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ABSTRACT

Katherine E. MichauxCHARACTERIZATION OF WATER OXIDATION CATALYSTS FOR
IMPLEMENTATION IN A DYE-SENSITIZED PHOTOELECTROSYNTHESISCELL (DSPEC)
(Under the direction of Royce W. Murray)

Chapter Oneis an introduction to solar energy conversion andoye Sensitized
Photoelectrosynthesis Cell (DSPEC). It goes into detail about the development of the individual
parts of the DSPEC, including the semiconductor electrodes, photosensitizers and tadalysts
have been implemented in similar devicdsghen gives a brief history of the use of iridium
oxide nanoparticles as water oxidation catalysts.

Chapter Two describes the film formation process for iridium oxide nanopatrticles,
focusing particularly on the electroflocculation technique. Studies weli@mped which
determined the mechanism of electroflocculation, focusing on the short electroflocculation time
periods. Three different electroflocculation methba@snstant potential, potential pulsing and
potential cycling were implemented and the régyg iridium oxide naoparticle films were
comparecelectrochemically and microscopically. Electroflocculation was also compared to
chemical flocculation and a direct pH change method of film formation.

Chapter Threeis a general characterization chamirrridium oxide nanoparticles,
using a variety of analytical techniques to probe the structure, surface chemistry and reactivity of
these nanoparticles. It probes the pH effect on electroflocculated NPs electrochemically and
relates it to its reactivitgs a water oxidation catalyst. WWIs spectroelectrochemistry of the
iridium oxide nanoparticles is discussed and the individual spectra of each Ir oxidation state is

presented. Raman spectroscopy of the freely diffusing iridium oxide nanoparticles and



electroflocculated nanoparticles demonstrates the increase in crystallinity via electroflocculation.
SEM demonstrates the morphology of the electroflocculated films. Change in surface charge of
the iridium oxide nanoparticles with respect to pH is deglietith zeta potential measurements.
Finally, XPS of various forms of the iridium oxide nanoparticles shows the different forms of
iridium within the nanoparticles, likely distinguished by surface and core iridium sites.

Chapter Four details the behaviasf iridium oxide nanoparticles in organic media
through a few different methods. First, the behavior of an electroflocculated iridium oxide
nanoparticle film is examined in an aprotic solvent, as well as the changes in the electrochemical
behavior when @roton source is added. A hot injection thermal degradation synthesis of
iridium oxide nanoparticles is also explored. Exchange into organic media via valeric acid
capping ligands is discussed. This leads to the ferrocenation of the iridium oxideniatesp
using a Click reaction with a phosphate terminated ligand. Electrochemical tagging of the
iridium oxide nanoparticles elaborates on the surface chemistry and diffusion coefficient in
aprotic media.

Chapter Five explores a digcoated layeby-layer synthesis of a chromophecatalyst
photoanode assembly consisting of a Ru(ll) polypyridal dye and iridium oxide nanoparticle
catalyst. Preparation of Ru(ll) polypyridyiridium oxide nanoparticle (IrONP) chromophore
catalyst assemblies orF@Ojnand TO|TiO, core/shell by a layeby-layer procedure is described
for application in Dye Sensitized Photoelectrosynthesis Cells (DSPEC). Significantly enhanced,
biasdependent photocurrents with Lumencor 455 nm 14.5 m¥dfeadiation are observed for
core/shé# structures comparedto Tiad f t er der i v at i-POMtbpye(bpy)[i t h [ Ru (
(RuP) and uncapped IFONPs at pHL and pH5.8 inHCIO4s andNaSiFs buffers, respectively,

with a Pt cathode. Photocurrents arising from photolysis of the resulting pbdes



FTOInandTO|TiO2}-RuP,IrOo, are dependent on TiGhell thicknessrad applied bias, reaching
0.2 mAlcn? at 0.5 V vs AgCl/Ag with a shell thickness of 6.6 nm. Long term photolysis in the
NaSiFs buffer results in a marked decrease in photocurrent over time due to surface hydrolysis
and loss of the chromophore from the surface. Long term stability, with sustained photocurrents,
has been obtained by Atomic Layer Deposition (ALD) of overlayers©i { stabilize surface
binding of-RuP: prior to the addition of the IFONPs.

Chapter Six focuses on the electrochemical characterization of three novel Ru(ll)
guaterpyridine complexes atitk assessment tifeir potential for benzyl alcohol oxidation
catalysis. The terminal ligands for these complexes are varied betwe@NCEI and vinyl
pyridine. Their electrochemical behavior in acetonitrile and aqueous media are reported. When
dissolved in agueous media, an exchange of thgC8Higands with HO allows the complexes
to reach higher oxidation states, suggesting potential for water oxidation catalysis. Benzyl

oxidation catalysis is also explored; two of the three complexes are catalysts for this reaction.
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Figure 2.5:

Figure 2.6:

Figure 2.7:

Figure 2.8:

Figur

Figur

Electroflocculation of IlONPs ([Ir] = 2.5 mM, pH 13) at 0.9 V

vs. Ag/AgCl onto a Au coated quartz crysta,maonitored by

eQCM. The measured current is the blue line; green corresponds
to the change in mass obtained from the change in frequency of
the quartz crystalThe black arrow indicates the end of the observed

induction period. 1 €g increase 1in
1.67 X 109 MOl IrOx NPS/CNT. ... ceeme et veemeae e ene s 38
AFM (left) and SEM (right) images of electroflocculated INP

films depicting the Aislandso of NPs
cn? electrode surface. Both samples were electroflocculated onto a

Au coated glass slide fOor 5 MINUIES..........ueiiiiiiii e eeeeeeeen e 39

AFM of Au coated glass slides after varying times of electro

flocculation in pH 13 IrQ NPs. Very little change in surface

roughness (seen by the RMS) and topography is seen in the first

120 s Of electrofloCCUIAtION............coviiieeeeieeer e 40

AFM images of Au coated glass slides subjected to 0 s (left) and
180 s (right) of electroflocculation. After 180 s, patches ok IrO
NPs are visible, as indicated by the blue squares...........cccccovvvvieeeeeiiiiiieeiiinnns 41

e 2. 9: ater electeofioeculation atldifferefptipotentials,

using the chronoamperometry method. The coverages calculated

from the I couple is represented in blue and the coverages

calculated from the YFV couple are in red..........ccooveveeeeeceeeeeeeceee e 42

e 2.10: Coathall"e(red) and M {blde) u m ( T
waves with respect to length of electroflocculation in min at
1.2V VS, AQ/AGC L et 43

Figure 2.11: Cyclic voltammetry of the IxONP films formed via potential

Figur

pulsing. The lower potential limit was 0 V vs. Ag/AgClI and the
upper potential limit was varied between 1.2 V (green), 0.9 V (red)
and 0.6 V (blue). The different pulse lengths were 0.1, 0.2 and
0.5 s at the upper potential lim CVs were performed in fresh 0.1

mas S

t ha

M NaOH solution and the CVs...s.hawndsbove

e 2.12: C orwwatir resgeet toahe upper potential lmit. ( G
Coverage for the i¥""'- couple is on the left and that for th&'f

couple is on the right. The lower potential limit was 0 V vs.

Ag/AgCl, while the upper potential limit is featured along thexs.

Each pulse length is represented by a different symbos, &5ed

squares, 0.2 s as green triangles and 0.1 s as purple circles.........ccccoevveeeen. 46
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Figur

e 2. 13: Conferthe V¢ gleftpahd IN'Vr(rigist)i um (
couples with a lower potential limit of 0.2 V vs. Ag/AgCl. The

upper potential limit is shown on theaxis and the different pulse
lengths are in different colors, 0.5 s in red, 0.2 s in gradr0dl s

I DU et e e e et eeeer e

Figure 2.14: Coverages dfr i d ir) dlonthe(Ifi" (left) and the ¥V couples

formed via potential pulsing with a lower potential limit of 0.6 V
vs. Ag/AgCl. The upper potential limit is represented along theix
and the pulse length is represented by different colors, 0.5 s as blue,

0.2sasred and 0.1 S @S greEN.........uuuuuuuueeiisimeeeeerannrn e e e e e e e e e e e amamraaae e as

Figure 2.15: Cyclic voltammetry of three different films formed via potential

Figur
Figur
Figur

cycling and different scan rates: 10 mV/s in blue, 100 mV/s in red
and 1 V/s in green. Each CV was taken in a new 0.1 M NaOH

SOIULION AL 50 MV /S e

e 2.16: Conromdly orsnedovih potemtial dycliogm ( {
with a lower potential limit of 0 V vs. Ag/AgCl for the" (left)

and IMV (right) couples. The upper potential limit is represented
along the xaxis and the scan rates are represented by different colors,

10 mV/s in blue, 100 mV/s in rechd 1 V/S in green........cevvvveeeeeeeiiiiiiicceeen.

e 2. 17: Conromély osnedorib potential cyclingm (G
with a lower potential limit of 0.6 V vs. Ag/AgCl for theit" (left)

and IMV (right) couples. The upper potential limit is represented
along the xaxis and the scan rates are represented by different colors,

10 mV/s in blue, 100 mV/sinred and 1 V/sin green........cc.ccccccvvvvvvummmene..

e 2.18: Conromdly torsnedovitn potemtial dycliogm (G
with a lower potential limit of 0.4 V vs. Ag/AgCl for the\t"

(left) and 1MV (right) couples. The upper potential limit is represented
along the xaxis and the scan rates are represented by different colors,

10 mV/s in lue, 100 mV/s inred and 1 V/S in gre€N......ccccceeeeeeeeiiiiicceennn.

