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Abstract

Nanoparticles are used as electrocatalysts due to their large surface area-to-volume ratios.
Most studies of nanoparticle electrocatalysis are performed on collections of particles on a
support, which represent ensemble average behavior influenced by spatial distribution of the
nanoparticles. Therefore, recent emphasis has been placed on analyzing electrocatalytic behavior
of single particles. The focus here is to develop carbon ultramicro- and nanoelectrode platforms
for studying the electrocatalytic properties of single metal nanoparticles. Ultramicroelectrodes
were prepared using chemical vapor deposition of carbon in pulled quartz capillaries. Electrode
diameters were determined by cyclic voltammetry. Electrodes were modified using a soft
nitriding technique to enable immobilization of platinum nanoparticles through reduction of
H>PtCls using NaBH4. Cyclic voltammetry was used to determine the presence of platinum
particles through characteristic peaks associated with Pt oxide formation and reduction.
Ultimately, these electrodes could be used to analyze single uncapped nanoparticles to

understand the electrochemical properties of single nanoparticles.
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CHAPTER 1

INTRODUCTION

Background of Nanoparticles and Their Uses

Nanoparticles are particles that range from 1-100 nm in size. The shape, size, and

composition of the particles can be tailored to perform specific tasks and facilitate reactions.!



Due to their small size and interesting properties nanoparticles are currently of interest in areas
such as pathogen detection, drug delivery, tissue engineering, and MRI enhancement.? Their
relatively large surface area-to-volume ratios make them well-suited as catalysts for various
reactions as they have many active surface sites while requiring less raw material compared to
bulk materials.

Metal nanoparticles have been studied extensively for their abilities to serve as catalysts
for electrochemical reactions (i.e. electrocatalysts), such as those used in proton exchange® and
polymer electrolyte* fuel cells. The reactions that drive low-temperature fuel cells are inefficient
without the use of expensive platinum catalysts. By replacing the bulk platinum with
nanoparticles it is possible to produce more cost-efficient fuel cells due to the reduction in the

amount of materials needed.’

Analysis of Nanoparticles and Nanoparticle Collections

While many studies are focused on developing and applying different catalysts for fuel
cell reactions,® optimizing these catalytic properties to enhance fuel cell efficiency can be
challenging as most studies involving nanoparticles are typically performed on collections of
particles deposited on larger conductive surfaces. Since nanoparticle collections are often
heterogenous in size and shape, both of which affect electrocatalytic behavior,’ the resulting
electrocatalytic measurements represent an ensemble average and leads to loss of information.
Factors related to the spatial distribution of particles, such as interparticle distance can also be
widely varied in nanoparticle ensembles and are often difficult to characterize and control using
electrocatalysis. These complications associated with measurements obtained from particle

collections make it difficult to determine the important link between nanoparticle structure and



electrocatalytic capabilities. This link is crucial to the development and optimization of
nanoparticle electrocatalysts. For this reason, there has been a growing recent interest focused on
the measurement of the electrocatalytic properties, such as the ability to catalyze oxidation
reduction reactions, of single, isolated nanoparticles.

There are currently two electrochemical methods used to analyze the electrocatalytic
properties of single nanoparticles: nanoparticle impact and single-nanoparticle immobilization.
Nanoparticle impact analysis involves measuring the current at an ultramicroelectrode, an
electrode with a radius less than 25 pm?®, with respect to time while the ultramicroelectrode is
immersed in a suspension of nanoparticles.” Though these experiments can be performed using
different methods, electrocatalytic behavior can be best studied by holding the electrode at a
potential where the nanoparticle is capable of facilitating the reaction at that potential but the
electrode is not. The collision of a single particle with the electrode surface results in a change in
current that can be transient or permanent depending on how strongly the particle sticks to the
surface or if the particle becomes deactivated. The magnitude of the spike- or step-shaped
change in current (event) is related to particle size and electrocatalytic properties while the

frequency of occurrence of such events is related to the concentration.'®

Single Nanoparticle Studies

Single-nanoparticle immobilization measurements are performed by isolating a single
particle on a nanoelectrode of size comparable to the particle so that the immobilized particle can
be electrochemically characterized using voltammetry or other electrochemical methods.'!

