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Direct Four-Electron Reduction of O, to H,O on TiO, Surfaces by

Pendant Proton Relay**
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TiO,-based photocatalytic aerobic oxidations are among the
most promising methods in energy conversion, environmental
remediation, and organic transformation by using solar
energy.'"™ In the photocatalytic reactions, oxygen acts as
the ultimate oxidant by scavenging conduction-band elec-
trons, and the oxygen reduction reaction (ORR) carried out
by conduction band electrons is the key step, even the rate-
determining step, of the overall reactions.!! During ORR,
various reactive oxygen species (i.e. ‘OH, H,0,, O,7) are
generated which are able to strongly influence the reaction
mechanisms and product distribution.*! For example, in our
previous study, the “OH derived from the H,O, intermediates
of ORR can contribute much to the hydroxylation of
aromatics.!

It is generally accepted that, on TiO, surface, ORR
proceeds by a series of sequential single-electron reduction
reactions and concomitantly with the formation of various
reactive oxygen species [Egs. (1)—(5); c¢b =conduction band,

TiO, + hv — ey +hyy* (1)
0,+eq” — O, 2)
H* + O, — HO," (pH < 4.8) 3)
2HO," — H,0, + O, (4)
HO, + e, +H" — H,0, (5)

vb=valence band]. Among them, intermediate H,O, is
almost always accumulated in a considerable amount owing
to its relative stability.”) On the other hand, these active
oxygen species could be avoided, if the ORR proceeded by
a direct four-electron pathway. However, control of the
oxygen reduction pathway on the photocatalyst surface
remains a great challenge, and only limited progress has
been made to date. It was reported that, for example, loading
Au nanoparticles®™ or copper ions® onto the TiO, surface
could drastically enhance photocatalytic generation of H,O,
from O,.
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ORR becomes more efficient when the electron transfer is
coupled with the transfer of proton, the so-called proton-
coupled electron transfer (PCET) process.'™'] Despite
extensive investigations in the homogeneous organic
phase,'*1213] the importance of PCET for the ORR on
metal oxide surface is seldom demonstrated. Actually, the
essential role of proton in the reduction process on the metal
oxides (TiO, and ZnO) was recognized by Mayer et al. only
very recently.'!

Inspired by the depressed formation of H,O, in the
presence of phosphate during photocatalytic oxidation of
aromatics, herein, we demonstrate that the reduction pathway
of O, on a TiO, surface is switched from a sequential single-
electron process to a concerted 4e /4 H* reduction to H,O by
simply adding pendant proton relays (polyprotic acids). In
contrast, monocarboxylic acids without pendant proton relays
only enhance the ORR reduction rate but barely change the
reaction pathway. Our work highlights the important role of
acid/base relays in tuning ORR and consequently the overall
photocatalytic pathway on metal oxide surface.

Our first interesting observation came from the marked
influence of phosphate on the photocatalytic behavior of TiO,
during the oxidation of benzoic acid (BA). It was observed
that the rate for the photocatalytic degradation of benzoic
acid (BA) was significantly enhanced after addition of
phosphate at the same pH value. The apparent zero-order
rate constant increased from 45 pMmin™" on pristine TiO, to
110 pmmin~' in the phosphate system (Figure 1a left axis).
More intriguingly, a sharp contrast in the H,0O, accumulation
was observed between pristine and phosphate-modified TiO,.
The H,O, concentration in the pristine TiO, system (71.8 pm)
was approximately 40 times higher than in the phosphate
system (only 1.7 um) after irradiation for 120 min, and still
increasing with the photocatalytic conversion (Figure 1a right
axis). The concentration of H,0, is determined by its
formation [Egs. (1)—(5)] and decomposition [Egs. (6)—(8)]

