REPORT DOCUMENTATION PAGE Form Approved OMB NO. 0704-0188

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions,
searching existing data sources, gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments
regarding this burden estimate or any other aspect of this collection of information, including suggesstions for reducing this burden, to Washington
Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington VA, 22202-4302.
Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any oenalty for failing to comply with a collection
of information if it does not display a currently valid OMB control number.

PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From - To)
08-07-2015 Final Report 10-May-2009 - 9-Nov-2013
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

Final Report: Molecular Level Understanding of Electrocatalysis | W911NF-09-1-0227

in High pH Environment 5b. GRANT NUMBER

5¢c. PROGRAM ELEMENT NUMBER
611102

6. AUTHORS 5d. PROJECT NUMBER
Sanjeev Mukerjee, Nagappan Ramaswamy, Qinggang He, Daniel Abbott

5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAMES AND ADDRESSES 8. PERFORMING ORGANIZATION REPORT
Northeastern University NUMBER
360 Huntington Ave
490 RP
Boston, MA 02115 -5005
9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS 10. SPONSOR/MONITOR'S ACRONYM(S)
(ES) ARO
U.S. Army Research Office 11. SPONSOR/MONITOR'S REPORT
P.O. Box 12211 NUMBER(S)
Research Triangle Park, NC 27709-2211 55036-CH.9

12. DISTRIBUTION AVAILIBILITY STATEMENT
Approved for Public Release; Distribution Unlimited

13. SUPPLEMENTARY NOTES
The views, opinions and/or findings contained in this report are those of the author(s) and should not contrued as an official Department

of the Army position, policy or decision, unless so designated by other documentation.

14. ABSTRACT

This effort involved the synthesis of novel electrocatalysts for both anodic oxidation of complex fuels (especially
directed towards facile breakage of C-C bond) and cathodic oxygen reduction reaction in alkaline environment for
intended application in alkaline anion exchange membrane fuel cell. This was facilitated by an array of
electrochemical and spectroscopic investigations. This project provides a holistic understanding of the anion
exchange ionomer interaction with the electrocatalyst of choice from the point of view of double layer and the

Acamman e dlen i lln L2l n mmntcl bl i n amna AL Dl 4l el maan s LINTTLILL A i A Al A F

PRSP PR ORBP |

15. SUBJECT TERMS
Alkaline Fuel Cells, Electrocatalysts, In situ Spectroscopy

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF [15. NUMBER [19a. NAME OF RESPONSIBLE PERSON

a. REPORT [b. ABSTRACT [c. THIS PAGE |ABSTRACT OF PAGES  |Sanjeev Mukerijee

uu uu UU uu 19b. TELEPHONE NUMBER
617-373-2382

Standard Form 298 (Rev 8/98)
Prescribed by ANSI Std. Z39.18






Report Title
Final Report: Molecular Level Understanding of Electrocatalysis in High pH Environment
ABSTRACT

This effort involved the synthesis of novel electrocatalysts for both anodic oxidation of complex fuels (especially directed towards facile
breakage of C-C bond) and cathodic oxygen reduction reaction in alkaline environment for intended application in alkaline anion exchange
membrane fuel cell. This was facilitated by an array of electrochemical and spectroscopic investigations. This project provides a holistic
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electrocatalysts. (3) Initiation of a new initiative for advancing fundamental understanding of plasmonic enhancement of charge transfer at
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Final Project Report- Grant # 55036-CH
(Reporting Period: September 2009-14)

Effort Title: Molecular Level Understanding of Electrocatalysis in High pH Environment

PI Name: Sanjeev Mukerjee
Department: Chemistry and Chemical Biology
Institution, City, State, Zip: Northeastern University, Boston, MA, 02115

Objective

Synthesize novel electrocatalysts for both anodic oxidation of complex fuels (especially directed
towards facile breakage of C-C bond) and cathodic oxygen reduction reaction in alkaline
environment for intended application in alkaline anion exchange membrane fuel cell. Further,
perform an array of electrochemical and spectroscopic investigations on the catalysts developed
for a thorough structure property relationship. Provide a holistic understanding of the anion
exchange ionomer interaction with the electrocatalyst of choice from the point of view of double
layer and the operating potential. At the end of the program a further objective was to investigate
the potential of plasmonic enhancement of charge transfer at an electrochemical interface.
Approach

The overall approach is constitutes

(a) Synthesis of electrocatalysts, both supported and unsupported on various carbon blacks
using a variety of novel synthetic approaches.

(b) Screening of activity using a specially designed RRDE set up to investigate the kinetic
parameters and parallel electron transfer step (at the ring electrode) while avoiding the
interference from factors such as carbonate formation (in the case of anodic oxidation of
alcohols) using specially designed protocols. These include ability to make extremely
thin and uniform film deposits on glassy carbon substrates as well as efficient removal of
CO; from the interface via improved diffusion flux to the electrode tip in the RRDE.

(¢) Conducting in situ synchrotron X-ray absorption spectroscopy (XAS) spectroscopy on
select electrocatalysts, especially those found promising for oxidation of complex
alcohols, such as ethanol. The progression of conventional XAS spectroscopy from being
a bulk averaging technique to a more surface specific probe using the near edge part of
the spectra (X-ray absorption near edge structure, XANES), referred to as the ‘Delta u
Technique’ forms the corner stone to the successful elucidation of structure property
relationships.

(d) Conducting strategic single cell studies for measuring steady state polarization and
determination of Tafel kinetics.

(e) Conducting in situ plasmonic experiments in aqueous and non-aqueous medium to
evaluate the potential of engendering plasmonic enhancement of charge transfer,
especially those involving and outer sphere mechanism.

Relevance to Army

The combination of characteristics of alkaline fuel cells such as low temperature, silent operation
and absence of poisonous exhausts make them apt for defense applications since such features
make them difficult to detect by common acoustic and infrared detection techniques[1]. Areas of
defense applications for alkaline membrane fuel cell can be broadly envisaged as light weight,
solid state, portable soldier & sensor power, high power electric combat vehicles, stationary



power for base camps etc., Silent operation (compared to combustion engine-generator sets) and
longer running time (compared to batteries) are examples of unique combination of alkaline fuel
cell features. Also these fuel cells can be used to recharge batteries where no grid is available and
combustion engine generators could be harmful

Accomplishments for Reporting Period

Detailed, bulleted accomplishments for the period should be traceable back to approach and
objectives please be specific and quantitative where possible.

Unified mechanism of electrocatalysis at an alkaline electrolyte interface, with detailed
activity descriptors defining the structure of active site required for concerted inner
sphere four electron reduction of oxygen.

Provided details on interfacial interactions of anion exchange membrane ionic exchange
site and choice of electrocatalysts.

Initiation of a new initiative for advancing fundamental understanding of plasmonic
enhancement of charge transfer at an electrochemical interface. Initial preliminary data
proves this concept to be true and highly sensitive to the generation of surface plasmons
and quantum confinement in nano-particles such as Au.

