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The conversion of solar to chemical energy is one of the most promising reseagghlgi_?o'g% QFe e
provide carbon-neutral, sustainable energy. “Green” hydrogen formed by light-driven proton
reduction is a key energy carrier in artificial photosynthesis. However, artificial photocatalysis
suffers from several intrinsic problems, namely the use of sacrificial donors forming chemical
waste, and their pH window of operation lying higher than ideal for proton reduction. We herein
propose redox mediators in hydrogen-evolution reaction photocatalysis that enable operation
at lower pH values and set the stage for coupling oxidative and reductive photocatalysis.
Specifically, we find that phenothiazines can act as potent, pH-independent reductive
quenchers for the ruthenium-based photosensitizer [Ru(bpy)s]?*. This allows for the
photocatalytic system to be operated at a lower pH value < 3, enhancing the catalytic
performance of the thiomolybdate cluster (NHs)2[M03sS13] by a factor of three. This work
illustrates on how using suitable redox mediators can enhance photocatalytic efficiency and
possibly enable a coupling of catalytic cycles, as phenothiazines can form stable radical
cations whose vacancies could be filled by electron equivalents originating from an oxidative
catalytic cycle.
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Phenothiazine redox mediators boost photocatalytic hydrogen evolution . e onne
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Abstract: -revision

The photocatalytic production of green hydrogen constitutes an important step towards
sustainable energy storage. An ambitious goal is to couple reductive and oxidative
photocatalysis, i.e., the hydrogen-evolution reaction (HER) with water oxidation to
achieve overall water splitting. Herein, we explore a pathway towards such coupled
processes by using phenothiazines (PTs) as redox mediators (RMs) in HER. In this
work, we explored the reductive half reaction utilizing a new hybrid SED-RM
architecture with a photocatalytic system consisting of the thiomolybdate cluster
(NH4)2[Mo3S13] as catalyst, ascorbic acid as sacrificial electron donor, and
[Ru(bpy)s](PFe)2 (bpy = 2,2-bipyridine) as photosensitiser (PS), we show that the
catalytic performance of the system is improved by a factor of three (increase in
turnover number (TON) from 6,760 to 20,660 and in turnover frequency (TOF) from
1,130 h™' to 3,440 h™"' (for 6h)) with 10H-phenothiazine (PTH) as RM. Stern-Volmer
experiments show that PTH and derivatives effectively quench the excited state of
[Ru(bpy)s](PFe)2 — independent of pH — enabling photocatalytic HER to be performed
at the lower pH of 2.55, where the catalyst is more active due to a higher availability of
protons. A near-linear correlation between the Stern-Volmer-quenching ability of the
PT derivatives and the photocatalytic performance suggests the initial reductive
quenching step to be an important kinetic factor in the catalytic cycle. Our study
proposes RMs as a strategy to boost the performance of photocatalytic HER systems
by mediating efficient electron transfers even at low pH values and paves the way
towards coupled reductive and oxidative photocatalysis.

Introduction:

Artificial photosynthesis, i.e. the conversion of solar to chemical energy, is one of the
most promising research fields to provide carbon-neutral, sustainable energy.’
Specifically, “green” hydrogen formed by light-driven proton reduction is a key energy
carrier in artificial photosynthesis schemes. Over the last years, the impact of hydrogen
on the energy sector has been increasing, with the demand estimated to lie between
500 and 800 million metric tons per year by 2050.% The production of green hydrogen
using renewable energy or photocatalytic processes represents the most
environmentally friendly approach® in the pursuit of sustainable and versatile energy
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sources. Therefore, the photocatalytic reductive hydrogen evolution reactjon (HER) e
has emerged as active research field, with the first reports dating back to Lehn and
Sauvage from the late 1970s.” Consecutively, many systems for HER-photocatalysis
have been developed.®'3 In general, photocatalytic HER systems typically contain
three components, as illustrated in Figure 1a: A photosensitizer (PS), a catalyst (CAT)
and a sacrificial electron donor (SED). In this three-component system, upon light
absorption, the PS forms an excited state PS*, which is then reductively quenched by
the SED. The CAT is a species that can undergo a reversible reduction and features
active sites capable of protonation/hydride formation. These active sites are
responsible for the hydrogen formation. The SED is required to provide the electrons
that are necessary for the reductive catalysis.'4-16
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Figure 1: a) Schematic representation of a three-component photocatalytic HER system featuring the
reductive quenching pathway of the photoexcited photosensitizer (PS*), followed by electron transfer to
the catalyst (CAT) that initiates hydrogen generation; b) Schematic representation using phenothiazines
(PTs) as a redox mediator (RM) in the (NH4)2[Mo3S13] (= {Mos}?)-catalyzed HER with [Ru(bpy)s]?*
({Ru}?*) as PS.
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An ambitious goal is to couple reductive and oxidative processes, i.e., HER with water
oxidation, in order to achieve overall water splitting. This also mimics biological
photosynthesis, where the two Photosystems Il and | are coupled via cytochrome bsf
(complexes embedded in the thylakoid membrane) to enable directional electron
transfer from water to NADP*.7.18 To achieve this, the electrons necessary for HER
must be provided from the respective coupled oxidative process. In the currently most
common HER system, however, the electrons are provided by an SED, which
thereafter decomposes to form chemical waste. If an oxidative catalysis is to be
coupled to HER to provide electrons, one pathway could be to use a redox mediator
(RM) which can reversibly transfer electrons and protons without undergoing
irreversible degradation.