Single metal nanoparticle immobilization has been performed through several methods,

including direct adsorption, electrostatic adsorption, electrodeposition, and covalent binding!?
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with varying materials used for the nanoelectrode platform. Sun et. al.”> and Zhang et. a
both used platinum ultramicroelectrodes to immobilize gold nanoparticles. However, platinum
nanoelectrodes can also behave catalytically towards many of the same reactions, especially
oxidation reduction reactions, that the metal nanoparticles can catalyze which can limit the
application of this strategy and complicate analysis.

Mirkin et. al.' studied the electrocatalytic behavior of single gold nanoparticles toward
the hydrogen evolution reaction by immobilizing them on carbon nanoelectrodes. The
researchers demonstrated that a single citrate-capped gold nanoparticle could be directly
adsorbed onto an unmodified electrode. They also showed that a gold nanoparticle could be
alternatively immobilized via electrostatic or covalent attachment onto an electrode that was
modified with a polymer layer via reduction of an aryl diazonium salt. Direct adsorption onto the

unmodified electrode was unstable while the insulating properties of the polymer layer impeded

electron transfer between the particle and the carbon electrode.

Use and Modification of Carbon Electrodes

The use of carbon electrodes as platforms for measuring the electrocatalytic properties of
single metal nanoparticles holds great promise since carbon is often relatively inert towards
many of the reactions catalyzed by metal nanoparticles. However, there is a need to explore other
strategies for isolating single metal nanoparticles onto carbon nanoelectrodes.!” ! Recently Liu
et al.?% reported a process for depositing highly electrocatalytically active metal nanoparticles
onto various carbon black and mesoporous carbon support materials using soft nitriding which
introduces nitrogen groups on the carbon surface. The group used a low-temperature urea

pretreatment to enrich nitrogen-containing species on the surface of the carbon supports which



enhances the support’s affinity for the metal nanoparticle precursors. Particles of Au, Pd, and Pt
were then grown in situ onto the supports producing ultrasmall (< 2 nm) noble metal
nanocatalysts that were ligand free and could be used for electrocatalytic reactions such as
methanol oxidation.

The purpose of the research presented here is to apply the soft nitriding technique on
carbon ultramicro- and nanoelectrodes prepared by chemical vapor deposition?! to immobilize
bare platinum particles. This research will hopefully lead to carbon electrode platforms that are
easily produced, easily modified via nitriding, and able to attach a single uncapped metal
nanoparticle for electrocatalytic studies, especially oxidation reduction where platinum is

extremely useful.
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CHAPTER 2

METHODS

Production of Carbon Ultramicroelectrodes by Chemical Vapor Deposition

For these experiments quartz capillaries (0.5 mm internal diameter, 1.0 mm outer
diameter, 10 cm length) were pulled into pipettes using a laser-based pipette puller (P-2000,
Sutter Instrument Co.) under the following conditions: Heat-850, Filament-4, Velocity-36,
Delay-140, and Pull-50. A previously reported chemical vapor deposition procedure?? was used
to deposit carbon in the capillary pipettes. Briefly, the pipettes were clamped into a stand and
attached to a container of camping gas (propane-butane 30:70 mixture) via tubing connected to
the un-pulled end of the capillary. The tapered end of the pipette was placed in the path of an
opposing flow of argon to provide and inert atmosphere, and while the propane-butane mixture
was being passed through the pipette, a butane torch was used to heat the tapered end of the
capillary for approximately twenty seconds. The presence of an orange glow inside the pipette
was observed during heating, indicating that deposition was taking place, and successful
deposition was confirmed by the appearance of a black carbon film within the capillary tube. A
wire was then placed into the open end of the capillary, where it made contact with the
surrounding carbon, in order to make contact with the electrochemical workstation.