Collaborations and Technology Transfer

‘Non Noble Metal Electrocatalysts and Their Uses’, US Patent Office Application, S.
Mukerjee and U. Tylus, PCT/US14/10502, filed 1/7/2014

‘Non Noble Metal Based ODC Cathodes for Chlorine Evolution Process’, S. Mukerjee
and U. Tylus, App # 61/749,650 (2014)

Resulting Journal Publications During Reporting Period.

1.

‘Analysis of Double Layer and Adsorption Effects at the Alkaline Polymer
Electrolyte Interface’, M. Unlu, D. Abbott, N. Ramaswamy, X. Ren, S. Mukerjee and
P. A.Kohl, J. Electrochem. Soc., 158, B1423 (2011).

‘Electrochemical Kinetics and X-ray Absorption Spectroscopic Investigation of
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Ramaswamy, R. J. Allen and S. Mukerjee, J. Phys. Chem. C., 115, 12650 (2011).

‘A Novel Non Noble CuFe/C Catalyst for Electroreduction of Oxygen in Alkaline
Media’, Q. He, X. Yang, X. Ren, B. E. Koel, N. Ramaswamy, S. Mukerjee and R.
Kostecki, J. Power Sources 196, 7404 (2011).
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Phys. Chem. C., 115, 18015 (2011).

‘The Beneficial Role of Co-Metals Pd and Au in Carbon Supported PtPdAu Catalyst
Towards Promoting Ethanol Oxidation Kinetics in Alkaline Fuel Cells: Temperature
Effect and Mechanism’ J. Datta, A. Dutta and S. Mukerjee, J. Phys. Chem. C., 115,
15324 (2011).



7. ‘Fundamental Mechanistic Understanding of Electrocatalysis of Oxygen Reduction
on Pt and Non Pt Surfaces: Acid vs. Alkaline Medium’, N. Ramaswamy and S.
Mukerjee, Advances in Physical Chemistry, Vol. 2012, Article ID 491604, (2012).

8. Dramatically Enhanced Cleavage of the C-C Bond Using an Electrocatalytically
Coupled Reaction’ Q. He, B. Shyam, K. Macounova, P. Krtil, D. Ramaker, S.
Mukerjee,*JACS, 134, (20) pp 8655-8661 (2012).
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Graduate Students Involved During Reporting Period

* Dr. Nagappan Ramaswamy, graduated 2013, currently employed by General Motors,
Pontiac Division.

* Dr. Qinggang He, graduated 2014, currently faculty member at Zhejiang University,
PRC.

* Urszula Tylus, (partially supported on this grant), graduated 2014, currently postdoc at
Los Alamos National Laboratory.
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Understanding Fundamentals of Solute Transport in Anion Exchange Membranes: Effect
of Carbonate ions
Published Article: ‘Mass Transport and Oxygen Reduction Kinetics at an Anion Exchange
Membrane Interface: Microelectrode Studies on Effect of Carbonate Exchange’, I. Gunasekara,
M. Lee, D. Abbott and S. Mukerjee, ECS Electrochemistry Lett., 1(2), F16-19, (2012).

A solid state electrochemical cell (with a 100 um Pt micro-disk as the working electrode,
1.6 mm Pt disc counter electrode and a Dynamic hydrogen reference electrode) was used to
study mass transport and kinetics of oxygen reduction reaction (ORR) and hydrogen / methanol
oxidation reactions. Experiments for the membrane in the hydroxide form were conducted in a
carbon dioxide free environment. Results obtained showed that the carbonate ion exchange in the
alkaline membrane greatly affects the kinetics as well as the transport of electro-active species
through the membrane. Experimental observations are discussed below.

Results and discussion
Oxygen reduction reaction

Linear sweep voltammetric measurements were carried out for an oxygen saturated
membrane at 293 K. Figure 01 A shows the activity comparison of Anion Exchange Membrane
(AEM) in carbonate and hydroxide forms, and Nafion-112 membrane at 293 K. Comparison of
kinetic currents in Table 01 shows that the ORR currents are not significantly affected by the
exchange of the hydroxide ions by carbonate ion.

Potential jump chronoamperometric measurements were recorded and mass transport
parameters were calculated using the corresponding Cottrell plots (Figure 1B). Table 02 shows a
significant decrease in the mass transport parameters as a result of exchange with carbonate ions.
Larger diffusion coefficients are expected for membranes with high ion exchange capacity
(Table 02). However low mobility of the carbonate ions inside the membrane pores can interfere
with oxygen transport.

Hydrogen oxidation reaction

Activity comparison for the hydrogen oxidation reaction (HOR) at the membrane
electrode interface is shown in Figure 02 A. Unlike that for the oxygen reduction reaction, HOR
kinetics at the interface are significantly affected when mobile anion in the membrane is changed
to carbonate (Table 03). Interference of the carbonate ions to the adsorption of hydroxide ions as
well the decrease in OHad concentration on the electrode are the main reasons for the observed
low rate of hydrogen oxidation. Hydrogen oxidation reaction was also recorded on membranes
coated with 0.4 mg cm-2 of AS4 ionomer (Figure 02 B). Kinetic currents at the membrane —
electrode interface are suppressed as a result of ionomer coating. It is interesting that the
poisoning effect from the membrane quaternary ammonium species is negligible whereas those
from the ionomer quaternary ammonium sites are significant.

Transport of hydrogen molecules also exhibits some interesting insights. Hydrogen
permeability in both AEM(OH) and Proton Exchange Membrane(PEM) are similar (Table 04).
As expected, carbonate ion exchange has no effect on the diffusion of small hydrogen molecules
through the AEM.

Methanol oxidation at the AEM-Pt interface

Methanol oxidation reaction at the membrane electrode interface has been studied using a
liquid feed enabled cell. Membrane was equilibrated with 1M MeOH solution in water before
electrochemical analysis. Figure 03 A,B compares the activity in hydroxide and carbonate forms



for Tokuyama membranes A-201, A-90 with that of Nafion 112 and aqueous KOH solution
(0.1IM). According to Table 05, methanol oxidation current at 0.65 V for the Pt / AEM interface
drastically decreases as the hydroxide ions are completely replaced by carbonate ions. Tafel plots
obtained by steady state voltammetric measurements show a slope of 142 mV dec-1 which
increases when the membrane is exchanged to carbonate ions. The decrease in the rate of MOR
in carbonate solutions can be attributed to the decreases OHad concentration. Adsorbed
carbonate ions on the platinum surface at these potentials clearly imposes some interference on
adsorption of methanol molecules. The change in MOR Tafel slopes can be further attributed to
mass transfer complications observed in solid polymer electrolytes.

Diffusion and solubility parameters of methanol in membranes obtained by potential
jump chronoamperometric measurements are shown in Table 06. Water sorption in the
membrane is proportional to the number of charged sites (ion exchange capacity). High water
sorption in the AEMs swells the membrane more and the wide water channels facilitate methanol
transport. However the reason behind the decrease in transport properties in the carbonated form
of the membranes is not clear. Variation in membrane swelling with the radius of the
cation/anion has been reported for PEMs. Change in the swelling of the AEM with the change of
the ionic species could be the reason for the hindered methanol transport in the carbonate form of
the membrane.



