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ABSTRACT: Molecular catalysts help overcome the
kinetic limitations of water oxidation and generally result
in faster rates for water oxidation than do heterogeneous
catalysts. However, molecular catalysts typically function in
the dark and therefore require sacrificial oxidants such as
Ce* or S,04°" to provide the driving force for the
reaction. In this Communication, covalently anchoring a
phosphonate-derivatized complex, Fe(tebppmen)Cl, (1),
to WO; removes the need for a sacrificial oxidant and
increases the rate of photoelectrochemical water oxidation
on WO; by 60%. The dual-action catalyst, 1-WO;, also
gives rise to increased selectivity for water oxidation in pH
3 Na,SO, (56% on bare WO, 79% on 1-WO,). This
approach provides promising alternative routes for solar
water oxidation.

verall, water photolysis has been proposed as a potentially

viable route to generating hydrogen fuel. However,
catalyzing the water oxidation half-reaction remains a major
obstacle. Both molecular and heterogeneous catalysts have been
developed for catalyzing water oxidation, but both suffer from
drawbacks."”” Molecular water oxidation catalysts (WOCs) were
first reported by Meyer and co-workers with the discovery of the
ruthenium “blue dimer”,” and they have garnered renewed
interest with the development of metal complexes capable of
oxidizing water as fast as enzymes.** The first report of a non-
noble metal molecular WOC was a manganese dimer developed
by Crabtree, Brudvig, and co-workers.® Since this report, there
are several examples of iron,”® cobalt,”~"" and copper™'* WOCs.
Molecular catalysts are attractive because they are easily
modified” and reaction kinetics are measured straightfor-
wardly.'* However, many molecular water oxidation catalysts
are not photocatalysts without adding a photosensitizer.
Consequently, most rely on using sacrificial oxidants.*~'* The
only examples of molecular complexes oxidizing water without
sacrificial oxidants require electrochemical oxidation of those
catalysts.”'* In contrast, heterogeneous photocatalysts such as
TiO,, WO;, Fe,0;, etc. are inherently photoactive and can
perform overall water splitting (with an additional bias if
necessary).'> The distinct advantage of metal oxide semi-
conductors is that they generally exhibit excellent chemical
stability in aqueous solution. However, semiconductor photo-
catalysts are not always kinetically selective for water
oxidation,"®!” and elucidation of the reaction mechanisms is
much more challenging.'®
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To overcome these challenges, we report the synthesis of a
modified molecular iron catalyst, Fe(tebppmcn)Cl, (tebppmcen
= tetraethyl N,N’-bis(2-methylpyridyl-4-phosphonate)-N,N'-
dimethylcyclohexyldiamine), (1) with a phosphonate linkage
to attach the molecule to WO; photoelectrodes for water
oxidation. The [Fe(bpmen)]** (bpmcn = N,N'-bis(2-methyl-
pyridyl)-N,N’-dimethylcyclohexyldiamine) complex without the
tether (2) was first reported by Chen and Que' as a
hydrocarbon oxidation catalyst,”® and has also been reported as
a dark water oxidation catalyst by Fillol et al.® New to this
manuscript, we find that covalently anchoring the molecular iron
complex to the surface of WO; electrodes increases both the
photocurrent density (j,,) generated in semiconducting WO,
and the Faradaic efficiency (7(0O,)) for water oxidation. This
result suggests that light-absorbing semiconductors can be used
to photo-oxidize the molecular complex, and this strategy could
be implemented to photocatalyze other oxidation reactions with
molecular catalysts in place of sacrificial chemical oxidants.

Recently, a molecular ruthenium catalyst tethered to Fe,O4
was communicated.”' However, in this report, no evidence for
oxygen evolution is presented. Furthermore, this report did not
demonstrate prolonged stability of the anchors under illumina-
tion or under an applied bias in aqueous solutions. Carboxylate
anchors were used to attach the Ru complex to the Fe,Oj; surface,
and carboxylate anchors typically suffer from weak surface
attachment in aqueous solutions.”
phosphonate anchors that demonstrate improved stability,*
and oxygen evolution has been monitored and correlated to
greater Faradaic efficiency for the modified electrodes over 3 h of
photoelectrolysis using simulated solar illumination.