Nitriding of CVD Electrodes

Some electrodes were suspended above 1 g of urea dissolved in 25 mL of distilled water
which was heated at 100 °C for 1 hour in an attempt to modify the carbon surface with nitrogen
containing groups. The electrode was then rinsed on the outside with ethanol. No tests were
available to determine if nitrogen was present after nitriding.

Platinum Nanoparticle Attachment




11

Both nitrided and unmodified electrodes were then placed in 5 mL of 0.025 mg/mL
chloroplatinic acid solution to which 2 mL of 0.025 M NaBH4 was added and sonicated for 30
minutes. This reduction is expected to result in the formation of solid platinum particles. After
sonication the electrodes were left in the solution for varying amounts of time including: 12
hours, 1 hour, 30 minutes and 15 minutes in order to determine if time after sonication was a
factor in particle attachment. The electrodes were then rinsed with ultrapure water.

Electrochemical measurements

All electrochemical measurements were obtained using an Epsilon Electrochemical
Workstation (Bioanalytical Systems, Inc.) with the working electrode lead connected to the
carbon ultramicroelectrode and the counter/reference leads connected to an Ag/AgCl (3 M NaCl)
reference electrode (Bioanalytical Systems, Inc.). To determine the electrode viability and size,
electrodes were placed in a 1.0 mM ferrocene methanol (FcMeOH) in 0.1 M KCI solution and
the potential was scanned from +50 to +450 mV vs. Ag/AgCl at a scan rate of 25 mV/s. Presence
of platinum after reduction of chloroplatinic acid using NaBH4 was evaluated by placing
electrodes in 0.5 M H2SO4 and scanning the potential from -0.2 V to +1.4 V vs Ag/AgCl at a
scan rate of 25 mV/s. In all voltammograms, oxidizing (positive) potentials are plotted to the

right and currents associated with oxidation processes are presented as positive.
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CHAPTER 3

RESUTLS AND DISCUSSION

Characterization of Electrode Size

After electrodes were prepared via chemical vapor deposition of carbon in quartz
capillary tubes electrode size was determined from the diffusion-limited current measured using
FcMeOH. The oxidation and reduction of diffusible redox probes like FcMeOH produce
sigmoidal responses at disk shaped ultramicroelectrodes (Figure 1)?*. This response can be used
to determine the size of the electrode using the equation?* i=4nFDcr where i is the limiting
current, n is the number of electrons involved in the reaction (1), F is the Faraday constant
(96485 C/mol), c is the concentration in mol/cm? (1.0 X 107 mol/cm?), r is the radius, and D is
the diffusion coefficient of the redox probe? (7.8 X 10~6cm?/s).The limiting current was
estimated based on the difference between the starting current of a cyclic voltammetry run and
the maximum current. The calculated radius of the electrodes used in these studies ranged from

1.2-6.0 pm.
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Figure 1: Cyclic voltammogram of carbon electrode prepared by CVD in 1.0 mM FcMeOH in
0.1 M KCl at 25 mV/s. Size determined to be 4.0 pm.

Characterization of Platinum Particle Deposition

Comparisons of pre- and post-particle deposition were based on cyclic voltammograms
obtained in 0.5 M H2SO4 using similarly sized CVD carbon electrodes subjected to various Pt
deposition times (Figures 2-4). Deposition of Pt using NaBH4 reduction of chloroplatinic acid
resulted in larger overall currents (~10-50x larger) compared to the current at 1.5 V on the pre-
deposition voltammograms. This could indicate successful deposition of Pt as well as
nanostructuring of the electrode surface which would increase the surface area of the electrode.
Post-deposition voltammograms exhibit an oxidation peak around +0.55 to +0.65 V, as well as a

broad reduction peak around +0.2 to +0.4 V, which are not observed in pre-deposition CVs.
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Figure 2: CV of nitrided 1.2 um electrode in 0.5 M H>SO4 before (blue) and after (orange)
attempted deposition of Pt particles via reduction of chloroplatinic acid by NaBH4 for 12 hours.
Inset shows pre-deposition response re-plotted on a smaller scale.
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Figure 3: CVs of nitrided (A, top) 1.2 um electrode and unmodified 6.0 um electrode (B,
bottom) in 0.5 M H2SO4 before (blue) and after (orange) attempted deposition of Pt particles via
reduction of chloroplatinic acid by NaBH4 for 30 minutes. Inset in A shows pre-deposition
response re-plotted on a smaller scale.
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Figure 4: CV of nitrided 2.0 um electrode in 0.5 M H>SO4 before (blue) and after (orange)
attempted deposition of Pt particles via reduction of chloroplatinic acid by NaBH4 for 15
minutes. Inset shows pre-deposition response re-plotted on a smaller scale.