Table 01: Kinetic parameters for Hxygen reduction reaction

Figures and Tables

Electrolyte jo 109 ohed jo 1010 aled Jj 104 at
(293K , 1 atm ) /A cm-2 / A cm-2 o9V
(hcd) (Icd) / A cm-
2geo

AAEM 8.28 0.79 2.53 1.02 10
(Carbonate-Free)
AAEM (complete | 1.03 0.72 0.31 1.09 0.3
exchange with
K2CO3)
1.0 M NaOH -- 0.73 0.6 1.32 7.2
Nafion 112 231 0.50 67.7 0.81 23
0.1 HCIO4 -- 0.57 47 0.83 23
Table 02: Comparison of Mass transport characteristics of Oxygen
Electrolyte (293K, | D 10-6 €10-6 ) DC 106 | IEC Water
1 atm) Jem? s-1 /mol cm- | /mol cm- | (meq g- | uptake A

am cme s 3 151 1) (W %)
AAEM 4.29 0.93 3.99 1.8 63 18.5
(Carbonate-Free)
AEM  (complete
exchange with | 0.23 0.90 0.22 1.8 59 18.2
K2CO3)
Nafion 112 0.73 6.5 4.8 091 32 19.8




Table 03: Kinetic parameters for Hydrogen oxidation reaction

Electrolyte Jjo Tafel slope (mV
(mA/cm-2) dec-1)

0.1 M KOH 0.69 116

AAEM (OH-) 0.67 105

AAEM (CO32-) 0.02 39

Table 04: Comparison of Mass transport characteristics of Hydrogen

Electrolyte Diffusion coefficient | Solubility C106 Permeability DC1012
D 106 (cm2 s-1) (mol cm-3) (mol cm-1 s-1)

AAEM-(OH-) 1.34 2.98 4.00

AAEM-(CO32-) 1.30 0.52 0.68

Nafion 117 7.6 0.51 39




Table 05: Kinetic parameters for Methanol oxidation reaction

Electrolyte Tafel Slope jat0.65V
mV dec-1 10-5 A cm-2

A201(OH) 142 432
A201(C0O32-) 314 1.00
A901(OH) 122 15.06
A901(C0O32-) 249 1.00

0.1M KOH solution 113 294 4
Nafion 112 138 4.12

Table 06: Comparison of Mass transport characteristics of Methanol in the membranes

Electrolyte Diffusion coefficient | Solubility C106 | Permeability  DCI1012
D106 (cm2 s-1) (mol cm-3) (mol cm-1 s-1)

A201-(OH-) 224 1.19 26.7

A201- (CO32-) 0.61 1.22 0.74

A901- (OH-) 10.0 2.73 27.35

A901- (CO32-) 8.5 1.68 143

Nafion 112 8.0 1.92 154




Figure O1: A) Mass transport corrected Tafel plots for the Oxygen reduction reaction at the
Pt/ AEM interface, 293K

B) Cottrell plots for ORR calculated from current-time transients at 0.4V
(potential jump from 1V to 0.4 V)
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Figure 02: A) Mass transport corrected Tafel plots for the Hydrogen oxidation reaction at the
Pt/ AEM interface, 293K

B) Comparison of kinetics in the presence of AS4 ionomer

C) Cottrell plots for the oxygen reduction reaction at 0.4V (potential jump from 1V to 0.4V)
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Figure 03: A,B) Mass transport corrected Tafel plots for the Methanol oxidation reaction at
the Pt/ AEM interface, 293K

C) Cottrell plots for MOR calculated from current-time transients at 0.8V
(potential jump from 0.4V t0 0.8 V)
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Fundamental Understanding of the Interfacial Double Layer during Direct Alcohol
Oxidation

Published Article: ‘Analysis of Double Layer and Adsorption Effects at the Alkaline Polymer
Electrolyte Interface’, M. Unlu, D. Abbott, N. Ramaswamy, X. Ren, S. Mukerjee and P. A. Kohl,
J. Electrochem. Soc., 158, B1423 (2011).

In general, it is well recognized that the addition of alkali metal ions to the electrolyte
improves the rate of alcohol oxidation due to the higher pH, indicating that the pH in AEM
matrix without the added alkali electrolyte may not be high enough. In addition, it has been
proposed that there is an optimum ratio of OH™ to MeOH, which balances the removal of
reaction intermediates and surface coverage of methanol and hydroxide. However, a more
fundamental understanding of the origin of the limited cell performances in AEM fuel cells
remains elusive. Therefore, the primary objective of this research was to unravel the various
aspects that influence the charge transfer processes at the anode-alkaline membrane interface.

Experimental Aspects:

Membrane electrode assemblies (MEAs) were prepared using commercial PtRu (Alfa Aesar,
4 OmgPtRu/cm?2) or Pt (Alfa Aesar, 2.0 mgPt/cm2) anodes on Toray paper, Pt/C cathode on Gas
Diffusion Layer (GDL), Tokuyama AS4 ionomer solution, and Tokuyama A201 ionomer
membrane. Commercial PtRu anodes were spray coated with an interfacial layer of 1.0
mgAS4/cm?2 of alkaline ionomer on the top surface prior to hot pressing. To prepare the cathode,
a catalyst ink composed of BASF 30% Pt/C dispersed in a water-alcohol mixture along with the
requisite amount of ionomer (Tokuyama AS4) was sprayed on gas diffusion layer (GDL, ETEK-
BASF). Typical cathode loading consisted of 1.0 mgPt/cm2 with an ionomer content of 28.5%
by weight of the catalyst. After drying the cathodes, a layer of interfacial ionomer was sprayed to
achieve a loading of 1.0 mgAS4/cm2. Hot pressing of the electrodes together with a Tokuyama
A-201 membrane was carried out at 60°C and 100 psig pressure for duration of four minutes.
MEAs were then assembled in a fuel cell consisting of 5 cm2 serpentine flow fields.
Humidification of the MEA was performed for 2 hours by flowing N2 (100% RH) at a cell
temperature of 50°C. Higher duration of humidification was not preferred to avoid thermal
degradation of the membrane and the ionomer layer. The operating temperature of the cell was
typically set at 50°C and the cell was activated with H2/O2 (inlet temperatures of 55°C, 100%
RH, 28 psig back pressure).

The hydrogen adsorption/desorption and methanol oxidation experiments on planar Pt disk
electrodes were conducted using a traditional three-electrode cell at ambient temperature. The Pt
disk electrode had a geometric surface area of 0.385 cm?2. The Pt electrode surface was polished
with a 0.05 ym alumina slurry and sonicated in distilled water for 10 minutes. The electrode was
then soaked in concentrated nitric acid and rinsed thoroughly. Ag/AgCl was the reference
electrode and carbon cloth was used as the counter electrode. Tetramethylammonium hydroxide
(TMAOH), sodium hydroxide (NaOH), and poly(diallyldimethylammonium hydroxide)
(PTMAOH) were used as  electrolytes. PTMAOH  was  prepared  from



poly(diallyldimethylammonium chloride) using an ion exchange column. The electrolyte
solutions were stored under nitrogen to prevent contamination from atmospheric carbon dioxide.
The flow of nitrogen over the solution was maintained throughout the experiments. The solutions
were purged with nitrogen for 30 minutes before the electrode was immersed into solution. The
electrode surface was equilibrated by sweeping the potential at a scan rate of 100 mV/s until
steady-state behavior was obtained, ca. 25 cycles. Electrochemical measurements were made
using a PAR Potentiostat/Galvonostat Model 2273.

