complexes blended with Pd/C. The
electrooxidation activity of formic acid, which can be enhanced utilizing the
abovementioned catalysts via bifunctional, third-body and electronic effects, was
exploited. The fundamental question of the effect of chloride containing reference
electrode on FAO, which could be crucial to scientific community involved in DFAFC
research, was also answered. To conclude, these studies could lead to future studies to

develop new compositions of nanomaterials, and their potential use towards DFAFCs.
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