Figure 2.19: Cyclic voltammetry of films formed via different methods

of electroflocculation. Constant potential and potential pulsing

is represented on the left and potential cycling on the right. The
different pulse lengths and scan ratesiierpotential pulsing and
potential cycling respectively are noted in the legend. Each film
was electroflocculated with the same amount of time spent above
the orset of water oxidation catalysis. Each of these CVs is taken

IN 0.1 M NAOH At 50 MV e e e e e e aaame e e e aaens
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Figure 2.20: Copwfrfilngfermed vid differeni di um ( G
electroflocculation methods, depicted in the legend on the right.
The IV values are represented by circles, while tH& Ivalues
are squares. The blue data points denote values obtained from a
film formed via constant potetial, while the green data points are
from films flocculated by potential pulsing and the red from potential
cycling. The lower potential limit is O V vs. Ag/AgCI for all films................... 53

Figure 2.21: SEM images of electroflocculateddi@P films formed via
different electroflocculation methed (a) Constant potential with
applied potential of 0.6 V. (b) Constant potential with applied
potential of 0.9 V. (c) Constant potential with applied potential
of 1.2 V. (d) Potential pulsing, 0.5 s pulse, upper potential limit
of 0.9 V and lower potential limit of 0.6 V. (e) Potential pulsing,
0.5 s pulse, upper potential limit of 0.9 V and lowetential limit
of 0 V. (f) Potential cycling, 10 mV/s scan rate, upper potential
limit of 0.9 V and lower potential limit of 0 V. (g) Potential cycling,
100 mV/sscan rate, upper potential limit of 0.9 V and lower potential
limit of O V. (h) Potential cycling, 1 V/s scan rate, upper potential
limit of 0.9 V and lower potential limit of O V. All potentials are
versus a Ag/AgCI reference electrode............eeeiiiiiiicceciiciciee e, 56

Figure2.22: IrG« NP solution asynthesized as pH 13 (left) and after the
addition of CAN (right). The solution changes from a clear, purple
solution to a colorless solution with a brown precipitate..............cooooovviiceee. 57

Figure 2.23: XPS of the precipitate formed vi
IrOx NPs with Ce(lV). The precipitate was droast onto a Au
coated glass SHAE.......ccooie i 58

Figure 3.1: Cyclic voltammetry of an electroflocculatedx P film, depicting
the IMV and IV redox waves and the onset of water oxidation in
0.1 M NaOH solution (pH = 13). Electrode area 0.072.cm...........c...ceeuvv.e 69

Figure 3.2:j (A/crd)  vygmolIicn?d) f or four different overpote
indicated by the different symbols in each graph. a) Plot@y |
NP films in pH 3 phosphate buffer. b) Plot for ¥@®P films in pH
5 phosphate buffer. c) Plot for IKONP films in pH 7.5 phosphate
buffer. d) Plot for IrQ NP films in pH 10 phosphate buffer. e) Plot
for IrOx NP films in pH 12 phosphate buffer............cccooee s 74

Figure 3.3: Distribution plot of the different phosphate species with respect to

pH. The katvalues for the 5 different buffers are plaottas well,
1o goTo] o 0] T= U <o o PSPPSR 75
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Figure 3.4: Catatic Tafel plots for IrQ. NP films, electroflocculated for
various lengths of time (indicated by the different colors) in
different pH buffers. a) IrONP films in pH 3 phosphate buffer.
b) IrOx NP films in pH 5 phosphate buffer. c) k®IP films in pH
7.5 phosphate buffer. d) IKONP films in pH 10 phosphate buffer.
e) IrOx NP films in pH 12phosphate buffer..........ccccoooiiiiiec 77

Figure 3.5: Catalytic Tafel plot of similar coverag®, NP films in different
pH phosphate buffers, represented by the different colors. The slope
corresponds to thedand mechanism of catalysis, while the

Figure 3.6:UV-Vis difference spectra for the precipitated»r@P films on
anandTO buffer in pH 5.8 NaSigbuffer. The potential was
varied in 20 mV increments frord.2 to 1.4 V vs. Ag/AgCl and
was held for 60 s before each absorbance spectra was ohtained................. 80

Figure 3.7: a) Distribution plot of each Ir oxidation state with respect to applied
potential (V vs. Ag/AgCl), derived from the difference spectra in
Figure 3.6. b) The difference spectra of each individual Ir oxidation

Figure 3.8: TEM images of the isopropanol precipitategt h&3upsended in
various 0.1 M phosphate buffer:. a) pH 3.3 b) pH 7.7 d) pH 11

Figure 3.9: Zeta potential distributions for the isopropanol precipitated IrO
NPs, resuspened in various phosphate buffers: a) pH 2 b) pH 3.3
C)pH5.8 dpH 7.7 e)pH 1l and f) pH 12.......ooommmmiiiiiiie e 83

Figure 3.10: Raman spectra of the)rl@Ps in two different states. a) As
synthesized IrQNPs in 0.1 M NaOH. b) Electroflocculated kO
NP film on AU SHAE.......cooiieee e e e e e e e aan 84

Figure 3.11: Before (blue) and after (orange) Raman spectra of the sanw electr
flocculated IrQx NP film, which presents aegrease in crystallinity
[0V =T o (] 0= PSR SPPPPPRPR 85

Figure 3.12: a) Raman spectra of an electroflocculatedN#film over time
as a 633 nm laser continuously illuminated the sample. b) % area
of the spectra that is rutile over time, while the film is illuminated................. 86

Figure 3.13: Raman spectrum of the isopropanol precipitatedNR3..............ccccoeeeeieeeeenne. 87
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Figure 3.14: SEM images at 30 and 35x magnification of electroflocculated
IrOx NP films after exposure to various phosphate buffers and

electrochemical experiments. a) Immediately after electroflocculation,

no phosphate buffer. b) After pH 12 phosphate buffer. c) After

pH 10

phosphate buffer. d) After pH 7.5 phosphate buffer. e) After pH 5

phosophate buffer. f) After pH 3 phosphate buffer......................

Figure 3.15: SEM images at 80,000 and 90,000x magnification of electro
flocculated IrQ NP films after exposure to various phosphate
buffers and electrochemical experiments. a) Immediately after
electroflocculation, no phosphate buffer. b) After pH 12 phosph
buffer. c) After pH 10 phosphate buffer. d) After pH 7ibgphate

ate

buffer. e) After pH 5 phosophate buffer. f) After pH 3 phosphate

Figure 3.16: Electroflocculated IKONP films after varying lengths of time. a)

3 minutes of electroflocculation. b) 5 minutes of electroflocculation.
c) 12 minutes of electroflocculation. d) 15 minutes of electroflocculation..... 90

Figure 3.17: Crossection SEM images of an electroflocculatedxIMP film
on a Au coated glass slide. a) 600x magnification. b) 35,000x

MAGNITICATION. ...t 91

Figure 3.18: High resolution-say photoelectron spectra focused on the Ir 4f
peak of IrG NPs in four different states. a) Agnthesized IrQ
NPs in 0.1 M NaOH (pH 13). b) Electroflocculated xr®P film
on a Au coated glass slide. c) Valeric acid capped NBs in DCM.
d) Chemically flocculated IrONPs, precipitated via (NJCe(NG)es

Figure 3.19: Xray photoelectron spectra of an electroflocculated film before

(red) and after (blue) holding the potentiat#@0 mV vs.Ag/AgCI. ...

Figure 4.1: pH dependency of the formal potentials df'frand 1tV for the
freely diffusing IrG« NPs (blue) and the electroflocculated rO
NP films (black) in various phosphate buffers...............ccccvvviieenn.

Figure 4.2: Cyclic voltammetry of an electroflocculatedx TP film in
DMSO with 0.1 M TBAP. Three different scan rates are
represented in each potential window, 50 mV/s in blue, 25
mV/s in orange and 10 mV/s in purple............ooooiiiiienn s
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Figure 4.3: a) Cyclic voltammetry of an electroflocculatedIN® film
in DMSO with additions of nanopure-8. b) Cyclic voltammetry
of an electroflocculated IFONP film in DMSO with additions of
0.1 M NaOH in nanopure 4. c)Final CV of an electroflocculated
IrOx NP film in 50% DMSO, 50% tD. d) Final CV of an electro
flocculated IrQ NP film in 50% DMSO, 50% 0.1 M NaOH. Scan
rate is 10 mV/s for aligures. Black arrows indicated the direction

in which the Ir redox waves are shifting..............cccoovvviiiieeee e,

Figure 4.4: Cyclic voltammetry of various carboxylates irsCN and 0.1 M
TBAP. Various scan rates are shown, 200 mV/s in blue, 300 mV/s
in orange and 400 mV/s in purple. a) 4 mmol tetrabutylammonium
hexanoate with a GC working electrode. b) 4 mmol tetrabutyl
ammonium hexanoate with an electroflocculated INP film. c) 4
mmol tetratbutylammonium valerate with a GC working electrode.
d) 4 mmol tetrabutylammonium valerate with an electro

flocculated 1GNP filM. ..o

Figure 4.5: Differential pulse voltammetry of an electroflocculated NP
film in 0.1 TBAP, 10 mM hexanoic acid GEN. 10 pL increments
of 0.1 TBAOH were added to the solution and a negative shift of

the redox couple is observed with each addition...............cccoovveeeeeeee

Figure 4.6: Shift of the peak potential via differential pulse voltammetry with
the addition of 0.1 M TBAOH. a) Titrations of 10 mM hexanoic acid

and 5 mM valeric acid. b) Titration of 20 mM oxalic acid........................

Figure 4.7: TEM images (a and b) and histogram (c) of the NBs

sytnthesized via the hot injection thetrdagradation synthesis.................

Figure 4.9: XPS of the hot injection, therndalgradation synthesis IxINPs.
a) Full spectrum demonstrates a large C s1 peak at 300 eV due to
the surfactant shell. b) High resolution spectrum of the Ir 4f double

Figure 4.9: EDS spectrum of the hot injection, therdegradation synthesis
IrOx NPs, demonstrating the presences of Ir in the NPs seen in the

TEM images Of FIQUIE 4.6.............oooiiiiiiiiieeee e

Figure 4.10: TEM images (a and b) of the valeric acid capped nanopatrticles,

as well as a histogram (c) of the nanopartitéaneter in nm.......................