With regard to synthesis, there are very few examples of
modifying the para position on the pyridine rings for the N,N'-
bis(2-methylpyridyl)-N,N’-dimethylethylenediamine class of
ligands.** However, adapting the traditional syntheses used to
generate this class of ligands was successful for preparing the
desired phosphonate-modified complexes. After quantitative
transformation of the ortho —CH,OH substituent on the
pyridine ring to —CH,Cl, 2 equiv of this o-chloromethylpyridine
reacted moderately (up to 62%) with the deprotonated
secondary diamine to afford the desired modified ligand in two
steps from the hydroxymethylpyridine as depicted in Scheme 1.
Metalation proceeded in high yields, and was fast as characterized

Our work focuses on
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Scheme 1. Synthesis of Fe(R-bpmcn)Cl,

N H
Sy o N N
2 soch _ 5 |l + CHs
= e /
CH,Cl, y-CHs
R R H

R= -PO3Et2 R=-H l NEt3/

- 99%
POEL 99% | (0

| )
% | =
R R

R =-H72% (2) R =-H 55%
-POLEt, 95% (1) -POLEt, 62%
7/0
i s
¢

Select Bond Metrics
Fe-N,, avg 2178 A
Fe-N_ , avg 2.286 A
Fe-Cl, avg 2421 A
C-P, avg 1.822 A
N, ~Fe-N_, 167.3°
N, —Fe-N_,avg  77.9°
N,,—Fe-N, , avg 85.2°
Cl-Fe—Cl 100.4°

Figure 1. X-ray crystal structure of 1 where C = white, H = gray, N =
blue, O = red, P = magenta, Cl = green, Fe = yellow.

by a rapid color change from orange to purple or yellow for
complexes 1 and 2, respectively.

X-ray crystallography shows the desired structure of complex
1, in Figure 1, and elemental analysis confirms the purity. The
solution electrochemical behaviors of 1 and 2 (Figure S1) are
similar to what has been reported for similar complexes.
Furthermore, complexes 1 and 2 exhibit similar reactivity toward
water oxidation in the presence of the sacrificial oxidant,
(NH,),Ce(NO,),, as reported by Fillol et al,? illustrated in
Figure 2. For example, after 30 min of stirring in the dark,
complexes 1 and 2 show 85 and 113 turnovers, respectively.
Despite having slightly lower stability relative to complex 2, the
initial rate of water oxidation is comparable for complexes 1 and
2.

The phosphonate-modified complex, 1, was anchored to WO,
by soaking the electrodes in 0.50 mM 1/acetonitrile at 80 °C for
8 h. WO; electrodes were prepared by a sol—gel synthesis as
previously reported.”® Although the UV—vis diffuse reflectance
of the films is largely unchanged due to the thin nature of the
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Figure 2. Homogeneous water oxidation of 12.5 M complex 2 (black)
and 1 (red) in 12.5 mM (NH,),Ce(NO;); aqueous solutions.

films, the Raman spectrum (Figure S2) shows that complex 1 is
bound to the WO; electrode. In addition, the cyclic voltammetry
of the freshly modified electrodes (Figure S3) exhibits a set of
redox waves at —0.18 V vs Fc*/?, which is consistent with solution
electrochemistry, but is covered by a redox event from WOj at
—0.3 V vs Fc*/°. There is also evidence of a slight anodic peak at
0.75 V vs Fc*/° which is consistent with irreversible Fe®*/**
oxidation in acetonitrile electrolytes containing 1. These
assignments have been verified by low temperature EPR
spectroscopy in nonaqueous electrolytes (Figure S$4). Coulom-
etry carried out at 0.43 V vs Fc*/? reveals the surface coverage of
the complex is ~15 nmol/cm? (Figure S5). Because catalyst 1
should be an electrocatalyst, the dark linear sweep voltammetry
of 1-WO; was compared to that of bare WO3, and no noticeable
difference was observed between the two electrodes (Figure S6).
This result is most likely due to low surface coverage of 1 such
that the catalyst is unable to out-perform the high surface area
semiconductor. Also noteworthy is that 1 tethered directly to the
underlying FTO conducting substrate behaves as an electro-
catalyst only at high bias (>1.6 V vs RHE).