Ammonium contamination studies were conducted on Pt/C modified glassy carbon
electrodes. A catalyst ink was prepared from 25 mg of 30% Pt/C (BASF) in 10 mL Millipore
H20 and 10 mL isopropyl alcohol. Exactly 5 pL of ink was deposited on a glassy carbon rotating
disk electrode (Ageo = 0.247 cm?2) to yield a total catalyst loading of 7.5 ugPt/cm2. Prior to ink
deposition, the electrode was polished with 0.05 ym alumina slurry and sonicated twice in a
sonic bath for 30 seconds each in a 50:50 solution of Millipore H20 and isopropyl alcohol. The
reference electrode used was a reversible hydrogen electrode (RHE) prepared from a solution of
0.1 M KOH. At the beginning of each experiment, the electrode was cycled 20 times from 0.05
Vito 1.2 Vat 50 mV/s in 0.1 M KOH followed by five cycles at 20 mV/s. Absolute methanol
was then added to the KOH solution to obtain a total MeOH concentration of 0.5 M. Methanol
oxidation was then performed by holding the potential at 0.6 V vs. RHE for 900 seconds.
Subsequently, an aliquot of a given contaminant was added to bring the total contaminant
concentration to 1 mM and the potential was again held at 0.6 V for 900 seconds. This procedure
was repeated for the remaining contaminant concentrations of 5, 10, 20, 40, 60, and 120 mM. A
new ink coating was used in the study of each contaminant. Contaminants investigated included
tetramethylammonium hydroxide (TMAOH, 25% w/w aq) , tetracthylammonium hydroxide
(TEAOH, 35% w/w aq), tetra-n-propylammonium hydroxide (TPAOH, 40% w/w aq.), and
benzyltrimethylammonium hydroxide (BTMAOH, 25% w/w aq.) all from Alfa Aesar.
Electrochemical measurements were made using an Autolab Potentiostat/Galvanostat Model
PGSTAT30 (Metrohm USA).

The electrochemical behavior of the transition metal complexes were studied at an alkaline
ionomer modified glassy carbon electrode. A glassy carbon rotating disk electrode (Ageo =
0.247 cm?2), after polishing and pretreatments described above, was allowed to dry after
deposition of 5 pL. of 5 wt.% anion exchange ionomer (Tokuyama AS4) on the surface. The
electrode was placed in an argon saturated 0.1 M NaOH solution and subjected to 20 cycles
from 0.05 V to 1.2 V at 50 mV/s and five cycles at 20 mV/s. 10 mM of K3Fe(CN)6 was then
added to the solution and the solution was purged with argon for an addition 10 minutes before
collecting data. This experiment was repeated using 10 mM Co(NH3),Cl, in place of K Fe(CN),.

The focus of this study is on the low electrode performance in direct alcohol, AEM fuel
cells, compared to Nafion®-based PEM cells. The addition of alkali metal hydroxide improves
the cell performance, but the results are less than optimal. It should be emphasized that the
addition of excess KOH in the anode feed is highly undesirable given the alkali metal carbonate
precipitation issues. [1]

Results and Discussion.:

The performance of a direct ethanol alkaline fuel cell was characterized with and without
the presence of excess KOH in the anode fuel. Figure 4 shows the polarization and power density



curves for an AEM fuel cell with an anode composed of 4.0 mgyg,/cm® + 1.0 mg,s,, cathode
composed of 30% Pt/C (1.0 mgy/cm* + 28 wt.% AS4) + 1.0 mg,,, and Tokuyama A201 anion
exchange membrane. The cell was first operated with 1 M EtOH anode feed, which was later
changed to 1 M EtOH with 0.25 M KOH. The results shown in Figure 4 are typical of all prior
reports wherein there is a low open circuit potential (OCP), severe drop in potential at low
current density and low power density when operated in the absence of KOH. The OCP
improved from 0.68 V to 0.85 V when KOH was added to the anode feed. In the absence of
KOH the maximum power density was 1.7 mW c¢cm™ at 5 mA cm”and 0.335 V. The maximum
power density improved to 22.4 mW c¢cm” at 64 mA cm™ and 0.350 V when KOH was added to
the fuel. For comparison, Liang et al [2] reported 23 mW c¢m™ using 1 M EtOH with 1 M KOH
anode feed and pure O, at 50°C with a Tokuyama A201 membrane, 2.0 mg cm” HYPERMEC™
anode catalyst loading and 1.0 mg cm” HYPERMEC™ cathode catalyst loading. Fujiwara et al.
[3] achieved a power density of 58 mW cm™ using 3.0 mgp,, cm™ with 5 wt.% anion exchange
resin at the anode and a Tokuyama AEM when 1.0 M EtOH with 0.5 M KOH was used as the
fuel. Only 8 mW cm™ was obtained in the absence of KOH. Additionally, Hou et al [4] reported
power densities of ~50 and ~60 mW cm™ at 75°C and 90°C, respectively for a cell consisting of
alkali metal hydroxide doped PBI membrane with 2.0 mgp;, cm” anode and 1.0 mg, cm™
loadings at the anode and cathode, respectively operating on 2 M EtOH in 2 M KOH anode feed.
It should be noted that in each of the aforementioned studies [2-4], a sharp drop in cell potential
occurred at very low current densities followed by modest drop in cell potential as the current
reached the mass transfer limited regime. In addition, the steep decline in potential at low cell
current has also been observed in all fuel cells operating with methanol fuel supply [5-8] as well
as studies with other alcohols [5-7]. These results indicate that the overall performance suffers
significant cell voltage loss at low currents regardless of the choice of fuel. Moreover, the steep
drop in potential has been observed for several different catalysts, including Pt/C [5, 9], Pt/Ti [8],
and PtRu [7].

Figure 5 shows the AC impedance spectra of the fuel cell corresponding to Figure 4 taken
with and without excess KOH in the anode feed. By plotting the imaginary versus real
components of impedance, the charge transfer resistance, R, was obtained after fitting the data
to a semicircular curve and determining the difference between the high frequency and low
frequency intercepts on the real axis. Similarly, the ionic resistance (R,,.) of the membrane was
determined from the x-intercept at the high frequency. It should be noted that the semicircular
shape of the plot is indicative of the kinetically controlled region, while the absence of Warburg
impedance, for the given potential and frequency range, suggests that the process is not diffusion
controlled. When the cell was operated in the absence of KOH, it was found that R.; and R, ;.
were 84.25 and 2.95 Q cm’ , respectively. The values obtained for the cell operated in the
presence of KOH was R.; = 6.55 Q cm’ ohm, and R, . = 0.55 Q cm’, which are significantly
lower. The lower values of R.; found in the presence of KOH indicate that the ethanol oxidation
kinetics were dramatically improved with the addition of KOH. A modest drop in R, . is
expected in the presence of KOH since it increases the ionic conductivity of the membrane and
the interface. The lower values for R.; suggest that the rate of ethanol oxidation increased
markedly with addition of KOH.