Data Analysis

While there are clear differences between the pre- and post-deposition CVs’ oxidation,
reduction, and current size which would seem to suggest successful immobilization of Pt on the
electrode surface, the peak positions and overall appearance of the post-deposition CVs are not
consistent with the well-documented electrochemical behavior of platinum?-23. Literature values
place oxidation as beginning at 0.5-.6 V, with reduction peaking at 0.4-0.5 V, which roughly
coincide with the position of the data peaks. However, the reference peaks have a different
structure than those obtained in these experiments. References show a broad oxidation peak that
begins at ~0.5 V but which is centered at ~1.0 V. Also, the reduction peak, while still present at
0.4-0.5 V is typically a very sharp and narrow peak, unlike the broad peak seen in the data.
While the presence of the peaks at the correct positions could indicate the presence of platinum
on the CVD surface it is not definitive as the peaks are not the same shape as seen in most
references.

While confirmation and characterization of active Pt on the CVD carbon surface should
have been possible through the hydrogen adsorption region at ~0.1 V,* peaks in this region were
not observed. Hydrogen adsorption occurs when hydrogen in solution is initially reduced and
then oxidized by platinum. It is possible that there is no indication of hydrogen absorption due to
absorbed impurities on the platinum surface. The use of an anodic pretreatment to produce Pt
oxide and then reduction back to Pt should have been employed to clean the surface of impurities

and promote hydrogen adsorption.?® A second CV was run on each electrode after the initial
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measurements, none of these voltammograms showed any indications of peaks present. It is
possible that a second run had an unexpected effect of removing the platinum particles or since it
was a single run instead of the repeated cycles seen in literature, anodic pretreatment was not

complete so characteristic peaks were not observed.
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CHAPTER 4

CONCLUSION

Due to the shapes and positions of CV peaks in the data conflicting with those in the
references, successful deposition of platinum could not be confirmed. In order to improve upon
this work, future studies will need to address the extent and nature of nitrogen-containing groups
introduced by nitrogen doping. This could be done by X-ray photoelectron spectroscopy (XPS)
as previously reported!-32. XPS and electron microscopy should be used to analyze the surface
for the presence of Pt and Pt particles. Presence of Pt particles could also be confirmed by
measuring electrocatalytic behavior towards a reaction like oxidation of hydrogen peroxide.
Verification of deposition of Pt on these carbon ultramicroelectrodes would open the door to

single nanoparticle studies using similar carbon nanoelectrodes prepared by CVD.



19

! Kumar, H. K.; Venkatesh, N.; Bhowmik, H.; Kuila, A. Metallic Nanoparticle: A Review.
Biomed. J. Sci. & Tech Res. 2018, 4 (11), 1-11.

2 Murthy, S. K. Nanoparticles in modern medicine: State of the art and future challenges. Int J.
Nanomedicine. 2007, 4 (2), 129-141.

3 Zhang, Y.; Erkey, C. Preparation of Platinum—Nafion—Carbon Black Nanocomposites via a
Supercritical Fluid Route as Electrocatalysts for Proton Exchange Membrane Fuel Cells.
Industrial & Engineering Chemistry Research 2005, 44 (14), 5312-5317.

# Shanmugam, S.; Gedanken, A. Synthesis and Electrochemical Oxygen Reduction of Platinum
Nanoparticles Supported on Mesoporous TiOz. The Journal of Physical Chemistry C 2009, 113
(43), 18707-18712.