H,0, + e,  — OH™ +"OH (6)
H,0, +2e, +2H" — 2H,0 (7)
H,0, +2H," — O, +2H" (8)

kinetics under photocatalytic conditions. A control experi-
ment on the photocatalytic decomposition of H,O, (0.1 mm)
showed that the pseudo-zero-order decay rate constant of
H,0, in the presence of PO,*~ was much less than that in the
pristine TiO, system (1.34 vs 4.62 pmmin ', Figure S1 in the
Supporting Information), probably because of blocking of the
interaction of H,O, with the TiO, surface by the surface-
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Figure 1. a) Influence of phosphates on the oxidation rates (left axis)
and the accumulation of H,0O, (right axis) during photocatalytic
degradation of benzoic acid under UV irradiation at pH 3.5; C=con-
centration of BA, C,=initial concentration of BA. b) Influence of
phosphates on the yield of the hydroxylated products BA-OH (left axis)
and the oxygen atom source of hydroxy group in BA-OH (right axis)
during BA degradation, using aerial '°0, as the oxidant and H,'*0
(90%) as the solvent. For both panels, o/o: pristine TiO,; m/®: TiO,
with 2 mm phosphates.

bound phosphates. Therefore, the lack of H,O, accumulation,
in spite of the enhanced conversion of BA, indicates that the
generation of H,O, on the surface with phosphates was
remarkably suppressed.

Recent studies showed that the oxygen atoms in the OH
groups of the hydroxylated products during the photooxida-
tion of aromatics can be derived from both the oxidant O, and
solvent H,O [Eq.(9)],l"! and their relative percentage

160H 180H
N TiOy/hv N
RE ) o nweg” RE ) * RE ©)
P> 1602 / H2180 ! _ | _

depends largely on the reaction mechanism.”! To show the
influence of phosphate on the mechanism, the relative
importance of these two oxygen sources in the OH group of
the hydroxylated products (BA-OH) was further probed by
isotope-labeling analysis (**O, and H,"0). As shown in
Figure 1b, for pristine TiO,, as much as 50 % of the O-atoms
of hydroxy groups in BA-OH were derived from O,. In sharp
contrast, almost no O-atoms from O, were detected in the
products formed by the phosphate system. To rule out the
effect of the changed adsorption of BA by phosphates, the
photocatalytic oxidation of weakly adsorbed benzene was
also examined. Similar to the oxidation of BA, a significantly
decreased O-atom incorporation from O, into phenol was
also observed upon addition of phosphate (from about 50 %
to 10 %, Figure S2). We recently showed that photocatalytic
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O-incorporation from O, into hydroxylation products is
through the intermediate H,0,.”! Our present observation
of the reduced O-incorporation from O, in the presence of
PO,* indicates the formation of active oxygen species H,O,,
*OH, and O, by consecutive 1e -reduction of O, [Egs. (1)-
(5)] is largely inhibited by adsorbed phosphates, which is in
line with the H,0O, measurements.

The analysis of the yield of the hydroxylated products
showed that the product distribution also changed signifi-
cantly upon addition of phosphate. The yield of the hydroxy-
lated intermediates (ratio of the detected BA-OH/phenol to
the consumed BA/benzene) was much higher in the phos-
phate systems than in the pristine TiO, (Figure 1b, Figure S2).
The decrease of O,-derived active radicals, together with
previously reported ‘OH enhancement in the presence of
phosphates,'*!¥ should be responsible for the higher yield of
hydroxylated intermediates.

The depressed H,O, generation and O-atom-incorpora-
tion from O, during the photocatalytic reactions implies
a significant change in the oxygen reduction processes on the
TiO, surface in the presence of phosphates. To avoid the
complicated redox processes under photocatalytic conditions
and to shed light specifically on the reduction of oxygen, the
ORR was further examined on the TiO, film electrode at bias
potentials. Using TiO, film as working electrode, linear sweep
voltammetry (LSV) of the ORR was first examined at pH 3.5.
As shown in Figure 2 a, in Ar-saturated solutions, little current
was observed regardless of the presence of phosphates, while
in O,-saturated solutions, a reduction current with onset at
about —0.45 V (vs. saturated calomel electrode (SCE)) was
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Figure 2. a) Linear sweep voltammetry (50 mVs™) of a TiO, film in
Ar (dashed lines) or O,-saturated (solid lines) 0.1 M NaClO, solutions
in the absence of or the presence of the concentrations of phosphate
shown. b) Faradaic efficiency (FE) for H,O, during the steady-state
electrolysis at —0.5 V (vs. SCE) for TiO, film in the absence of or the
presence of 4 mm PO,’” in O,-bubbled 0.1 m NaClO, electrolyte

(pH 3.5). Inset: the corresponding ready-state reduction current den-
sity.
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observed, indicating oxygen reduction occurring on the TiO,
surface. With increased phosphates concentrations, the cur-
rent density also increased, and the onset gradually shifted to
a more positive potential. For instance, after addition of 4 mm
phosphates, the cathodic current density at —0.5 V increased
four times, and the onset potential positively shifted about
200 mV, indicating that the addition of phosphates is able to
promote ORR on TiO, surface.