Figure 4.11: TEM images (a and b) of thgrl®x NPs andh histogram of the

Nanoparticle diameter (C)u .. ..o e
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Figure4.12: a) Full XPS spectrum of thelNDx NPs. b) High resolution scan
of the Ir 4f double peak. c) High resolution scan of the N 1s peak.
A double peak at 399.5 and 406 eV indicates the presenaas\ef
5] 01 [ S SS 121

Figure 4.13: TEM images (a and b) of the@drPx NPs, as well as a histogram
(c) of the nanoparticle diameters..............oovvviiiiiiiee e 122

Figure 4.14: EDS of the FclsONPs pictured in Figure 4.12, demonstrating the
presence of both Irand Fe..........cooooiiiiiiiiiicee e 123

Figure 4.15: a) Full xay photoelectron spectrum of Fck®Ps. b) High
resolution san of the Fe 2p peak. c) High resolution scan of the

Figure 4.16: a) Cyclic voltammetry of the Fck®Ps in 0.1 M TBAP DMSO
using a Au coated glass slide as a working electrode. b) Cyclic
voltammetry of the Fclr@NPs in 0.1 M TBAP DMSO using a
Au microdisk working electrode. c) Peak currep) ¥s. the square
root of Y4 framnhe E\BPresented in (A).......ccccoevveveeeieemeeeennans. 124

Figure 5.1: Diagram of the dipcoated laysrlayer assembly of RuRand
IrOx NPs on various electrodes. A) Assembly is seen on the
mesoporous Tiesubstrate atop FTO coated glass. B) Assembly is
built upon the core/shell electrode witm@nolTO core coated with
a thin TiQ shell, deposited via atomic layer depositian..............cccceeeevieemeeen. 131

Figure 5.2: TEM images of A) the 50 cycleand TO/TiO2 core/shell
electrode and B) the 100 cyclesndTO/TiO: electrode. The
darker core regsents theandTO coke and the surrounding
layer is the TiQ shell, further pointed out by the bar lines................cevvvennee. 133

Figure 5.3: (a) UWis absorbance spectrum of RelFOx NP assembly on
a nanolTO electrode. (b) UVis difference spectra of RgP IrOx
NP assembly on nanolTO in a pH 5.8 Na3ikffer, as the applied
potential is varied (bottom to top) fror@.2 V to 1.2 V vs. Ag/AgCl.
Two features are observed: A) increase in absorbance due to
oxidation of Ir from It' to IV where it becomes a black absorber
and B) photobleaching of RuBs itis oxidized from Rlito RU". .................... 135

Figure 5.4: U\WVis difference spectra of RuP2 aandTO/FTO coated glass
with varying potential in a pH 5.8 NaSibuffer, as the applied
potential is varied (bottom to top) fror@.2 V to 1.2 V vs. Ag/AgCl.
Photobleaching of the chromophore as it is oxidized frothtR&RU"
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Figure 5.5: (Top): Concentratigradients of each redox species present from
-0.2to 1.4 V vs. Ag/AgCl at pH 5.8. (Bottom): Individual difference
spectra of each oxidation species. The first four changes in spectra
correspond to different oxidation states of Ir. The last change
corresponds to the oxidation of the RUP..................oooiee, 137

Figure 5.6: Photolysis of the chromophore (RuPatalyst (IrQ), and
chromophorecatalyst assembly (RufrOx) on three difference
electrode types: (a) FTegndTO, (b) FTO|TIQ and
(c) FTOhandTO|TiOz. In each chart, the traces for Raone is
in blue, IrQ alone is in orang and the assembly of the two is in
purple. Three different light intensities. 10%, 50% and 100%
correspond to 3.4, 14.5 and 23.1 mW/at455 nm, respectively.
A potential bias of 0 V vs. Ag/AgCl was applied..............cooeiiiiiimmnn s 140

Figure 5.7: Photocurrenensity of the RufIrOx NP assemblies on a
FTOhandTO|TiO2 core/shell electrodes at pH 1 with varied
applied potential bias. These values are taken after 90 s of photolysis
whenilluminated by the Lumencor at 455 nm and 14.5 m\¥/cm
(The photocurrent density is based on the geometric area of the
L= [=To 1o T0 [ PP TP PPTPTPRRR 141

Figure 5.8: Photocurrent measurements of thexf@x assembly, as well
as the individual components. Photocurrents on a ifi€soporous
electrode are featured on the left in (a) and photocurrents on a
100 cyclenandTO/TiO2 core/shell electrode are on the right in (b).
Three different light intensities. 10%, 50% and 100%espond to
3.4, 14.5 and 23.1 mW/cmat 455 nm, respectively. A potential bias
of 0 V vs. AQ/AQCI was appli€d...........uuueiiiiiiii e eeeer s 142

Figure 5.9: Qdetection using a four electrode set up. On the left, the black
trace is WE1 with the RuROyx assembly and the red trace is the
O. detection at WE2. The figure on the right is the same O
detection from the figure on the left. There is a time delay between
whenthe light is switched on and when {3 detected due to the
wide spacing between WE1 and WE2. Faradaic efficiencies-2620
were observed for these assemblies........ccccoooeeiiiiiceeei e 143

Figure 5.10: Photocurrent density of the RU®x NP assemblies on two
differentcore/shell electrodes at pH 5.8 with varied applied potential.
These values are taken after 90 s of photolysis when illuminated by
the Lumencor at 455 nm and 14.5 mW#cn(iThe photocurrent
densityis based on the geometric area of the electrade.)...........cccccoeeeeeeee. 144
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Figure 5.11: A cartoon of the assembly after an additional ALD of ~ 1 nm of
TiO2, represented by the light blue edge of the nanoparticles.
This ALD layer is added after the chromophore (RuP2) is adsorbed
to the surface, but before the ¥®Ps are deposited. Thcreates
a protective layer of Ti@around the phosphonic acid groups of the

chromophore, which anchor the complex to the metal oxide surface.........

Figure 5.12: Photocurrent densities after 2 hours of photolysis for thelRuP
assemblies on theandTO/TiO2 core/shell electrodes (TO
thickness = 6.6 nm) with and with ALD stabilization (10 cycles)
were 110 pA/craand 97 pA/cr, respectively. Photolysis
conditions were gbH 5.8 with an applied potential bias of 300

mV vs. Ag/AgCl, while illuminating at 455 nm and 14.5 mWfcm...............

Figure 5.13: Photolysis of PMAA stabilized FTO|nanol TOR[RDIP, IrOx
assembly. The light (455 nm, 14.6 mW#ns turned on at 60 s,
indicated by the arrow. A potential bias of 0.4 V vs. Ag/AgCl was

applied in a pH 5.8 NaSEBUTEr..........cccoeiiiiiiiie e

Figure 6.1: Structures of the three quaterpyridine complexes studied. In 1, L

=Cl, MeCN. In2,L=MeCN. In 3, L =vinyl pyridine (VP).........ccceeeerr.....

Figure 6.2: Heating program for GC detection of benzyl alcohol and benzaldehyde....

Figure 6.3: Cyclic voltammetry of complexes 1 (orange), 2 (blue) and 3 (green)

in 0.1 M TBAPR and MeCN, at 10 MV/S......coiuiiiiiiieeiseeemeiee e

Figure 6.4: Cyclic voltammetry of 1 in 0.1 M TFA at 25 MV/S........ooovvviivniiiiiiimeeeennnns

Figure 6.5: Cyclic voltammetry of Comlex 2 in 0.1 M TFA at 25 mV/s. Scan
1isin blue and scan 12 is in orange. The CVs change over time

due to MeCN exchange WithpB.............coiiiiiiiii e,

Figure 6.6:Cyclic voltammetry of Complex 3 in 0.1 M TFA. The blue curve
corresponds to the GC working electrode, where higher rates of
polymerization are observed (the peak formation at 0.5 V).

The orange curve corresponds to the BDD working electrode,

which observes no polymerization of the catalyst...........ccccooeeeeeeeeieeennn.

Figure 6.7: Cyclic voltammetry of Complexes 1 (a), 2 (b) and 3 (c) in 0.1

M TFA, without (blue) and with (orange) benzyl alcohol............................

Figure 6.8: Plot ofdip v s "2fos Complex 1 in 0.1 M TFA with 20 mM
benzyl alcohol. CVs were performed using a BDD working
electrode, Pt auxiliary electrode and Ag/AgCl reference electrode.
Three different potentials were reported, each vs. Ag/AgCl. The
kobsderived from each potential was 328 8800 & and 75008,

FESPECHIVEIY et err e e —————
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Figure 6.9:(a) Cyclic voltammetry of low conc#rations of Complex 1 and
20 mM benzyl alcohol. (b) The linear relationship between the
concentration of the catalyst, Complex 1, and the limitingcugréné ¢ . . . é. . 16 4

Figure 6.10Chronoampergram of a bulk electrolyses of Complex 1 and benzyl
alcohol in 0.1 M HCIQand 20% MeCN, where the potential was held
at 1.4 V vs. Ag/AgCl for 13 hoursnandTO on FTO coated glass was
used as a working electrode, with a Pt auxiliary electrode and 3 M

""""""""""

Figure 6.1: Complex 1lin 0.1 M HCIQ; and 20% MeCN before (left) and
after (right) bulk electrolysis. The complex undergoes a color
change from pink to orange, indicating the catalyst may be
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CHAPTER 1: Introduction to the Dye-Sensitized Photoelectrosynthesis Cell
(DSPEC)

1.1 SOLAR ENERGY AS A RENEWABLE SOURCE

Over the past few decades, the global energy demand has significantly increased due to
growing economies, advances in techggland increased access to that technoldggure 11,
from the International Energy Outlook of 2013 published by U.S. Energy Information
Administration, depicts this trerehd further predicts how this demand will increase through
2040! Thereis need for a renewable efficient energy source to meet this perpetually increasing
demand.

Research has focused on developing and improving renewable energy sources, such as
wind, hydroelectric and solar energy sources. As almost 600 quadrilionBTUsh t he ear t h
surface every hour directly from the sun, improving solar energy conversion techniques to
harvest this energy has been a major focus of current research. Photovoltaic devices are the
current technology that has reached commercial use.etawtheir use of semiconductor
material limits the maximum efficiency at which these devices can @mcihis limit is based
onthe S$hockleyQuiesser limitand the maximum efficiency of a sitin photovoltaic device is
ca. 29.2 Most moderrphotovotaic cells are close to achievitigs value. On top of this, they
also present the dilemma of their electrical output being directly proportional to the influx of
sunlight. As the majority of energy consumption occurs at times after the sun hasetépcd m

of storing this energy musisobe obtained.
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Figure 1.1: Annual global energy demand by decade since 1990, as well as the predicted increase over the
years.