> Fang, B.; Chaudhari, N. K.; Kim, M.-S.; Kim, J. H.; Yu, J.-S. Homogeneous Deposition of
Platinum Nanoparticles on Carbon Black for Proton Exchange Membrane Fuel Cell. Journal of
the American Chemical Society 2009, 131 (42), 15330-15338.

6 Shao, Y.; Yin, G.; Wang, Z.; Gao, Y. Proton exchange membrane fuel cell from low
temperature to high temperature: Material challenges. Journal of Power Sources 2007, 167 (2),
235-242.

"Wang, Y.-J.; Zhao, N.; Fang, B.; Li, H.; Bi, X. T.; Wang, H. Carbon-supported Pt-based alloy
electrocatalysts for the oxygen reduction reaction in polymer electrolyte membrane fuel cells:

particle size, shape, and composition manipulation and their impact to activity. Chemical
Reviews 2015, 115 (9), 3433-3467.

8 Bard, A. J.; Faulkner, L. R. Electrochemical methods and applications; Wiley-Interscience:
New York, 2000.

 Kang, M.; Perry, D.; Kim, Y.-R.; Colburn, A. W.; Lazenby, R. A.; Unwin, P. R. Time-
Resolved Detection and Analysis of Single Nanoparticle Electrocatalytic Impacts. Journal of the
American Chemical Society 2015, 137 (34), 10902—-10905.

10 Anderson, T. J.; Zhang, B. Single-Nanoparticle Electrochemistry through Immobilization and
Collision. Accounts of Chemical Research 2016, 49 (11), 2625-2631.

1 Oja, S. M; Fan, J.; Armstrong, C. M.; Defnet, P.; Zhang, B. Nanoscale Electrochemistry
Revisited. Journal of Analytical Chemistry 2015, 414—430.



20

1 Ching, S.; Dudek, R.; Tabet, E. Cyclic Voltammetry with Ultramicroelectrodes. Journal of
Chemical Education 1994, 71 (7), 602.

2Yu, Y.; Gao, Y.; Hu, K.; Blanchard, P.-Y.; Noél, J.-M.; Nareshkumar, T.; Phani, K. L.;
Friedman, G.; Gogotsi, Y.; Mirkin, M. V. Electrochemistry and Electrocatalysis at Single Gold
Nanoparticles Attached to Carbon Nanoelectrodes. ChemElectroChem 2014, 2 (1), 58—63.

13 Sun, P; Li, F.; Yang, C.; Sun, T.; Kady, 1.; Hunt, B.; Zhuang, J. Formation of a Single Gold
Nanoparticle on a Nanometer-Sized Electrode and Its Electrochemical Behaviors. Journal of
Physical Chemistry 2013, 117 (12), 6120-6125.

“1i,Y.; Cox, J. T.; Zhang, B. Electrochemical Responses and Electrocatalysis at Single Au
Nanoparticles. Journal of the American Chemical Society 2010, 132 (9), 3047-3054.

15 Anderson, T. J.; Zhang, B. Single-Nanoparticle Electrochemistry through Immobilization and
Collision. Acc. Chem. Res. 2016, 49 (11), 2625-2631.

16 Yu, Y.; Gao, Y.; Hu, K.; Blanchard, P.-Y.; Noél, J.-M.; Nareshkumar, T.; Phani, K. L.;
Friedman, G.; Gogotsi, Y.; Mirkin, M. V. Electrochemistry and Electrocatalysis at Single
GoldNanoparticles Attached to Carbon Nanoelectrodes. ChemElectroChem 2014, 2 (1), 58—63.

17 Kongkanand, A.; Kuwabata, S.; Girishkumar, G.; Kamat, P. Single-Wall Carbon Nanotubes
Supported Platinum Nanoparticles with Improved Electrocatalytic Activity for Oxygen
Reduction Reaction. Langmuir 2006, 22 (5), 2392-2396.

18 Friedemann, M. N.; Robinson, S. W.; Gerhardt, G. A. o-Phenylenediamine-Modified Carbon
Fiber Electrodes for the Detection of Nitric Oxide. Analytical Chemistry 1996, 68 (15), 2621—
2628.