Confident that the WO; electrode is modified with 1, the
photoelectrochemical performance of modified electrodes (1-
WO,) is directly compared to the same films prior to
modification in pH 3 Na,SO,. The 1-WOj; electrodes exhibit a
significant, reproducible increase in photocurrent of ~60%. The
linear sweep voltammetry for a single representative film before
and after anchoring the complex is illustrated in Figure 3.
Furthermore, we have carried out three control experiments: if a
WO, electrode is soaked in acetonitrile in the absence of 1, with
only FeCl,, or with only the tebppmen ligand without iron
present, and then dried, there is no increase in the photocurrent
density on WO, (Figure S7). Therefore, anchoring complex 1 is
necessary to observe an increase in photocurrent density on the
electrode. The saturated photocurrent is consistent with excellent
charge-carrier separation in WO;, and the increase in photo-
current is indicative of a faster chemical reaction in the presence
of the molecular catalyst. These findings also demonstrate that
the photogenerated holes from WO, are rapidly oxidizing the
molecular complex on the surface in place of a sacrificial oxidant.

To rule out the possibility that WO; performance alone results
in faster reaction rate, we varied the thickness of the film to
control the photocurrent density.”® The optimized thickness of
WO, was ~1.8 yum by SEM imaging (Figure S8), and the thinner
film was ~0.6 pm. Although thinner films gives rise to lower
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Figure 3. Chopped light linear sweep voltammetry of a WO; film as
prepared (black) and after modification with 1 (red) in pH 3 0.1 M
Na,SO,, 100 mW cm™ AM 1.5G illumination, 20 mV/s, Pt CE, SCE
RE.

photocurrent density, as expected, thinner films of WOj; still
demonstrated a 50% increase in photocurrent density when
modified with 1 (Figure S9). This suggests that the role of the
semiconductor is primarily to photooxidize the molecule to form
the catalytically active species. Moreover, this results shows that
the rate is limited by the rate of catalyst formation.

Furthermore, it has been demonstrated previously that
complex 2 loses reactivity under more basic (pH >7)
photocatalytic reaction conditions.”” Therefore, the stability of
1-WO; was examined under various pH. Upon adjusting the pH
of the electrolyte from 1 to 7, we observed that the jump in
photocurrent decreases slightly as pH increases from 1 to 5
(Figure S10). However, increasing the pH to 7 results in a large
decrease in photocurrent enhancement (from ~50% to ~20%).
This decreased performance suggests that either the complex is
becoming less active or is desorbing from the WO; surface.
Alternatively, this decrease at pH 7 could be attributed to the
relative instability of WO; above pH 6. To distinguish among
these possibilities, we are now synthesizing different anchors that
are known to be stable on oxide semiconductor surfaces and
different semiconductors that are stable over a wider pH range.

One problem typically encountered with WOj is that water
oxidation is slow under acidic conditions causing electrolyte
oxidation to become a competitive side reaction, as has been
previously studied.'® Accordingly, the Faradaic efficiency for O,
evolution is significantly reduced. However, a molecular catalyst
is generally more selective toward a specific reaction than
heterogeneous oxide-based catalysts, and 1 oxidizes water in the
presence of Ce*" (1.72 Vvs RHE). As such, we predicted that the
Faradaic efficiency for O, evolution on 1-WO; electrodes should
be higher than that of the bare WO; electrode.