Battery materials have been proposed as a storatf@thfor solar energy. Most
recently, Tesla Motors announced the production-bibate versions of their car batteries,
PowerwalP, that can pair with photovoltaic materials for solar energy storag@wever, the
materials for such high power densigtieries can become quite expensive. Batteries are also
prone to losing their charging and discharging ability over time, largely due to loss of structural
integrity of the cathodes and anodes. An alternative to this is to use a different method@f stori
solar energy, by mimicking plants and storing this energh@mical bonds, as is doire
photosynthesis.

One of the most sought after reactions for storing energy in chemical bonds is the
splitting of water into molecular oxygen and hydrogen. Penéss, hydrogen has one of the
highest energy densities of any mallec As a fuel, ihas the added benefit of producing water
as its only side product, eliminating the production of greenhouse gases. Generating hydrogen
from the splitting of water invges two half reactions: the oxidation of water to oxygen gas and
protons and the reduction of those protons to hydrogenTgesmajor obstacle in this reaction

is the large activation energy water oxidatiorrequired in the thermodynamically uphill
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reaction. While the free energghange ( @G) of thi s WNeaenérgyon cor

within the solar spectrunit often requires more energyi . e. oV eduptodlaget i al ,
kinetic obstacle from the multielectron proce3#is large overpotential results in a need for
either a semiconductor with a large enough band gap energy to compensate for this increase in
energy requirement or a catalyst to lower the overpotential of the water oxidation reaction.

The semiconductor gelirements for water splitting involve a large band gap energy, a
conduction band energy with a potential more negative than the formal pote)tiaf e
H*/H, reaction and a valence band energy with a potential more positive than the formal
potentialof the Q/H20 reaction. One such material that fits these requirements isWifizh
has a band gap of ca. 3 eV. In 1972, Honda and Fujishima first demonstrated solar water
splitting via illumination of a Ti@semiconductor photoanode coupled with a@hode’
However, the conduction band of T just barely more negative than that of the proton
reduction reaction, which leads to slow overall water splitting. Finding a semiconductor material
that is efficient and stable in the conditions for bibih oxygen evolution reaction (OER) aheé
hydrogen evolution reaction (HER) has been a challenge. Because of this, dual band gap cells
have been explored, where -#&ype semiconductor material is combined with aype
semiconductor material to moréfieiently split water? The use of two different semiconductor
materials in one cell with complementary band gaps to absorb different regions of the solar

spectrum results in an increase of overall efficiency of these devices.
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Figure 1.2: Band gaps of common semiconductor materials. The negative limit on the left corresponds t
conduction band energy and the positive limit on the right corresponds to the valence band energy. The d¢
represented the poteridaequired for water oxidation and proton reduction.

The development of photocathode semiconductor materials has largely focused on
phosphide, sulfide, telluride and selenide materials, camgist various ratios of G&d and
In.5>6789101L12 This focusis due to their conduction band being sufficiently negative, asrsh
in Figure 12. Due to the large overpotential, the addition of a Pt catalyst to the
semiconductor/liquid interface has been implemeritédlit was found that using catalytic metal
particles, instead of a metal film, improved efficiency fargrbduction likely because a
continuous metal film blocks light absommi bythe semiconductor. By limiting the cerage of
the catalyst to islantike structures, the electrode material is essentially transparent.

Conversely, photoanode semiconductor materials for water oxidation have been largely
oxide based. The valence band on these materials consist of O 2p orbitals, with the valence
orbitals of themetals serving as the conduction banBecause of this, the valence band of these
materials are all very similar, while the conduction band is varied based on which metal ions are

present; examples include TidFre0s, WOz and ZnO Figure 12).141° Because the valence



band energies tend to be significantly higher ttenOER potential, the excess energy that is
absorbed escapes via thermal relaxation, resulting in poor efficiency.

Unassisted solar water splitting has been widely reported using a combination-of the n
type TiQx semiconductor electrode combined with thiype GaP51%181920 Efficiencies up to
1% were reported, largely due to the instability of th@gP photocathode. These were all
examples of some of the first photoelectolysis cells (PEC). Combination of a PEC device with a
photovoltaic (PV) device has also been explored, where the lightthat 6t absor bed by
semiconductor is instead absorbed by the PV. This provides a bias that is required to split
water?!

In a similar manner, Gratzel combined a-@gasitized solar cell (DSSC) with a WO
photoanode tincrease efficiency??>?* DSSC devices generally contain a high surface area
semiconductor, such as TiQvith dyes bound to the surface to absaghtland inject the
resulting excited electron into the semiconductor material. This, in turn, can cheaseadich
is sufficientto split water. By implementing a molecular dye, DSSC devices incorporate a
material with a tunable absorptién.t is difficult to control the band gap energies of metal
oxide semiconductor materials. Organometallic compglelxewever, have much greater
tunability, as changing the metal center and surrounding ligands can adjust the lowest
unoccupied molecular orbtail (lMO) and highest occupied molecular orbital (HOMO).
Manipulating the structure of these complexes or organic dyes can be seen as the equivalent of
changing the band gap of the semiconductor material. With the addition of a dye, the absorption
characterist of the device can be shifted towards the visible region of the solar spectrum and the

need for an external bias can be decreased or elimiffated.



DSSC devices havether advantages as well. The implementation of the dye splits the
duties of the semicwuctor material. The dye serves the purpose of absorption, while the
semiconductor electrodesole responsibility is charge separation of the injected electron and the
resulting holes. Most DSSC devices implement a high surface area, mesoporouscenacon
structure, which results irigh loading of the dyé’ anduse TiQ as their base, which is a
relatively cheap material, reducing cost of the overall de¥€° Because of this, they also are
simple to fabricate, lightweight and are flexible in de€iyiThe use of a dye attached to
mesoporous semiconductor base has also been applied to the photocathode as well, with NiO
serving as the basé3233343% The combination of both antype DSSC with a{bype DSSC has
also been explored for its advantages. By manipulating the alosogbteach dye molecus®
t hat t heyor e eacboaother teertheareticalmyximuro efficiercgreater than
40%, significantly higher than a single devféeCurrently, the efficiency is much less ideal, but
strides have been made to furthaprove the function of these devices.

While strides have been made to improve the stability and efficiency of photoanode and
cathode materials for water splitting, the large overpotentials required, especially for water
oxidation, result in higher energgquirements needed for water splitting. To reduce these high
overpotentials, electrocatalysts have been added on the swfdwmth semiconductor
electrodes. Pt has proven to be the ideal electrocatalyst for the HER, with a low overpotential of
50 mV & 10 mA/cnt. Electrocatalysts for the OER have proven to be more elusive; some
examples of these are discussed in Section 1.4. The DSSC, when combined with electrocatalysts
for water oxidation and reduction, leads to the development of the&SByysitized

Photoelectrosynthesis Cell (DSPEC), discussed below.



1.2 THE DYE-SENSITIZED PHOTOELECTROSYNTHESIS CELL (DSPEC)

The DyeSensitized Photoelectrosynthesis Cell (DSPEC) was originally proposed by
Thomas J. Meyer in 2008. The goal of these devices is to take common resources, such as
H>O and CQand yield a fuel entirely from sunlight to store solar energy for later use. This
device consists of two semiconductor electrodes with chromophore catalyst assemblies, as
pictured inFigure 13. At the photoanode, a chromophore is excited via sunlight and injects an
excited electron into the semiconductor material. The chromophore then oxidizes the catalyst,
attached by a bridging ligand, which inrmioxidizes water to £and H. The protons then travel
across a membrane to the photocathode, where they are reduced to some type of fuel by another
chromophorecatalyst assembly. The fuel that is produced can be manipulated based on what
catalyst is pesent at the cathode. Examples includeGis, CH:OH and CHCH.OH. The

example shown ifrigure 13 illustratesthe flow of electrons throughout tkdevice, from the
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Figure 1.3: Schematic of the Dy&ensitized Photoelectrosynthesis Cell, where sunlight is used to oxidizeane
use the resulting protons to reduceG®CH,.



excitation of the photoanode chromophore over to the photocathode, where the catalyst
specifically reduces C£and H to form CH..

DSPEC devices are very similar in structure to the DSSC devices discussed above. They
both consists of themesoporous semiconductor material for high surface area electrodes, as well
as high loading concentrations of each dye. The major difference between the two is the addition
of electrocatalysts at both the photoanode and photocathode in the DSPEC. Digs&Cuie
an electron mediator in order to regenerate the ground state of each dye. In a DSPEC, the
catalyst is responsible for regenerating the ground state of the dye. On the photoanode side of
the device, the catalyst reduces the chromophore batkgmund state by donating an electron.
After successive electron donations, the catalyst tixidizes the desired reagantthis case
water, to form molecular @and H. This dependence on the catalyzed reaction to regenerate the
chromophore is whatistinguishes the DSPEC from the DSSC.

There are may challenges to be overcome laoth sides of the DSPEC device, including
efficient absorption by the chromophore, limiting back electron transfer within the system,
photoanode and photocathode stabdityl lowering the overpotential required for both the
cathodic and anodic reactioffs’?83° As thetopic of this dissertation focuses on the
photoanode halbf this devicethis introduction will focus othe development of that half of the
device.

1.3 THE PHOTOANODE

There are many requirements for the photoanode and its individual parts that must be
met, in order for the DSPEC device to function and split WAtf1 424344454647484950 The
first condition is relatively obvious: the semiconductor electrode, photosensitizer dye and water

oxidation catalyst musll be photeand electrochemically stable under the condgiohthe



device. Thigs easier said than done, as the stability conditions for the dye can be very different
than those for the catalyst and the semiconductor material. The second renfusehed the
sensitizer must absoib the visible part of the solar spectrum, in order to maximize how much
of the light is going to towards water splitting and not waste. Ideally, the dyes would be fixed to
the semiconductor surface by a linker tisagtable under aqueous conditions. Finally, the
HOMO and LUMO of the dye must be at sufficient energies for the flow of electrons that is
required for water oxidation in this setup. The HOMO must be at a potential more positive than
of the onset of watesxidation for the particular catalyst it is paired with. Conversely, the
LUMO energy level must be more negative than the conduction band of the semiconductor in
order to be able to inject excited electrons.