It is important to understand the source of performance loss in the absence of added KOH
for each of the cell components. Typically, alkaline membrane fuel cells operating with H,/O,
achieve more than 500 mA cm™ with similar cathode structures. Also, since the addition of KOH



to the anode liquid fuel dramatically changes the AC impedance, it is reasonable to conclude that
the performance of current alkaline alcohol fuel cells is primarily limited by anode performance.
Further analysis of the alcohol oxidation anode was performed with an alcohol/H, half-cell
system. Figure 6 shows the half-cell ethanol oxidation profile obtained from a cell operating with
a 2.0 mgy/cm’ anode and the same cathode and membrane as described for the cell used in
Figure 4. Humidified H, was used at the cathode which also served as the reference electrode.
The maximum current density obtained for ethanol oxidation at 0.8 V was 5.7 mA cm™ and 89.7
mA cm” in the absence and presence of 0.25 M KOH, respectively. Here, it can be seen that the
rate of ethanol oxidation is significantly enhanced with excess KOH. No clear onset potential for
ethanol oxidation could be discerned in Figure 6 when in the absence of KOH from the anode
feed. This half-cell result shows that the anodic oxidation of alcohol in the absence of excess
KOH is a major limiting factor in the performance of alkaline direct alcohol fuel cells. Then, the
percent loss in current density after 900 sec potential control at 600 mV (vs. RHE) in 0.1 M
KOH was recorded as a function of quaternary ammonium as shown in Figure 7. In general, all
ammonium cations showed a significant adsorption effect on the platinum surface resulting in
loss of methanol oxidation activity. The decrease in current became more pronounced at higher
concentrations of the added cations. TMA+ showed the smallest drop in current, whereas the
other three cations with bulkier substitute groups resulted in substantially greater loss in current.
This observation is consistent with previous literature that showed a higher surface inhibition
with the longer alkyl length on the ammonium group. [48]

These results with different quaternary ammonium cations in aqueous electrolytes
show that quaternary ammonium ion adsorption on Pt surfaces lowers the rate of methanol
oxidation by blockage of the active catalyst surface area. However, the solid polymer electrolyte,
ion-conducting medium in a polymer-based fuel cell is different from that of free ions in an
aqueous solution. A fuel cell electrode consists of quaternary ammonium cations with little chain
segment mobility tethered to a polymer backbone. Figure 8 displays the cyclic voltammograms
for the Fe(CN)63-/4- redox couple on a GC electrode with and without a deposited film of AS4
ionomer. Typically, the current magnitude cannot be used to make a direct comparison between
solution and AEM environment because both concentration and diffusion coefficients changes.
However, the difference between the oxidation and reduction peaks can be evaluated to define a
change in reaction rates. From Fig. 8, it can be seen that the peak separation (AEp) decreases
from 279.5 mV in the absence of AS4 to 131.0 mV in presence of the AS4 ionomer film. In
contrast, Figure 9 shows the CV profiles for the Co(NH3),**** redox couple on a GC electrode
with and without a deposited film of AS4 ionomer. The current densities are lower with AS4
ionomer than without ionomer because AS4 ionomer mostly excludes positively charged species,
decreasing the concentration on the electrode surface, i.e. lower current. However, it is critical to
note that there is a slight increase in AEp from 65.3 mV to 83.9 mV in the presence of ionomer.

For these redox couples, the electrode potentials are more positive than PZC, ca. -0.1V, at the
electron transfer potentials and the reaction occurs through an outer-sphere electron transfer
pathway. The double layer structure differs from the methanol oxidation region where the
electrode potential is more negative than PZC. Figure 10 shows the double layer structure when
the electrode potential is greater than PZC in the presence and absence of AEM ionomer. As a
distinct difference, the diffuse layer in an AEM becomes thicker relative to in the absence of an
AEM. Consequently, f2 is more positive in the presence of AEM. For negatively charged redox
couple, both exponential terms favor the electron transfer, i.e. higher kinetics. This is consistent



with the lower peak splitting for Fe(CN),*"* in Figure 8. However, for positively charged species,
the driving force still favors the reaction but the transport of these species is inhibited. This
inhibition factor is greater than the enhancement in driving force, resulting in lower reaction
kinetics. This is consistent with the greater peak splitting in Figure 10.
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Figure 4. - Direct ethanol fuel cell polarization curves taken at 50°C. Anode: PtRu
on Toray paper (Loading = 4.0 mgPt/cm2) with 1 mgAS4/cm?2 interfacial ionomer
film on surface. Cathode: 30% Pt/C on GDL (Loading = 1 mgPt/cm2 + 28.5 wt% AS4
ionomer) with 1 mgAS4/cm?2 interfacial film on surface. Tokuyama A-201
membrane. Anode feed: 1 M EtOH with/without 0.25 M KOH at 8 mL/min.
Cathode feed: 100 % RH O2. Inset shows the corresponding power density curves.
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Figure 5. (a) Impedance spectra at 50°C collected at 0.4 V from 20 kHz to 0.1 mHz with an
amplitude of 0.05 V. AEM fuel cell configuration same as that in Figure 1. Anode feed: 1 M
EtOH with/without 0.25M KOH at 8mL/min. Cathode feed: 100% RH 02. (b) Magnified plot
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Figure 6. Ethanol oxidation curve at 50°C. Scan rate: 20 mV/s. Anode: Pt on Toray
paper (Loading = 2.0 mgPt/cm2) with 1ImgAS4/cm2 ionomer film on surface. Cathode:
30% Pt/C on GDL (Loading = 1 mgPt/cm2 + 28.5 wt.% AS4 ionomer) with
1mgAS4/cm?2 ionomer film on surface. Tokuyama A-201 membrane. Anode feed: 1M
EtOH with/without 0.25M KOH at 8mL/min. Cathode feed: 02 100% RH
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Figure 7. Percent loss in current density as a function of contaminant concentration in 0.1M
KOH + 0.5M MeOH + x mM contaminant. Glassy carbon disk electrode (0.247 cm2) with 5 L
of 30% Pt/C ink deposited (Loading = 7.5 ugPt/cm2). Steady state currents obtained from
chronoamperometry at 0.6V vs RHE at 900 seconds.