19 Manawi, Y.; Ihsanullah; Samara, A.; Al-Ansari, T.; Atiech, M. A Review of Carbon
Nanomaterials’ Synthesis via the Chemical Vapor Deposition (CVD) Method. Materials 2018,
11 (5), 822.



21

20 Liu, B.; Yao, H.; Song, W_; Jin, L.; Mosa, I. M.; Rusling, J. F.; Suib, S. L.; He, J. Ligand-Free
Noble Metal Nanocluster Catalysis on Carbon Supports via “Soft” Nitriding. J. Am. Chem. Soc.
2016 138 (14),4718-4721.

21 Takahashi Y.; Shevchuk A. I.; Novak P.; Zhang Y.; Ebejer N.; Macpherson J. V.; Unwin P.
R.; Pollard A. J.; Roy D. D.; Clifford C. A.; Shiku H.; Matsue T.; Klenerman D.; Korchev Y. E.
Multifunctional nanoprobes for nanoscale chemical imaging and localized chemical delivery at
surfaces and interfaces. Angew. Chem., Int. Ed. 2011, 50, 9638-9642.

22 Actis, P.; Tokar, S.; Clausmeyer, J.; Babakinejad, B.; Mikhaleva, S.; Cornut, R.; Takahashi,
Y.; Cordoba, A. L.; Novak, P.; Shevchuck, A. I.; Dougan, J. A.; Kazarian, S. G.; Gorelkin, P. V_;
Erofeev, A. S.; Yaminsky, I. V.; Unwin, P. R.; Schuhmann, W.; Klenerman, D.; Rusakov, D. A_;

Sviderskaya, E. V.; Korchev, Y. E. Electrochemical nanoprobes for single-cell analysis. ACS
Nano 2014, 8 (1), 875-884.

23 Bard, A. J.; Faulkner, L. R. Electrochemical methods and applications; Wiley-Interscience:
New York, 2000.

24 Matysik, F.-M. Voltammetric characterization of a dual-disc microelectrode in stationary
solution. Electrochimica Acta 1997, 42 (20-22), 3113-3116.

23 Yu, Y.; Noel,J. M.; Mirkin, M.V. Carbon Pipette-Based Electrochemical Nanosampler. Anal.
Chem. 2014 ,86, 3365-3372.

26 Chen, S.; Kucernak, A. Electrodeposition of Platinum on Nanometer-Sized Carbon Electrodes.
The Journal of Physical Chemistry B 2003 107 (33), 8392-8402.

27 Gilroy, D.; Conway, B. E. Surface oxidation and reduction of platinum electrodes: Coverage,
kinetic and hysteresis studies. Can. J. of Chem., 1968 46, 875-890.

28 Lee, J.; Arrigan, D. W. M.; Silvester, D. S. Mechanical polishing as an improved surface
treatment for platinum screen-printed electrodes. Sensing and Bio-Sensing Research. 2016 9 38-
44,

29 Trasatti, S.; Petrii, O. A. Real Surface Area Measurements in Electrochemistry. Pure and
Appl. Chem., 1991 63 (5), 711-734.

30'Will, F. G., Knorr, K. A. Effect of Pretreatment on the Reactivity of Platinum Metal
Electrodes. Z. Elektrochem 1960 64 (258).

31 Liu, B.; Yao, H.; Song, W.; Jin, L.; Mosa, I. M.; Rusling, J. F.; Suib, S. L.; He, J. Ligand-Free
Noble Metal Nanocluster Catalysis on Carbon Supports via “Soft” Nitriding. J. Am. Chem. Soc.
2016 138 (14),4718-4721.



22

32 Affadu-Danful, George, "Immobilization of Gold Nanoparticles on Nitrided Carbon Fiber
Ultramicroelectrodes by Direct Reduction"(2018).Electronic Theses and Dissertations.Paper
3446. https://dc.etsu.edu/etd/3446



	Deposition of platinum particles on surface-modified carbon ultramicroelectrodes
	Recommended Citation

	Microsoft Word - Caitlin Millsaps Thesis 7.docx