Examples of some popular dmophores in theiterature that have been utilized in
DSSC and DSPEC devices are featureigure 14.2° All of these dyes incorporate highly
conjugated pi systenier efficient molecular absorption in the WVisible region of the solar
spectrum and then electron transfer into the desired semiconductor surface. Most of the dyes
consist of polypyridal ligands paired with Ru centers and are derivatized from [Riithy)
gold standard for a chromophore in these types of devices. Most importantly, all of these
photosensitizers have a linker which can anchor them to the metal oxide semiconductor surface.
The linkers are generally either carboxylic acid or phosphexict groups, which are known to
interact with metal oxide surfaces. Carboxylic acids are generally considered a weaker
interaction than the phosphonic acid groups, which form covalent bonds with metal oxide
surfaces. Phosphonic acid groups, howevermpranme to hydrolysis attack g increases!
Because of this, significant research has been focused on ways to further stabilize the

chromophore linkage to the semiconductor surface, especially iaripghmedia, where the



thermodynamic potential of wett oxidation is shiftedotmore negative potentials and should

require lespotential bias to proceed.
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Figure 14: Examples of the structures of commonly used chromophores for DSSC and DSPEC devici

Stabilization of these linkers has been thoroughly explored. One proposed method is to
cover the chromophore with an electronically and ionically conductive material, such as Nafion
or other electropolymerized filn¥8. Modifying the ligands of the chrorpbores to include vinyl

groups is another method. When the potential of an electrode is cycled with these chromophores
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freely diffusing in solution, the vinyl groups will polymerize and form a film on the electrode
surface, stabilizing the chromophoretfie process®***>>°65" More recently, physically

blocking the anchoring group with a metal oxide material, suchx8% Ar TiO,, has been
explore8~96061626364656667 Atomic layer deposition was implemented in order limit the metal
oxide film growth to lesshanl nm in thickness. By limiting film growth to this thickness, the
linker is covered, but not the entire chromophorerder to maintain both the maximum
absorption and ET to the catalyst.. These thin films have shown promise is stabilizing
phosphonic acid groups at pH values up t&%13.

Improvements in the semiconductor electrode have also been made by altering the
structure. Nanostructured semiconductors, such as rods, have shown enhancement in
photocurrent®® This is due to the decreasgath length for the excited electron to travel from
injection to the conductive circuit. Because this is shorter, théess chance of
recombinatior?. Core/shell electrodes have also been developed, which involve a thin
semiconductor shell surrounding a conductive c@ré. This maintains the high surface area of
the mesoporous titania with nanostructured opticallggparent conductive materials such as
tin-doped indium oxidé* The thin semicondtor layer limits back electron transfer to the dye
and improves electron injection into the circuit.

1.4 CATALYSTS FOR WATER OXIDATION

Choosing the right catalyst for water oxidation is imperative for improving the overall
efficiency for a DSPEC device. Onéthe major hurdles in developing an effective device is the
overpotential required for water oxidation. A higher overpotential results in an increase in the
energy required for reaction to proceed, meaning less of the solar spectrum can be employed. By

implementing a water oxidation catalyst with a lower overpotential, light hrtger
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wavelengths, i.an the visible region and near IR region, have the potential to be used to split
water. This improves the solar energy conversion efficiency, asohtite solar spectrum can
be applied towards water splitting.

There are two major requirements for an efficient water oxidation catalyse. first is
that it must be able to create a sufficient amountpf0a low overpotential, i.¢his reaction
should occur at the rate at which the chromophore is injecting electrons into the semiconductor
electrode. This means electron transfer must be fast between the chromophore and catalyst and
within the catalyst to oxidize water. The othendition is that the catalyst must be phaind
electrochemically robust under the conditions of water oxidation for extended periods of time.
Both molecular, homogeneous catalysts and heterogeneous catalysts have been explored. This
dissertation delvinto the characterization of IxONPs, a heterogeneous water oxidation
catalyst, and three new Ru polypyridal complexes, which have shown potential as water
oxidation catalysts.

1.4.1 Homogeneous Catalysts

Orginially, catalystdor water oxidation were syntheed to structurally mimic
Photosystem Il (PSll), the main playematuralphotosynthesis thairoduce oxygen gagO>).
In this system, @is generateffom spliting water molecules. 1@ is oxidized by manganese
sites within the complex thate bonéd together by y0xo bridges. Using this as an inspiration,
various mone, di-, tri- and tetrametallic complexes have been suggested as catalysts using
ruthenium, manganese, rhodipasmiumand iridium metal
centerg 4757677.76798081828384858687888990919293 Thay fave polypyridal ligands, such as
bipyridine, tripyridine, and phenanthralimdich are good oxidizemue to their ability to accept
electrans in the conjugated pi systeand transfer them to the metal centé8®me of the more

prominent molecular cataligsare featured iRigure 15.
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Figure 15: Examples of more recent molecular complexes that have served as water oxidation cataly:

All of these molecular catalystonsist of a metal center tltain access high oxidation
states, such as 4+, 5+ or hggh These high oxidation states are reqlioe water oxidation
catalysis. @ganometallic complexes which cannot access these states have repeatedly shown
lack of catalytic activity’® A relatively new trend in research has beesytuthesize seven
coordinate Ru complexes, where there is an open site on the metal center that can react with
H20. Licheng Sun et ahas observed fast water oxidation rates with Ce(IV) as a chemical

oxidant with complexes with this structure, seen in the top two complekégure 15, although
13



their stability as a monomer has been questioned. Ir complexes, such as the one in the middle of
Figure 15, have also shown promisewsater oxidation catalyts. However, their stability is
limited and they have shown to decompose into the heterogeneous water oxataliyst, c
iridium oxide nanoparties (IrQc NPs)/> 76. 88
The most successful molecular water oxidation catalystdajee have largely
consisted of precious metal centers, such as Ru, Rh, Ir and Os. However, there has been a push
recently to explore complexes derived of first row transition metals, such as Co, Cu, Ni and Fe,
in order to reduce the cost of tRSPEC deices?49%96979899100 The Meyer laboratory, in
particular, has had luck with Co, Cu and Fe complexes showing water oxidation electrocatalytic
properties. The overpotentialg fitnese complexes, however, néede much higher than their
Ru complex equivalent in order to observe thme rate of activity.

1.4.2 Metal Oxide Heterogeneous Catalysts

While these systemseaable to catalyze theater oxidatiorreaction they arecompkex to
synthesize, requirinmultiple step synthesesspeciallyin the case of the trand tetrametallic
conplexes. An alternativand still effective catalyst choice is a metal oxide heterogeneous
catalyst Due to the high density of oxygen sites on the surface of these materials, they have a
propensity towards water ajation catalysis. However, it heeenfound that not all metal
oxides catalyze water oxidation to the same extent. Rasiyah and Tseung proposed in 1984 that
redox potentials for the metal oxidation states in the materials affect their ability to effective
oxidize waterr™ Those whose redox potentials closely aligned with the formal potential of the
water oxidation reaction would have the highest activity. They aldeeto establish a linear
relationship between the redox couple potentials of the metal oxide catalysts and the
overpotential required for water oxidation catalysi.volcano plot, depicted iRigure 16,

demonstrates the relationship between the overpotential required for water oxidation catalysis
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and the metabxygen bond strength at the surface of these materials. Essentially, there is a
minimum overpotential reached with the materials whose m&taen bond strength is cd.00
kJ/mol, with the ideal materials being Ru&hd IrQ. For those materials whose bond strength
is more positive than the maximum, the materials are less readiiged, thereby increasing

the overpotential required for water oxidation. Those with more negative bond strengths are
very easily oxidized, which results in an abundance of the absorbed intermediate and thus an
increased overpotential.

While less expensive materials, such as@ipNiO. and FeOs havebeen explored as
water oxidation catalysf§2103104105106107108109 they have yet to achieve comparable activity to
their more expensive counterparts. Bothpla®@d RuQ are currently used a®mmercially
availabledimensionally stable anodes (DSAs), where they are thigrdegposited onto a metal
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overpotential required for water oxidation catalysis.
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oxide semiconductor, such as Fi@ SnQ.? Both IrQ; and RuQ bulk materials have the
advantage of being highly reactive, espéy in acidic media, but Rufn particular can have
stability issues at high overpotentials andniore alkaline solutions. To make the film more
stable, Ru@can be mixed with Ir@or deposited at higher temperatures to form a more
crystalline structure. As a film becomes more crystalline, howevenutider ofexposed
activecatalytic sites decrsasdueto decreased surface area, resulting in a decrease in catalytic
activity. In this respect, increasing the active surface area of the film should increase the
catalytic activity thus giving rise to the contribution of nanoscienceost specificdy iridium
oxide nanoparticlek in the area of water oxidation research.
1.5 |IRIDIUM OXIDE NANOPARTICLES

Iridium oxide nanoparticles (IFONPs), both freely diffusing and deposited as films,
have been explored as electrocatalysts for water oxidation anghituswen to be very
efﬁcient_52,69,70,11CI,1],1121,113114,115116,117,11&119,12(1121,122,123,124,125,126 In a StUdy performed by Yagl
et al, the electrocatalytic effects on water oxidationamiloidal IrOx nanoparticleg507 100
nm diameterasan amophous monolayer on an toopedindium oxide (ITO) electrode were
studied andrte turnover frequeey for this system was determindoe between 2.810" and
3.5x 10* 1.1 In comparison, electrodes modified with ruthenium complexes, which are the
homogeneousatalysts with the next most efficient turnover frequencyeheportecturnover
ratesthat are smaller by asrder of magnituder morethan that of this system. The Red/Pt
black system, for example, demonstrated a turnover frequency of 1%0@ilthe complex
[(NH3)sRU' (u-Cl)sRu'" (NH3)3]?* was only showrio have a turnover rate of around 208ih

conjunction with a C¥ oxidant. Furthermorehe overpotential needed for the oxidation of
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water using the colloidal Ifonanoparticles was about 0.4 V, wihiwas much lower than others
previously reportedt®