Figure 2b shows the steady-state reduction current den-
sity and the Faradaic efficiency (FE = ny,o,/2n,) for H,O, over
time on the TiO, electrode in the absence and presence of
4 mM phosphates at —0.5 V (vs. SCE) in a two-compartment
electrochemical cell. Consistent with the LSV results, the
steady-state reduction current density was much higher in the
phosphate system than in the pristine one. The reduction
current increased 10-15 times in the presence of phosphates
at potential of —0.5 V (Figure 2b inset), which, once again,
demonstrates the improved ORR activity of phosphate-
anchored TiO,. As shown in Equations (1)—(5), on the
pristine surface, the single-electron transfer ORR would
lead to the accumulation of considerable amount of inter-
mediate H,0,,[" which can be considered as the indicator to
judge the ORR pathway. The detected FE of H,O, on the
pristine surface was about 31 % after electrolysis for 4 min.
The overall FE drops gradually with the time, probably owing
to the further reduction of the formed H,O,. In sharp
contrast, when the electrode was immersed in the phos-
phate-containing electrolyte, the FE of H,O, was only 0.6 %,
and did not change much over time.

A control experiment on the electrolytic decomposition of
H,O, under Ar atmosphere showed that the presence of
phosphates hindered the decomposition of H,O, with an
apparent first-order decay rate constant declining from 0.064
to 0.029 min~" (Figure S3), which is in line with the photo-
catalytic decomposition of H,O, (Figure S1). That there is
little H,O, accumulation in the presence of phosphate, in spite
of the decreased decomposition of H,O, and the increased
reduction of O,, confirms that O, in the phosphates systems is
selectively reduced to H,O, while the pathway of the
sequential single-electron reduction to H,0O, is bypassed.
Moreover, the preadsorbing experiment (see Supporting
Information) confirms that the effect of PO,>~ on the ORR
of TiO, is a result of the surface-bound anions, rather than
those in the bulk solution.

The four-electron pathway of ORR in the presence of
phosphates was further confirmed by rotating disc electrode
(RDE) experiments. As shown in Figure S4, for pristine TiO,,
the typical two-step pathway at around —0.45Vand —1.0 V
was observed, indicating a successive single-electron reduc-
tion [Egs. (2)—(7)]. Interestingly, with the increased addition
of PO,*, the first reduction plateau became less pronounced
and gradually vanished. The LSV curves finally showed
a single-step plateau in the presence of 4 mm PO,*, indicating
a direct four-electron ORR process. Using the Koutecky—
Levich equation, the overall number of the transferred
electrons (n) in the ORR at plateau currents was quantita-
tively estimated, the result is shown in Figure 3. The value
n was calculated to be approximately 2 on pristine TiO,, with
the addition of PO,’", the n values gradually increased. In the
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Figure 3. Koutecky—Levich plots of a TiO, film immersed in different
concentrations of phosphates at plateau currents. The dashed lines
show the standard slopes for n=2 and n=4.

presence of 4 mm PO,*", n reached 4, indicative of the four-
electron path, which is consistent with the higher ORR
current density and lower FE of H,O, observed for phos-
phate-modified TiO,.

The phosphates and organic acids are good proton relays
to enhance many proton-coupled electron transfer (PCET)
processes.'”?! Recently, the reduction of phenoxyl and
nitroxyl radicals on the surface of reduced TiO, and ZnO
was also demonstrated to proceed by a PCET pathway.['"l The
present experimental observations that surface-anchored
phosphates can change the ORR to a four-electron reduction
on TiO, lead to the hypothesis that the surface phosphates
may provide acid/base sites and deliver protons for the
reduction of O,. To verify this hypothesis, instead of
phosphates, the effect of other weak organic acids, such as
L-glutamic acid (GA), malonic acid (MA), acetic acid (AA),
and propionic acid (PA) was further examined. As shown in
Figure 4, in the presence of all these acids, similar to the above
phosphate system, the cathodic currents for the ORR
increased significantly, relative to the pristine TiO,. Interest-
ingly, for the H,O, generation efficiency, the results were
rather distinctive. GA and MA displayed similar behaviors to
phosphates: the generation of H,O, was remarkably sup-
pressed. In contrast, the influence of AA and PA on the H,0,
formation efficiency was quite minimal.