Figure 8. CV of Fe(CN)63-/4- redox couple in Ar saturated 0.1M NaOH + 10mM K3Fe(CN)6
solution. Scans performed on glassy carbon disk electrode with 5 pL of 5 wt.% AS4 ionomer
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Figure 9. CV of Co(NH3)62+/3+ redox couple in Ar saturated 0.1M NaOH + 10mM Co(NH3)6CI3
solution. Scans performed on glassy carbon disk electrode with 5 uL of 5 wt.% AS4 ionomer
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Activity Descriptor Identification for Oxygen Reduction on Non-Precious Electrocatalysts: Linking
Surface Science to Coordination Chemistry
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The drive to replace expensive precious-metal-group (PGM) systems for ORR has led to a
class of catalysts comprising transition metal-ions stabilized by nitrogen functional groups on
carbonaceous surfaces (Fe-N,/C)[10-12]. These active sites are adventitiously synthesized via
pyrolysis of precursors containing transition metals, nitrogen, and carbon, all of them either
present in the same source or different sources[13]. Potential multiplicity of active sites for initial
O, adsorption and the lack of suitable analytical techniques complicates a lucid understanding of
the nature of active sites and the reaction mechanisms in these composite catalysts[11]. Despite
high activity and durability of pyrolyzed Fe-N,/C catalysts shown recently[14-16], current
progress primarily involves an experiential approach of trial-and-error combination of precursors
and pyrolysis conditions to maximize performance. Lack of fundamental understanding of the
mechanistic origin of ORR and the underlying surface material properties that govern catalytic
activity clearly limits further progress. Here, for the first time we present a direct structure-
activity relationship between the intrinsic ORR turnover number (i.e. kinetic current-density
normalized by electrochemically active site-density quantified via square-wave voltammetry)
and a surface material property of pyrolyzed Fe-N,/C catalyst; thus, providing deep insight into
the fundamental mechanistic origin of ORR and potentially opening the door to elegant bottom-
up catalyst synthesis strategies.

Electrocatalysis on non-pyrolyzed metal-macrocycles is governed by the nature of the i)
central metal-ion and ii) the surrounding macrocyclic ligand[17]. While d-electron density on the
metal-ion determines the progress of ORR via adsorbed intermediates, the role of s-conjugated
ligand is to modify the metal-ion's electronic structure by relocating its redox potential[17, 18].
Based on molecular-orbital approach, end-on M-O, interaction primarily involves o-type bonding
between O, molecular orbitals and e -orbital (d,?) of the transition metal-ion.[17, 19-21] Further
in accordance to the redox mechanism,[22, 23] ORR onset potential is closely linked to the
metal-ion's redox potential which in turn essentially represents the e,-orbital (d,>) energy
level.[24] Thus, a downshift in energy level of e,-orbitals away from the Fermi level anodically
shifts the metal-ion's redox potential leading to higher ORR onset potentials, and optimizes the
adsorption strength of ORR intermediates leading to higher turnover numbers. Downshift of e,-
orbitals is possible via 1) substitution of electron-withdrawing groups on the macrocycle ring,[25,
26] and/or i1) formation of electron donor-acceptor pair between metal-macrocycle and carbon
basal plane via 7t-7 interaction (due to electron-withdrawing nature of de-localized st-electrons in
carbon basal plane relative to m-electron rich macrocycle).[27] However, both these routes



involve long-range non-covalent interactive forces leading to a minor potential shift (~ 200 mV),
insufficient to cause significant change in ORR onset potential.

Here, we show that the pyrolysis step covalently integrates the Fe-N, active site into the -
conjugated carbon basal-plane, causing a dramatic anodic shift of ~600-900 mV in the metal-
ion's redox potential. Since the carbon basal-plane constitutes an intricate integral part of the
active site rather than merely an electrically conducting high surface area support, the surface
chemistry of underlying carbon needs due consideration[28-30]. We show that the electron-
donating/withdrawing capability of the carbon support, conferred upon it by the de-localized -
electrons, acts as a primary activity descriptor that governs ORR electrocatalysis on pyrolyzed
Fe-N,/C active-sites. In addition, we also elucidate the aspect of outer-sphere electron transfer
mechanism during ORR in alkaline media; particularly in light of recent evidences highlighting
the necessity to promote inner-sphere electron transfer mechanism via direct chemisorption of
de-solvated O, on the active-site.[31-33] Using iron(III) meso-tetraphenylporphine chloride
(FeTPPCI) as a model system, we elucidate inner- vs outer-sphere ORR mechanisms, active-site
structure evolution and most importantly, establish scientifically relevant electrocatalytic activity
trends to provide a fundamental molecular level understanding of ORR on pyrolyzed Fe-N,/C
catalysts.

In this work, we have developed scientifically relevant fundamental molecular-level

understanding of ORR on pyrolyzed Fe-N,/C catalysts. The Lewis basic nature of carbon basal-
plane facilitates the formation Fe-N, active sites on carbonaceous surfaces via the nitrogen
coordinating atoms. The pyrolysis step adventititously relocates the Fe-N, active site from a -
electron rich macrocyclic ligand environment to a relatively m-electron deficient graphitic carbon
environment. Divacant defective pockets and the edge-plane sites appear to provide such a -
electron deficient environment in the carbon support; this causes a significant modification in the
electron density and energy level of the e,-orbital (d,) of the transition metal-ion leading to a
significant anodic shift in its redox potential. Further, the degree of sm-electron de-localization on
disordered graphitic carbon basal planes can be used as a parameter to modulate the adsorption
strength of ORR intermediates and the intermolecular hardness of the adducts. On biomimetic
active-sites, the operation of redox mechanism ensures direct O, adsorption on the Fe’*-N,
active site and prevents the outer-sphere reaction of solvated O, with the OH,-covered active
site. A unified picture is developed here by combining the principles of surface science and
coordination chemistry, wherein the concepts of Sabatier's principle and intermolelar hardness
are utilized to comprehensively expound the fundamental molecular level understanding of ORR
on Fe-N,/C catalysts. A unique feature of the class of pyrolyzed catalyst is the ability to tune the
catalytic activity by experimentally controlling the degree of m-electron de-localization of the
carbonaceous surfaces. This phenomenon will likely open the door to the development of more
active and stable electrocatalysts based on biomimetic active-sites on novel mt-surfaces.

Some of the representative figures and tables which define the above mentioned conclusions
are provided below:



Figure 11: ORR activity and mechanisms on pyrolyzed non-precious metal catalysts. (a)
Schematic illustration of inner-sphere (inset i) and outer-sphere (inset ii) electron transfer
mechanisms during ORR in alkaline media. (IHP - Inner Helmholtz Plane, OHP - Outer
Helmholtz Plane). Comparison of the electrochemical characteristics of Fe-N,/C catalyst
(pyrolyzed at 800°C) in O,-saturated 0.1 M HCIO, and 0.1 M NaOH electrolytes showing (b)
ORR activity (i) and concomitant ring-current (Iz) due to hydrogen peroxide oxidation. Also
shown for comparison in (b) is the ring current profile measured during ORR on Pt/C catalyst
deposited on the disk-electrode. (c¢) Hydrogen peroxide reduction reaction (HRR) activity in
argon-saturated electrolytes containing 3.5 mM H,0O, in comparison to ORR. HRR experiments
were carried out by scanning the potential in the cathodic direction starting from the open-circuit
potential so that any influence due to O, evolved from H,O, electro-oxidation is avoided. Scan
rate - 20 mV/s, rotation rate - 900 rpm, Eg;,, = 1.1 V vs. RHE in 0.1 M NaOH and 1.3 V vs. RHE
in 0.1 M HCIO,, Fe-N,/C loading - 100 pg/cm?, Pt/C loading - 15 ugy/cm”on 5.61mm Glassy
Carbon disk at 900 rpm.
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Figure 12: Active site structure identification. Experimental XANES and delta-mu signatures
of Fe-N,/C catalyst pyrolyzed at (a) 300 °C and (c) 800 °C. delta-mu signatures were obtained by
subtracting the XANES signatures according to Ax = u(0.90 (or) 1.10 V) - u(0.10 V).
Experiments were conducted at Fe K-edge under in situ conditions in argon saturated 0.1 M
NaOH electrolyte. Vertical dotted line indicates the pre-edge position at 7112.5 eV. Structural
models shown in the inset of (a&c) were utilized for delta-mu analysis using FEFF8 simulation.
Also shown are the complete structural models of active site structures before (b) and after (d)
pyrolysis at 800 °C. Color Codes in structural models: Red — iron; Blue — nitrogen; Gray —
carbon and White - oxygen.
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Figure 13: Redox potential of active site. (a) Square wave voltammetry (SWV) profiles of Fe-
N, catalyst supported on black pearl carbon before and after pyrolysis at 800 °C in 0.1 M HCIO,
and 0.1 M NaOH electrolytes. (b) Plot showing the effect of pyrolysis temperature on Fe-N,/C
redox peak potential (Ep) in 0.1 M NaOH and full-width at half-maxima of Cls photoemission
spectra. SWV profiles after pyrolysis have been multiplied by a factor of 7 for visual
comparison.
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Figure 14: Relationship between ORR turnover number and electron-withdrawing
character of carbon basal plane. (a) ORR activity of Fe-N,/C catalyst (pyrolyzed at 800 °C) on
various carbon supports in O,-saturated 0.1 M NaOH electrolyte at 900 rpm rotation rate and 20
mV s’ scan rate. (b) Linear relationship between ORR turnover numbers in 0.1 M NaOH
electrolyte versus full-width at half maximum of Cls photoemission spectra. (¢) Schematic

illustration of intermolecular hardness (V,) parameter in Fe**-O, or alternatively Fe*'-(O,")
adducts.
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Figure 15: Proposed ORR Mechanism. Catalyst cycle showing the redox mechanism involved

in ORR on pyrolyzed Fe-N,/C active sites in dilute alkaline medium.

O

/

o

N~ N

O
%H_ Adsorbed O,

HC—)

o

N\Feu/N
N” SN

Active Site = S
e o)
l

N\FCH/N
N~ SN

Ferric-
Hydroxyl

—

H,O+e"
-20H"

N\Flem,N
~ N

N N H,0+€
Ferric- _oh
Superoxo OH

|
NS peeN
L N
© N N
.,-OH Ferric-
o €/ Hydroperoxyl
N\F'e"/N
N~ N
Ferrous-
Hydroperoxyl



Dramatically Enhanced Cleavage of the C-C Bond Using an Electrocatalytically Coupled
Reaction

Published Article: Dramatically Enhanced Cleavage of the C-C Bond Using an
Electrocatalytically Coupled Reaction’ Q. He, B. Shyam, K. Macounova, P. Krtil, D. Ramaker,
S. Mukerjee,*JACS, 134, (20) pp 8655-8661 (2012).

The controlled electrocatalytic cleavage of the C-C bond in organic molecules,
particularly in aliphatic alcohols, remains one of the most challenging problems in
electrochemistry. Aside from a fundamental interest in directing a multi-electron transfer to
selectively cleave or form C-C bonds,[34] the reaction is also of great practical significance in
the development of fuel cell-based electric energy generators.[35, 36] This implementation
enabling higher alcohol oxidation can significantly improve the energy density of these low-
temperature fuel cells. The inertness of the C-C bonds in electrocatalytic alcohol oxidation is
counterintuitive, since the C-C bonds are relatively weak and can be, in the case of
hydrocarbons, cracked either thermally or catalytically.[37] Taking ethanol as an example, a
cleavage of the C-C bond in the oxidation process leading eventually to CO2 formation (12
electrons) is severely disfavored kinetically, especially in acid media.[38] The electrocatalytic
oxidation of aliphatic alcohols proceeds readily on Pt based metal surfaces but usually yields just
2 to 4 electrons per alcohol molecule, and depending on both the electrode material and the pH,
rarely involves C-C bond splitting.[39-41] The resulting products are mostly the undesired
aldehydes or corresponding acids at low pH. In contrast, in alkaline media more complete
oxidation occurs, mainly due to higher sensitivity to structural and morphological moieties such
as relative population of crystallite planes.[42, 43] Ethanol oxidation, selective to CO2, has been
reported for Pt polarized to potentials in the oxygen evolution region in alkaline media.[44] The
oxidation process is, however, far from controlled at these conditions.

Regardless of the media, Pt based materials represent the benchmark catalysts for ethanol
oxidation. There have been several strategies devised for enhancing the activity and selectivity of
electrocatalytic ethanol oxidation,[45-48] some based on incorporation of ad-atoms to the
surface. The enhancement has been attributed to steric hindrance of the surface, or electronic
ligand and/or bi-functional effects when the ad-atoms are directly involved in the catalytic
process.[49] The activity of purely metal based catalytic systems is reported to be surpassed by
multifunctional catalysts featuring metal oxide based oxidation promoters like, e.g. MgO,[50]
CeO2,[51] ZrO2,[52] or SnOx.[40, 53] Despite the apparent improvement of the activity in the
ethanol oxidation, the resulting selectivity of the oxidation process towards the desired 12
electron process still significantly lags behind expectations, with a gradual deactivation of the
catalyst surface in the course of minutes. The rationalization for the C-C bond inactivity in
ethanol oxidation arises because the ethanol molecule primarily adsorbs to the metal surface via
the oxygen on the C1 carbon. The first electron removed from the ethanol molecule facilitates
formation of the energetically more stable aldehyde, which then easily desorbs from the surface
preventing further charge transfer that could attack the ethanol C-C bond.[54, 55] It may be
envisaged that controlling the approach, and hence the adsorption mode of ethanol, toward the
substrate could be instrumental in steering the selectivity of the oxidation process towards the C-
C bond splitting essential for the complete oxidation route.



The part of the effort showed for the first time the successful application of this concept,
utilizing a solution-based co-catalyst to direct the ethanol adsorption, while modifying the
catalyst surface chemistry to oxidize selectively the C-C bond in ethanol. Differential
electrochemical mass spectroscopic (DEMS) and in-situ X-ray absorption near-edge
spectroscopy (XANES) data were used to show and rationalize the behavior of the Pb (IV)
acetate under reaction conditions, thus modifying the behavior of the Pt/C nanoparticulate
catalyst to retain an unprecedented activity and selectivity towards C-C bond breaking on the
timescale of hours.

Combination of electrochemical and spectrometric data shows for the first time an
effective strategy for combining homogeneous and heterogeneous processes directing both the
activity as well as the selectivity of electrocatalytic oxidations of organic molecules, specifically
involving cleavage of the C-C bond.