More recently, IrQ nanoparticles of a srier size have been explored as electrocatalysts
by numerous groups, in particular those of Murray and Mafédk 2 . 110113116 Bacause of
the nanoparticl eds §2vanrahge,sheizreactivitgifeens feom ghatbfy 1 n
the larger colloidal Ir@nanoparticlesdue to the increase in surface area. Murray and coworkers
demonstrad that the nanoparticles can be deposited onto the electrode byflelsmitation;
the nanoparticles retatheir individual shape and size, as determibgd EM of the dislodged
film. Electroflocculation is a film formation technique, where the nartmpes flocculate, not
aggregate, together when a potential bias is app8¢adies othe pH dependence ofhé redox
couples from the film, W1r'"Y and IV/Ir'"' revealed thaas the pH of the solution increased, the
formal potentials of the coupleshift proportionally according to the Nernst equatiand are
thus Nernstian behaved. As the thermodynamic potential of water oxidation is also Nernstian
behaved, theverpotential for wadr oxidationwas nearly independent of pH, revealing that the
nanoparticles retain thedatalytic activity across a wide rangepdd 1111

A relationship between the production of &d the thickness of the film was also
demonstrated by Murragtal.’™ As t he c¢ o v exmangparticlediincreased, ther O
production of Qincreased proportionally, indicating that the kinetics are not adversely affected
by the increasing tyofi7x kOAreodce? andfapplieth poterftial of in3 At
V vs. Ag/AgCl, a steady state current of 91 mAfemas achieved, whiclsiabout 40 times
higher than that reported previously. In addition, the turnover frequency achieved by the films
was simiar to those earlier reporteldetween 1.6 x #oand 2.2 x 16hrt. These films are quite

thick, comparatively, and are chargedte ' state throughout very quickly, indidag that the
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electron transfethrough the film is fast. This is due to a mesoporous structure of the film, which
allows transport of water and ions to flow igathrough the film, and thencreasedurface aga,
which results in an increase of accessible reactive dtathermore, this film had an
overpotential of 0.25 Ws. Ag/AgCl at a current density of 0.5 mA/&for the OER, which was
significantly lowerthan tre 0.4 V reported by Yagi et &t

While the nanoparticles of Murray and coworkers were prepared in a basic solution at pH
13, the nanoparticles synthesized by Mallouk and coworkers were synthesized using the same
method and then were adjustedatpH of 1 by the addition ¢iNQ3.2" %8 ™. 114,116 The
proposed mechanisinvolves the formation of [Ir(OH)?> and IrGc-nH20 from [IrCleg] 2 in a
basic solution.As the pH of he solution is loweredhe [Ir(OH)]? condenses to form
IrOx-nH20. Thepartial conénsatiorof the iridium centers of the nanopatrticles ledlightly
increased electrocatalytic activity for the nanopatrticle electroflocculated films, which decreased
the overpotential for the oxidation of water to 0.229/ Ag/AgClindependent of pH, tghly
30 mV less than that of Murray et @flallouk et al. suggested this was due to consumption of
the IV in the acidic condensation methadthough the difference in overpotential could be
considered negligible in compariséh'*®

IrOx NPsfreely diffusing in solution havalso proven to be efficient hetggeneous
electrocatalyst$!®!1? |t was found that theurrentproduced from water oxidation catalysis
when rotating the electrodeas almost independent of theadt i o n r a uggestshmerate Thi s
determining tep in the process the electron transfer between thé knd the HO. The current
efficiency was found to beearly100% at a current density of 0.5 mA/&niThe overpotential
needed for the 100% current efficiency watedmined to be 0.29 V vs. Ag/AgCI, which is

comparable to that of the Ik@lm made of the same nanopatrticles. The turnover frequency of
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O was alsasimilarto that of the nanoparticle films and independent of the concentration of
IrOx. Consequentlyit wasconcluded that the kinetics are very similar in both the film and
freely diffusing NPs indicating that the reaction is limited by its kinetics, not by mass
transporf10111

While it has been established that these 2 nm IrOx NPs are excelldygtedtar water
oxidation based on their low overpotahtind high turnover ratéitle is known about the NPs
themselves or how they behave. The Murray lab has investigated this, including the research in
this dissertationIn the same studyentionedabove 96% of the known concentration ofdites
present in solution were able to undergo reduction frdhto Ir'"'. This suggests that the entire
nanogarticle is electrochemicallseactive, where each Ir site is able to undergo redox chemistry.
This may be due to tremallsize of the nanopacle, which facilitatesledron transfer between
iridium sites Becauséhe electron transfer is fagtach one of the Ir sites is ableb®reduced
and oxidized*

The Murray lab also studied the same IrOx NPs intswi, when stabilized by phosphate
ligands!!? In a Pourbaix diagram of formal potentigf’, vs. pH, the I¥'V E® and IV" E®at
low pH of the NPs in solution followed a similar pattern as that of the electroflocculated NPs.
They each had a slewf around 70 mV/pH, suggesting a ongame H transfer. The ¥/ E%
in solutions above pH 6, however, differed by having a slope of 116 mV/pH, which implies a one
€, two H transfer in basic media. It is thought that this change from the film is due to the
surface oxide acHbase sites of the NPs; when the NPs are electroflocculated, these sites become
inactive, resulting in a one,@ne H process at the pH values above 6

Another important observation from this study is that both phosphates and carboxylates

ligate and stabilize the IrOx NPsThis led to a study by the Murray lab as well where the NPs
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were attached to a Au slide via a setsembled monolayer (SAM) of carboxylated

alkanethiolates$®® The longer carbon chains lead to decreased electron transfer (ET) for the

monolayers,asmeasud by a cphkavhichéncreased Witk increasing chain length.

The overpotential for water oxidation also shifts with increasing chain length. A higher

overpotential was required to reach the same current level for longer alkane chains.afdes ch

in overpotential demonstrates that the kinetics of water oxidation can be controlled by varying

the chain length of the SAMs, opening up a new way to study the kinetics of water oxidation.
The research presented in this dissertation largely focasg®se small iridium oxide

nanoparticles. Film formation and characterization ok INP’s will be discussed, as well as

their behavior in noraqueous media. By fully understanding the behavior, structure and surface

chemistry of IrQx NPs, we can learn one about what makes them such efficient catalysts for the

OER and apply that knowledge towards the development of less expensive materials. The

implementation of these catalysts into a DSPEC device will also be discussed, including a novel

assembly metrbwith a Ru(ll) polypyridal based chromophore on core/shell electrodes. Finally,

the last chapter will take a left turn and discuss the electrochemical characteot Hiiee

novel Ru(ll) quaterpyridine complexes, as well as their potential to sebanaygl alcohol

oxidation and water oxidation catalysts.
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CHAPTER 2: Film formation of Iridium Oxide Nanopatrticles

2.1 INTRODUCTION

Iridium oxide nanoparticles (fOx NPs) deposited as films are highly efficient
electrocatalysts for the oxidation of watéf. Yagi et al*?"9showed that colloidal Ir©@
nanoparticles (50 100 nm diameter) spontaneously adsorb as an amorphous monolayer on an
indium tin oxide (ITO) electrode surface. These coated surfaces electrocatalyzed water
oxidation at 1.3V vs Ag/AgCl at a turnover frequency (meh@l Ir) of ca. 66 s* (23,000 htt)
and at pH 5.3with an overpotential of water oxidation reaction of ca. 0.4 V. While the turnover
rate and ovepotential were attractive, only a small percentage of the Ir sites in the diten w
electrochemically activate.

Thermal hydrolysis of KIrCle solutions produces much smaller (ca. 2 nm dig.pk
nanoparticles which in films on electrodes are also very active water oxidation catalysts, as our
laboratory-?>®and that of Mallouk®'°have shown. The TO frequencifdr sites for water
oxidation by these nanoparticles are similar to those observed by*#agt the
electrochemical ovepotentials are significantly smaller. Additionally, nearly 100% of the Ir
centers undergo electrochemical transfaroms, reflecting® facile transport of electronic and
ionic charge throughout the nanoparticle films.

The formation of IrQ nanopatrticle films on electrodes occurs by their
electroflocculatior?,in which the nanoparticles retain their individual shapé size (as opposed
to aggregation to form larger nanoparticles by the cementing together of smaller ongs.) IrO

nanoparticle films can also be formed by anodic electrolysis of [I{FIdplutions® The
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guantities of nanoparticles deposited in tledéctroflocculated film& expressed aSroz2, mol

Ir/lcm?d can be adjusted by the duration of the electroflocculation préceks.rate of

production of Q by water oxidation is proportional to nanoparticle coverage over a cdol800

range, indicating #it charge and ion transport kinetics are somewhat tolerant to increasing film
thickness. Deposition of an Ir oxide like material has also been reported from the decomposition
of a soluble Ir complex upon oxidatidh.

While the previous research showattfilms of IrG« NPs are efficient catalysts for water
oxidation, little is known about how electroflocculation of the NPs occurs. The
electroflocculation process may influence structure and catalytic activity. Because of the key
connection of water adation rate to nanoparticle coverage, a fuller understanding of the
electroflocculation process than now available is desirable. The research presented seeks further
insights based on voltammetry and microscopy techniques, notably scanning electron
microscopy (SEM), atomic force microscopy (AFM), and an electrochemical quartz crystal
microbalance (eQCM). We will show the topography of these films and propose a mechfn
flocculation based othese techniques.

Three different electroflocculation methods were also explored, incladimgtant
potential potential pulsing and potential cycling. The electrochemistry and microscopy of these
films are presented below as a comparison of the different electroflocouiathniques.

Finally, two alternative flocculation methods not involving any applied potential will be
discussed; they provide further insight to the film formation process @fNi€¥. Understanding
the film formation process is key in developing@ént heterogenous water oxidation catalyst
films and the research presented delves into how different methods affect this film formation

process as well as the film itself.
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2.2 EXPERIMENTAL

2.2.1 Electrochemical Experimental Setup

Electrochemical experiments wgrerformed in a conventional three electrode cell with
Au-coated slide working, Pt wire auxiliary, and 3 M Ag/AgCl reference (BASI) electrodes, using
a CH Instruments 760c potentiostat. This reference electrodeved@miRHE, is 0.2881 V. The
Au-coatedglass slides (Evaporated Metal Fild89 Cherry St, Ithaca, NY 148phad a 5 nm
Ti layer on the glass ow@oated by a 100 nm Au layer. Electroflocculating while rotating the
electrode at 500 rpm was performed using a Pt ring, GC disk rotating ringleicsrode
(RRDE). Changes in mass of k@Ims upon electroflocculation were monitored with a Gamry
eQCM 10MM Quartz Crystal Microbalance.