Oxygen detection, measured with a fluorescence lifetime
probe, indeed shows a significant increase in Faradaic efficiency
of 1-WO; electrodes relative to the control WO; electrodes
(7(0,) =79 + 9% for 1-WO, and 1(0,) = 56 + 7% for WO,,
summarized in Table S1), and representative examples are
depicted in Figure 4. With a catalyst present, there is a large
increase in the selectivity of the modified electrode toward water
oxidation. To demonstrate the repeatability of film production
and performance, O, evolution data for two different 1-WO;,
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Figure 4. Faradaic efficiency of bare (a) and 1-modified (b) WO,
electrodes in pH 3 Na,SO, under 100 mW cm ™ AM 1.5G electrolysis at
1.23 V vs NHE, Pt CE, SCE RE; the theoretical maximum O, based on
charge passed (black) and the amount of O, produced (red).

films are presented in Figure S11. Furthermore, 1-WO,
maintains high Faradaic efficiency for up to 12 h under
illumination (Figure S12). The Faradaic efficiency was not
improved after modifying WO; with only the tebppmen ligand
(Figure S13), implying that iron is required.

To verify the increased efficiency of the modified 1-WO;
electrodes further, the quantity of other non-O, oxidized species
(e.g, $,05*7, H,0,, or HSO;™) was determined spectroscopi-
cally by adding Fe(SCN), and excess NaSCN, then measurin%
the concentration of the deep red oxidized species in solution."
The efficiency for generating other species is #(non-O,) = 22%
and #7(non-0,) = 37% for 1-WO; and WO, electrodes
respectively. These long-term experiments demonstrate the
higher reactivity of the catalyst toward water oxidation on the
electrode surface under illumination. Additionally, the catalyst 1-
WO, is performing the photooxidation of water in the absence of
other sacrificial oxidants.

In solution, the previously reported, unmodified complex 2
decomposes by ligand hydrolysis or oxidation,® and we note that
after photoelectrolysis for 3 h, the Raman and UV—vis spectra
(Figure S2), cyclic voltammetry (Figure S3), and XP
spectoscopy (Figure S14) show no features consistent with the
presence of 1 on the WOj; surface. These observations do not
preclude the presence of a trace amount of catalyst remaining
bound to the surface, but we also acknowledge that complex 1
tethered to WO may be a mere precatalyst for water oxidation.
Regardless, the rate enhancement and selectivity are noteworthy.
In order to provide evidence that a catalytically active species
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remains on the WOj surface after oxygen evolution, the Faradaic
efficiency of a 1-WOj; electrode was measured for 3 h, then the
electrolyte was discarded, fresh degassed electrolyte was
introduced into the cell, and oxygen evolution from the same
1-WO; film was repeated for another 3 h. After this second
photoelectrolysis, the increase in Faradaic efficiency for oxygen
evolution remains (Figure S15). Moreover, when the Faradaic
efficiency of an unmodified WOj electrode was measured in the
presence of freely diffusing 0.5 #M 1 (10 nmol in 20 mL) there is
no improvement of the Faradaic efficiency for water oxidation
(Figure S16). Although we cannot say unequivocally that 1 is the
true catalyst these results support the assertion that the active
species remains on the WOj surface and is not freely diffusing in
the electrolyte.

One final point of note is that at pH 3, any iron species
removed from the electrode surface is soluble in water. ESI mass
spectrometry of the electrolyte following photoelectrolysis only
shows peaks corresponding to 1, including the hydrolysis of the
phosphonate esters, as mostly Fe' or Fe"' fragments (Figure
S17). A CV of the supporting electrolyte further supports high
valent iron dissociating during photoelectrolysis (Figure S18).
Although some of the complex dissociates from the surface, SEM
imaging also shows no obvious evidence of new nanoparticles
growing on the WO; surface or change in the morphology of
WO, after oxygen evolution (Figure S19). These data support
the notion that the catalyst is not decomposing to form Fe,O;
under illumination in the presence of oxidative holes from WO;.

In conclusion, we have demonstrated successfully combining
an earth-abundant molecular catalyst, Fe(tebppmen)Cl, (1),
with the semiconducting photoelectrode, WO;, dramatically
increases the rate and selectivity of photoelectrochemical water
oxidation. Furthermore, we remove the need for a sacrificial
chemical oxidant such as Ce*". These results reveal the promise
of enhancing water oxidation using catalytically active molecular
complexes anchored onto stable, solar-responsive semiconduc-
tors.
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