Phosphate or carboxylate groups are the most common
linking groups to bind catalysts or chromophores onto metal
oxide surfaces, and they were strongly adsorbed on the TiO,
surface.”?1 Note that phosphates, GA and MA are all
polyprotic acids, while AA and PA are monocarboxylic acids.
For polyprotic acids, although their adsorption modes on
metal oxide are complex, it is possible for them to attach on
the TiO, surface through one carboxylate, while the rest of
carboxylate or the amide (in GA) groups are pendant on the
surface. Such a structural motif is analogous to the catalytic
center of the heme hydroperoxidase enzymes, such as
cytochrome P450"% and the so-called Hangman porphyrin,'?!
where an acid-base functional group (amino acid residues or
weak acid/base) is “hanged” over the face of the active center
to deliver protons to the reaction center, thus achieving
concerted 4e/4H' reduction of O, to H,O. Likewise,
polyprotic acids could provide the pendant proton relays to
bypass the single-electron reduction transformations through
an oriented hydrogen-bonding network on the oxide surface
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Figure 4. a) Linear sweep voltammetry of a TiO, film in O,-saturated
0.1M NaClQ, solutions (pH 3.5) in the absence of and the presence of
4 mm organic acids. b) Faradaic efficiency (FE) for H,O, during the
steady-state electrolysis at —0.5 V (vs. SCE) and the current densi-

ty (Inset) for TiO, film with or without 4 mm organic acids (L-glutamic
acid (GA), malonic acid (MA), acetic acid (AA), propionic acid (PA)) in
0.1m NaClO, electrolyte (pH 3.5).

(Scheme 1a). In contrast, the surface-adsorbed monocarbox-
ylic acids, such as AA and PA, lack the pendant acid/base
group for such a reduction pathway, as the only available
carboxylic group is used to anchor to the surface (Sche-
me 1b). The absence of significant effects of these mono-
carboxylic acids on the formation efficiency of H,O, high-
lights the important role of pendant proton relays in control-
ling the ORR pathway on TiO, surface. On the other hand,
after anchoring of carboxylic acids, a higher local surface
proton concentration relative to pristine TiO, surface is
expected notwithstanding the pH values (3.5) being the same
as that of the bulk solutions, as the adsorption of carboxylate
acid on the TiO, surface is dissociative. The high surface
proton concentration could probably be responsible for the
enhanced reduction of O, with these acids (Figure 4). Differ-
ent from the adsorbed polyprotic acids with pendant acid/
base sites, however, all the steps in the ORR process
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[Egs. (1)—(5)] should be accelerated equally by the unspecific
distribution of proton around the reduction center. This
situation may be a reasonable explanation for the observation
that, in the presence of monocarboxylic acids such as AA and
PA, the formation efficiency of H,O, was not changed much
in spite of the enhancement in the overall ORR rate.

The experimental finding that surface-pended proton
relays can switch the ORR to four-electron reduction on TiO,
is clearly of practical importance, as in terms of separation
and recycling of catalysts the reaction on a surface is more
desirable than in a homogeneous system. The role of surface-
pendant proton relays demonstrated in this study could be
applied to the design and development of efficient ORR
heterogeneous catalysts. The effect of surface proton relays
on ORR could also be expanded to other PECT reactions,
such as catalytic CO, reduction, or the reduction of H,O to
hydrogen on the oxide surface. We also believe that a similar
proton relay effect plays important roles in the high ORR
reactivities of doped carbon materials,® 2" where the dopants
(for example, N) and residual carbonoxylic, hydroxy, and
phenolic groups can provide plenty of pendant acid/base sites
for the cleavage of O—O bonds.
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