A cathodic shift of 150 mV of the onset potential for ethanol oxidation was observed on a
Pt/C electrode in the presence of 1mM Pb(IV). Chronoamperometric measurements reveal that a
steady state current remains 1 hour later (up to 56% of the initial), and is higher than any
reported to date. The lead ions were found to play a dual role in the catalysis: Pb(OH)2 is
adsorbed on the Pt surface and produces OH adsorption at lower potentials to oxidize the CO and
other carbonyl species, and Pb(Il) and/or Pb(IV) ions form a complex with ethanol before it
reaches the electrode surface, which appears to be beneficial for the C-C bond breakage either by
influencing the orientation of the ethanol as it approaches the surface or even by assisting in the
bond breaking directly. The excellent sustained activity shown in the case of ethanol oxidation
accompanied with high selectivity to complete oxidation outlines the potential of this strategy for
use in electrocatalytic power generating applications.

Included below is the summary of this effort in terms of the overall mechanism of
activity enhancement (figure 16).
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Figure 16. Working mechanism of electrooxidation of ethanol on the Pt electrode with the assistance of Pb acetate at different
potentials in alkaline media



Harvesting Hot Electrons of Plasmonic Nanostructures for Efficient

Photocatalytic and Electrochemical Reactions

BACKGROUND To solve the global energy crisis, renewable energy sources, especially solar
energy, have attracted intensive interest in industry and academia. Photocatalysis promises to be
an exciting method for harvesting solar energy and thereby promoting the sustainable energy
needs of society. One benchmark example of photocatalytic reactions is water splitting, in which

electrons and holes diffuse to the surface of the

solar energy semiconducting material and promote the dissociation of

H,O >H,+0, water to form H,, O,, and OH radicals.[56-58] The vast
photo catalyst majority of research in this domain has focused on the

O interaction of photons with semiconductor TiO, largely due

to its ability to directly transfer photon energy into highly
reactive chemical species and relatively low cost.[59]

o However, its drawbacks (and those of similar materials)

HS H* include (1) the requisite wide band gap (approximately 3 eV)
A and the resulting limitation of photon absorption to a narrow

€ o band within the UV range, (2) the requirement for high

\ 0, surface area to achieve maximum catalytic efficiency, and (3)
= the need to minimize charge recombination by the imposition

O of various structural features. In this program, we aim to

significantly improve the efficiency of photocatalysis by
Figure. 17. Schematic of water directly harvesting the hot electrons when the plasmonic
splitting, and the proposed work of Tresonance of metallic nanostructures is excited.
using the hot electrons of plasmonic Moreover, we will explore the possibility of steering hot
nanostructures ~ (gold  color)  to electrons to participate in electrochemical reactions,
significantly _enhance —solar energy  wpioh would open a new horizon in the field of solar-
chemical energy conversion. Light absorbed by a metal can produce photo-excited hot carriers.
At the surface plasmon resonant frequency, the collective electron oscillation leads to enhanced
light absorption and hence more hot carriers can be generated. These carriers transport over
distances of a few tens of nanometers to the interface of the metal, and eventually could be
injected into neighboring semiconductor active materials, or electrolyte. The hot carriers can
drive various chemical reactions, such as, dissociation of H,,[60] or the oxidation and reduction
reactions that evolve O, and H, from water.[61] We plan to use rationally designed and
fabricated plasmonic nanostructures to enhance photon absorption over a broad wavelength
range for hot carrier excitation and efficient solar-chemical energy conversion.

PROJECT DESCRIPTION We are in the process of using rationally designed and fabricated
plasmonic nano-structures to enhance photon absorption, leading to a potentially new paradigm
in photocatalysis. Different from traditional heterogeneous photocatalysts (principally
semiconductors), the use of metallic plasmonic structures should significantly improve
efficiency. Extending prior work,[62, 63] we will explore how photons and plasmons facilitate
carrier excitation and transport at the deep sub-wavelength scale, and how they regulate
photochemical reactions for hydrogen, oxygen generation.



Plasmonics Assisted Broadband Absorption Photon absorption should ideally be broadband
and efficient in order to absorb over the entire solar spectrum. Metallic (plasmonic) nanoparticles
can resonantly enhance light absorption due to the excitation of plasmonic modes. Moreover, the
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absorbance spectral position can be tuned
by changing the size, geometry and
materials properties of such structures.
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nanostructures, due to the low quality
factor of the electric dipole resonance.
Although the absorption bandwidth can
be enlarged by varying the size, position
and inter-particle distance will
complicate the control of subsequent
photocatalysis. We propose to employ
high-order or hybrid plasmonic modes
of metallic nanostructures to extend
the bandwidth of photon absorption,
covering a wide spectral range in the
visible and infrared, so that the solar energy conversion efficiency could be drastically
enhanced. One design is schematically shown in Figure 18a. It consists of periodic stripes made
of metal multilayers that are separated by semiconductors, or metal-organic frameworks (MOFs).
The semiconductor or MOFs function as photocatalytically active materials, while the metal
supports plasmonic resonance. Two adjacent metal layers couple with each other, supporting a
hybrid plasmonic mode under transverse magnetic (TM) illumination. By cascading metallic
layers with different widths, we can increase the absorption bandwidth to over 400 nm in the
optical regime (Figure 18b). Lastly, from Figure 2c-e, the local electric field (IEl) is amplified
approximately 20-fold. These features are highly useful to harvest photons over an extremely
broad solar spectrum and benefit the subsequent photon-chemical conversion process.
Plasmonics Enhanced Photocatalytic and Electrochemical Reactions

Plasmonics Enhanced Photocatalytic and Electrochemical Reactions Preliminary experiments
were specifically designed to test the above hypothesis by choosing reductive charge transfer
reactions such as oxygen reduction and hydrogen evolution in both aqueous and non- aqueous
medium. The goal was to take a well known reductive process with conventional quasi outer
sphere charge transfer steps such as the well known ORR one electron step to super-oxide in
non-aqueous electrolyte. As studied extensively in Mukerjee’s group,[64] this one electron step
depends intimately on the donor acceptor properties of the solvent. As shown below, our
experiments involved using glassy carbon substrate (GC) with and without the dispersed
plasmonic nano-particles (20 A, mono-dispersed Au). Use of dimethyl sulfoxide was specifically
chosen in order to drive the reaction towards an outer sphere charge transfer. This aspect is well
described in our previous report.[64]As evident from Figure 19, the induction of gold
nanoparticles with illumination of laser at 532 nm wavelength drastically affects the oxygen

Figure 18. Plasmonic nanostructures for broadband perfect
absorption. (a) Cross-sectional view of the 2D periodic
plasmonic nanostructure. (b) Absorbance for normal incidence
and oblique incidence. (c)-(d) Electric field plot for resonant
wavelength at 0.62, 0.72 and 0.9 wm, respectively, showing the
large local field enhancement over 20 times.



reduction via enhancement of both super-oxide (first reduction peak) and even subsequent
reduction to peroxide. Such a delineation clearly demonstrates the potential of plasmonic
enhancement for solar-electrochemical energy conversion.
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Figure 19. ORR/OER scans on a GC electrode RDE in situ cell
enabled for laser exposure. Scan rate 50 mV/s, DMSO/LiPFg

with and without Au (20 A, see inset) and laser exposure. Note
the two emergent reduction peaks with Au on GC exposed to
laser radiation.
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