2.2.2 Iridium Oxide Nanoparticle Synthesis

The IV Ox nanoparticles were synthesized using a Wohler méthiadyhicha 2.5 mM
solution of KlrCle (99%, Strem Chemicals) in nanopurglHwvas adjusted to pH 13 with 25%
w/w NaOH (50% wi/w, Fisher Scientific). The solution was heated at 90 °C for 20 minutes and
then allowed to cool to RT and to rest for at least 24 howstak synthesis.

For studies at lowered pH, the above nanoparticle solutions were adjusted to lower pH
with either concentrated HCKQGSF Chemicals), to a final pH of 2.5, ogBx (Fisher
Scientific), to a final pH of 1.5. For pH 7 and 10 NP soluti@oesicentrated kPQy was added to
createl.0 M PQ2 solutions and then adjusted to their respective pH with 50% w/w NaOH.

2.2.3 Electroflocculation of Iridium Oxide Nanoparticles

For electroflocculations not monitored by QCM, Au slides were first cleaned bgunepo
to piranha solution (3:1 concentrated3 (Fisher Scientific) to KHO2 (30% w/w, Fisher
Scientific)), and then rinsed with nanopurgCHand dried under a stream of Ar gas. Piranha
solution is highly oxidizing and should therefore be handled with. cBor electroflocculation of
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films monitored by QCM, Gamry Au coated and C coated 10 MHz crystals were used as
delivered, without prior cleaning in order to reduce exposure of the crystal to harsh
environments.

The films weregormed from unstirred pH3 IrOx nanoparticle solutions by applying a
potential of 0.9 Ws Ag/AgCI. The duration of the applied potential was varied to generate
different nanoparticle coverages. The films were rinsed with nanop@ertl then CV was
performed in 0.1 M NaOHb verify the presence of a film.

Three different electroflocculation techniques were further explotstant potential
potential pulsing and potential cycling. The methods to determine the most efficient film
formation process are discussed beldworder to accurately compare each technique, the total
time spent at potentials more positive than the onset of water oxidation (0.6 V vs. Ag/AgCl at pH
13) was kept constant at 10 minutédter electrofloccuation, all films were analyzed using
cyclic voltammetry in a clean pH 13 buffer. The charge (Q) under ¥ and 1MV waves
were calculated. 8/i n g F ar abEguatoid<), wherewy F@nd N are the number of
el ectrons, Faradayods constant and the number
( #© was found.

Equation 2-1

U € 00
2.2.3.1 Electroflocculation vi&ConstanPotential
In the constant potentiakperiments, a potential more positive than the onset of water
oxidation was held falren minutes. This potentigéaried from 0.6 to 1.9 V vs. Ag/AgCIl. The

time was also varied, while keiag the potential applied cotat at 1.2 V vs. Ag/AgCI.
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2.2.3.2 Electroflocculation via Potential Pulsing

Electroflocculation via potential puig) involved pulsing between two potentials, one
more positive than the onset of water oxidation and one more negative than the onset of water
oxidation. For theemainder of this chapter, thesél be referred taasthe upper and lower
potential limits, respectively. The upper potential limits explored were 0.6, 0.9 and 1.2 V vs.
Ag/AgCl and the lower potential limits were 0, 0.2 and 0.6 VA@AQCI. The pulse length of
the upper potential limit was varied between 0.1, 0.2 and 0.5 s; the total time spent at the upper
potential limit, however, remained constant at 10 minutes.
2.2.3.3 Electroflocculation via Potential Cycling

Electroflocculation vigotential cycling consisted of cycling the potential between the
upper and lower potential limits listed in the above section. The scan rates were varied between
0.01, 0.1 and 1 V/s. Thaumber of sweep segments vajusted so that the total time spent
more positive than the onset of water oxidation was kept at 10 minutes.

2.2.4 Microscopy of the IrOx NP Films

Images of films were obtained from a Hitach#®00 Cold Cathode Field Emission
Scanning Electron Microscope (SEM) andAsylum Research MFP3D AtomimFce
Microscope(AFM).

2.2.5 Chemical Flocculation of Iridium Oxide Nanoparticles

The nanoparticles were chemicdillgcculated from homogeneous solutions by either
adding a solid oxidant N¥Ce(NQ)s (Aldrich) salt to an as synthesized pH 13 nanoparticle
solution, or by adding a 1 mM solution of WEE(NG)es to the nanoparticle sation in 50 pL

increments.
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2.2.6 Direct pH Change for Iridium Oxide Nanoparticle Precipitation

A solution of assynthesized Ir@Q NPs was adjusted to ~pH 1 with the addition of
concentrated HCI©so that the final solution was 0.1 M HGIOAfter sitting at room
temperature for 24 hours, electroactive slides were dippeitallyin the solution for 1.5 hours
in order to form a fm on the surface.

2.3 RESULTS AND DISCUSSION

2.3.1 Electroflocculation of Iridium Oxide Nanopatrticles via Constant Potential

As noted earlier, electroflocculation of ik@anoparticles onto an eleati®is
accomplished by applying a potentsalfficiently positive to inducevater oxidatiorcatalysis
An example is shown ifFigure 2.1andFigure2.2 where the filmforming applied potential was
0.9V, for 10 minutes, in an &ynthesized pH 13 solution of nanoparticles. Voltammetry of a
film of Ir'VOx nanoparticles in 0.1M NaOH solution (pH 13) is illustrated in Figure 1. The

nanoparticles undergo two-dentered redox reactionsVft' and IMV. At potentials more

0.15 - Lil{Ij
0.1 - L NJ

0.05 +

-0.05 A

i (mA)

-0.1 -

-0.15 A

-0.2

-0.25

0.4 0.2 0 -0.2 -0.4 -0.6 -0.8
E vs. Ag/AgCl (V)

Figure 2.1: Cyclic voltammetry of an electroflocculated k@®P film, depicting the ¥V and IV redox waves and t"
onset of water oxidation in 0.1 M NaOH solution (pH = 13). Electrode area 0.¢71 cm
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positive than théatter reaction, large currents for water oxidation immediappear. (These

electrochemicgbrocesses are also seen when the nanopatrticles are solutes in the electrolyte

0.4 ~

_1.2 T T T T 1
0.6 0.4 0.2 0 -0.2

E vs. Ag/AgCl

Figure2.2: Cyclic voltammetry of arlectroflocculated Ir@ NP film, depicting the IV redox wave and water oxidation
catalysis region in 0.1 M NaOH solution (pH = 13). Electrode area 0.071 cm

solution,and oxygens evolved at a similar rate and oymtential.) The solution pH
dependences of the forir@otentials of the M/Ir'Y and ItV/Ir'"' couples of the nanoparticles, and
of the onset of water oxidation (associated with tHéli¥ reaction), are alta. 60 mV/pH unit.
The overpotential for water oxidatiore. 250 mV at 0.5 mA/cyis independnt of pH from
1.5 to 13, revealing a constant level of catalytic reactivity across @eéulometry of
nanoparticle solutions shows that ca. 100% of the Ir nanoparticle sites underdditdeatrd
IrV/ir'" reactions

ThelrOx film formation process is general with respect to electrode material, including
gold, glassy carbon (GChplatinum tin-doped indium oxide (ITO) and titanium dioxide (B)O
surfaces The formation of a film is readily confirmed by cyclic voltammetry.ih &I NaOH
solution, in which two film redox couples are obseréidure 2.}. The two waves are

attributed to IM"" and 1MV oxidation state changes, and can also be seen in solutionscof IrO

nanoparticles. The'!"" peak in a nanoparticle filmcours at a somewhat more positive

35



potential for the IrQ films, as described previously. Once formed, the films are stable to

exposure to various buffeasd organisolvents within the limitslescribed.
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Figure 2.3: Cyclic voltammetry in 0.1 M NaOH of the GC disk (a) and Pt ring (b) after electroflocculation of pH4BIRE

while rotating at 500 rpm.
2.3.1.1 Electroflocculation with Rotation of Electrode

The film-forming processliminishedby convection. Rotating the disk electrode during

film-forming results in appearance dfff and 1"V waves in subsequent voltammetry, but the

charge (Q) under the waves (which are proportional to the number of Ir sites present on the

electrode) is sigjficantly reducedKigure2.3). When using a rotating rirgjsk electrode (500

rpm RRDE, Pt disk and GC ring), holding the disk potential in a phiati®particle solution at

0.9 V for 10 minutes, film formation occurred on both disk and ring electrodes as evidenced by

subsequently observed water oxidation catalysis. (Applying potential only to the Pt ring of the

RRDE deposited Ir@film only on the ng.) This phenomenon is due to the convection created

by rotatingthe electrode. The NPs flocculaewhichever electrode is polarized. When it is

generated at the disk, some of the flocculated NPs are swept past the ring and thesefiime IrO

formaion is observed at both the disk and the ring. When the ring is polarized, the convection

due to rotating

doesnot

cause

t

h e

f

occul

no precipitation observed at the disk. There is still NPipitaton at the ring because the

flocculated NPs are created there.
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Figure 2.4: Cyclic voltammetry after the electrofloccultion onto Au coated slides of different ptNEs. CVs were
performed in pH 1 phosphate buffer (pH 1 NPs), pH 10 phosphate buffer (pH 7 afg)land 0.1 M NaOH (pH 13 NPs).

From these observations, it can be concluded that while applied potential is essential for
nanoparticle flocculation into a film, the flocculation process is moderately slow, allowmg fil
formation on an electrode (the ring) to which potential is not applied but which is exposed to a
bath of (diskcharged) nanopatrticles.
2.3.1.2 Electroflocculation at Varying pH

Electroflocculation onto Au film electrodes wasempted from nanoparticle solutions at
lowered pH (pH 1, 7 and 10), with varying degreésuccess, as seenkigure2.4. The NPs in
pH 10 solutbn appeared to flocculate just as readily as theyathesized pH 13 NPs, with
comparable coverages seen in the CVs from charge (Q). The NPs in pH 1 and pH 7 solutions,
however, did not electroflocculate as readily, as their CVs showed a significagdsiear Q,
presumably corresponding to a decrease in coverage. This suggests thdbtheatibn at high
pH is essential for flocculation. Also of note, the surface of the NPs at differesatipés

changes significantly, which greatly impacts the etdlocculation.
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2.3.1.3 eQCM Monitoring of Electroflocculation

Observations during electroflocculation using an electrochemical quartz crystal
microbalance (eQCM) were very informativeigure2.5 shows an example of
electroflocculation onto a Au coated quartz cryatan applied 0.9 V potentialVhile current
flow commences immediately upon the potential application, the quartz crystal frequency, whose
decrease reflects growth of nanoparticle mass rigidly bound to the Au surface, interestingly
exhibits a delayed response, for a relatively prolonged perioctéitedi by the black arrow in
Figure2.5). This delay, or induction period, occurred only for the initial stage of film
formation; if the applied potential was removed and theapmied, mass changes were
observed immediately. The lack of delay in mass accumulation occurred whethen¢he sa
nanoparticle solution was used or was replaced by a fresh one. It appears that once formed, a
nanoparticle film builds upon itself with relative ease. The induction period of the
electroflocculation process wasen at different Irdnanoparticle concerations and electrode

2.000

2.000
Q
%, ()
g s
= 1.000 <
L~ -
l .
0.000 0.000
0.000 200.0 400.0 600.0
time (s)

Figure 2.5: Electroflocculation of IrQ NPs ([Ir] = 2.5 mM, pH 13) at 0.9 V vs. Ag/AgCl onto a Au coated quartz
crystal, as monitored by eQCM. The measured current is the ib&jegteen corresponds to the change in mass
obtained from the change in frequency of the quartz crystal. The black arrow indicates the end of the observed
induction period. 1 g increa$molliOnNPeiais s corresponds
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Figure 2.6: AFM (left) and SEM (right) images of electroflocculated @ P f i | ms depi ctir
that form initially on the0.209 ¢ electrode surface. Both samples were electroflocculated onto a Au coated
glass slide for 5 minutes.

The length of time for the induction phase could vary with conditions, but the total charge
passed during it was crudely similar between films, averagang5 = 8 mC, regardless of
nanoparticle concentration. This suggests a common scenario of the trigger for film deposition,
suchas a buildup of a local pH gradient at the electrode due to prolonged water oxidation. The
currents are rather substantidlhe above water oxidation charge corresponds to an average of
2x107 moles of generated protons, which would neutralize an equivalent amount of base in the
electrode interphase. The ca. 200 seconds of proton generation would create, roughly, a 0.01 cm
thick diffusion layer at the electrode surface and a proton concentration of 0.1 M at the surface,
i.e. sufficient to neutralize the 0.1 M NaOH near the electrode surface and create a pH gradient.
This change in pH at the interface may trigger the init@dllation of NPs and precipitation
onto the electrode surface.
2.3.1.4 Microscopy of IrQ NP Films at Early Electroflocculation Times

Atomic force micrscopy (AFM) and scanning electron microsq@BM) were

performed on various electroflocculated filmd@x NP films. For longer electroflocculation
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Figure 2.7: AFM of Au coated glass slides after varying times of electroflocculation in pH 33NR3. Very little
change in surface roughness (seen by the RMS) and topodsag#®n in the first 120 s of electroflocculation.

times, 5 minutes or longer, both SEM and ABMwed porous, neaniform islands of NPs, as
seen inFigure2.6.

Atomic Force MicroscopyAFM) was implemented to studiie topography of the films,
specifically as a function of electroflocculation time; AFM was chosen as an alternative to SEM
for these experients due to its higher spatial resolutiéiM agrees with the eQCM data
reported aboveAFM images of films after 0, 90 and 120 s of electroflocculation are in the
Figure2.7. Films electroflocculated for 120 seconds and shorter times all very closely resemble a
blank gold slide, in terms of topography and roughness factor (RMS), with the 120 second film
appearing slightlyougher than the rest. These results support the eQCM data where there was
no net increase in mass for films electroflocculated for 120 secwréss, again suggesting an
induction phaseFigure2.8 depictsa film electroflocculated for 180 seconds at 0.9 V in pH 13

IrOx NP solution. $all islands of what is presumed to beri@Ps are visiblat this point, as
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indicated by the blue boxed his caresponds with the induction period seen in the QCM data,

as for the first two minutes or so, there is very little change in topography.
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Figure 2.8: AFM images ofAu coated glass slides subjected to 0 s (left) and 180 s (right) of electrofloccule
After 180 s, patches of IKONPs are visible, as indicated by the blue squares.

2.3.2 Different Methods of Electrofloccuation

2.3.2.1 Constant Potential

Figure2.9 depicts the coverages of Ir in mol/&obtained after electroflocculation at
different potentials via constant potential by integratindytoe 1™ and 1MV redox waves
obtained by cyclic voltammetry in a pH 13 NaOH solution. Various scan rates were used and
integrated and the standard deviation is representative of the variance of the Q over the
difference scan rates. Ideally, thevould be no variance and the coverage of iridium would be
the same for both theM"" and 1™V couples.

The overall trend for coverage of iridium with respect to electroflocculation potential is
an increase of coverage with increase in potentihls i evident in the coverages calculated
from the waves of both redox couples. This agrees with the proposed method of flocculation
mentioned above, where the precipitation is induced via a local change in pH caused by water

oxidation catalysis. As thapplied potential increases, the rate of catalysis also increases and
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protons are generated more quickly. This would lead to a larger localized pH change and

theoretically, a greater number of precipitated nanoparticles.

1.2E-08 -+

e Irijiv T
1E-08 - -
B r IV/V

8E-09 -

6E-09 -

I (mol/cm?)

4E-09 -

2E-09 -

oiiig9§§§’

500 700 900 1100 1300 1500
Electroflocculation Potential (mV vs. Ag/AgCl)

Figure 2.9: Coverage of I({i) after electroflocculation at different potentials, using the chronoamperome
method. The coverages calculated from thé'lcouple is represented in blue and the coverages calculated
the IMV couple are in red.

At potentials above 1.2 V vs. AgCl, however, the trend breaks and we see a decrease
in coverage. This is can also be explained through water oxidation catalysis. Another product of
water oxidation is @and if it is produced at a faster rate than which it can diffuse away, it will
start to accumulate at the electrode surface. If the solution then becomes saturated past the
solubility of O in water, then the remaining@iill form bubbles at the electrodeirface. These
bubbleswhich are visible during electroflocculation, will inhibit precipitation onto the electrode
surface. At the higher applied potentials, enough bubbles are likely formed that it inhibits film
formation, so we see a decrease in coverage.

The high applied pentials also resulted in a larger discrepancy between the coverages
calculated from the YV and those from the'!"' waves. The average coverages for tH¢Ir
wave of films formed at applied potentials greater than 1 V were an order of madangede

than those for the '¥"" wave of the same films. These films agree with other findings from the
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Murray lald?®, where there is an increase in conductivity between the two couples, resulting in a

larger current and charge for th&'if wave. What is unique about this findifpwever, is that
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Figure 2.10: Coverage of iridiumj) for the IV (red) and IM" (blue) waves with respect to length of
electroflocculation in min at 1.2 V vs. Ag/AgCI.

there is a correlation between whether this effect is observed and the applied potential during
electroflocculation. This can also be due to bubble formatimimgthe water oxidation
catalysis. As mentioned above, at higher appligdrimls, bubbles result from a builgh of &
at the electrode surface. As the}r®P films are mesoporous, these bubbles can also form
within the film itself. This would cause breaks within the film and the decrease in connectivity
between thelifferent areas of Ir9NPs would lead to a decrease in conductivity. This would
result in a discrepancy between the Q passed by'tAe and IV waves.

Figure 2.10 depicts how coverage changes of thexIM@P films with respect to how long
the applied potential is held at 1.2 V vs. Ag/AgCl irsgathesized pH 13 IKONP solution. At
electroflocculation times shorter than 10 minutes, there is a trend of increasingv¥rage

with increasing electroflocculation time. Starting at 10 minutes, however, there is no trend with
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length of electroflocculation time. This is likely due to the high applied potential creating
bubbles at the electrode surface and inhibiting fiormation.

From these studies, it was concluded that the best conditions for electroflocculaging IrO
NP films via the constant potential method were potentials below 1.0 V vs. Ag/AgCl in pH 13
IrOx NP solution. The reduced applied potential decrethgesate of water oxidation which
creates bubbles that inhibit film formation at the electrode surface. The bubbles can also affect
the conductivity throughout the film; when these films are used in potential devices, higher
conductivity is preferable.
2.3.2.2 Pudsing the Potential

Compared to a typical cyclic voltammogram of yr®P films featured irFigure 2.1
pulsing the potential to induce electroflocculation yielded oddly shaped cyclic voltammetry (CV)
of the films depending on the pulse length. These &@¥shown irFigure2.11. The longest
pulse length (0.5 s at the upper potential limit) yielded CVs most closely resembling that of those
formed usiig the constant potential method. Two redox waves are observed, likely the same
Ir''"" and 1MV waves identified previously. The shorter pulse lengths, however, formed films
with slightly different electrochemistry. The two main redox wave8.8tand 0.1 V vs.
Ag/AgCl are still both present, corresponding to thé'frand IV redox couples. However,
there also appears to be a third couple at
these films. This couple appears to be ndiffesional in character, compared to the other two
redox couples T Jisemudp Eloser to the standard BV separation expected for a diffusing
species as opposed to the near 0 mV separation for species on the electrode surface. As the
nanoparticleifms are mesoporous, one explanation for these species could be unbouN&® O

diffusing through the film. In larger films, such as those formed via the constant potential
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Figure 2.11: Cyclic voltammety of the IrQ« NP films formed via potential pulsing. The lower potential limit w

V vs. Ag/AgCl and the upper potential limit was varied between 1.2 V (green), 0.9 V (red) and 0.6 V (blue

different pulse lengths were 0.1, 0.2 and 0.5 s at theruypotential limit. CVs were performed in fresh 0.1 M
NaOH solution and the CVs shown above are=a60 mV/s.

method and at longer pulse lengths, these could blend intd’fHhevave for the film, thus
45





























































































































































































































































































































































