We herein set out to investigate the feasibility of this approach by employing 10H-
phenothiazine (PTH) into the HER catalytic cycle as RM (Figure 1b). Given success
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of catalytic half-reactions, i.e. oxidative and reductive catalysis. This could lead to the
removal of the SED within the catalysis on the reductive cycle, as well as the sacrificial
electron acceptor in the oxidative cycle in future studies. Phenothiazines (PTs) finds
application in various fields, i.e. in battery (solid) electrodes' or (redox flow)20-22
batteries and in charge-transfer-emitters?324 and are known for their ability to form
(relatively) stable oxidized states. This, as well as their synthetic tuneability, is the basis
for their ample use as organic electrode materials in batteries.?®> PTs have been
explored in reductive photocatalysis on few occasions, demonstrating an enhancement
in catalytic activity.26-29

As HER-photocatalytic system we chose one using the thiomolybdate cluster
(NHa4)2[M03S13] ((NHs)2{Mo3}).3° This CAT is of significant interest due to its high HER
activity.3! For light-driven HER, the CAT can be combined with the well-established
[Ru(bpy)s]?* ({Ru}?*, bpy = 2,2"-bipyridine) complex as PS and ascorbic acid (HAsc) as
SED (Figure 1b).3' The reactivity and stability of {Mos}>~ under the given reaction
conditions has been reported previously. Theoretical and experimental data showed
that the catalyst is stable under reductive conditions and undergoes a series of
activation/deactivation steps based on exchange of the terminal disulfide ligands with
solvent ligands, resulting in speciation in solution.3'32 By employing PT RMs, we show
that the catalytic performance of the system is improved by a factor of three with an
increase in turnover number (TON) from 6,760 to 20,660. However, in this system the
usage of the SED as terminal electron source still leads to the formation of
dehydroascorbic acid as waste product. Stern-Volmer experiments show that PTH and
its derivatives effectively quench the excited state of {Ru}?* — independent of pH — and
thereby enable photocatalytic HER to be performed at the quite low pH of 2.55, where
CAT is more active. We observe a near-linear correlation between the Stern-Volmer-
qguenching ability of the respective PT derivative and the photocatalytic performance of
the system, which suggests the initial quenching step to be an important kinetic factor
in the catalytic cycle.

Results and discussion

We first tested the ability of PTH to quench the photoexcited state of the PFs-salt of
{Ru}?* (in MeOH:H20O (9:1, v:v) based on previously reported conditions33). With a
Stern-Volmer quenching constant of ca. Ksv-pth = 1.6 (50 eq.), PTH is an efficient
quencher (Figure 2a). Even more importantly, PTH efficiently quenches the PS,
regardless of the pH value of the solution, measured from pH = 0.7-13.5, making it
particularly attractive for enabling photocatalytic HER at lower pH values. Durrant et
al. and Artero et al. showed that HER and the here used {Moz}?~ CAT performs best
at acidic (low) pH (pH = 0), since this accelerates the protonation step of the reduced
CAT.1634 In contrast, the typically used SED HAsc quenches best at higher pH values
(,e. pH 4), as the ascorbate ion (Asc”) is easier to oxidize than HAsc
(pKa(HAsc) = 4.1).18 Since the SED is responsible for the start of the electron cascade,
this renders the optimal operating pH value for these systems to be at pH 4.33 In this
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work, the initial reductive quenching step of the excited Ru-PS at lower pH (pH.<4) e

values is done by the added RM PTH. This removes the necessity of an ascorbate-ion
to collide with the excited state leading to the reductively quenched PS {Ru}*, ultimately
lowering the needed concentration of ascorbate and making catalysis feasible at a
lower pH value. In addition to a pH independent quenching, PTH already quenches
efficiently at lower concentrations (50 eq.) relative to the PS (corresponding to a
concentration of 1 mm), while for HAsc in the literature often higher concentrations are
used, i.e. 10 mm33 corresponding to 500 eq. relative to PS. This opens the field to
perform HER catalysis at a lower pH value, while still maintaining good reductive
quenching of the excited PS to facilitate the start of the electron cascade.

a
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Figure 2: a) Excited-state quenching ability of PTH, HAsc and a PTH/HAsc mixture towards photoexcited
{Ru}?+ at different pH values in MeOH:H20 (9:1, v:v). b) Averaged TONs of H- after 6 h at different pH
values without (“Ref”) and with PTH (“PTH”) as RM (1 mm) (with 0.3 um (NH4)2{Mos}, 20 um {Ru}?*,
10 mm HAsc in MeOH:H20 (9:1, v:v)), irradiation at 455 nm).

Regarding a possible competition between PS excited-state quenching by PTH vs.
HAsc or Asc, using a mixture of HAsc (500 eq.) and PTH (50 eq., each relative to PS)
provides roughly the added values obtained for each individual quencher (Ksv-ptH(pH
6.55) = 1.65; Ksv-Hasc(pH 2.78) = 1.17; Ksv-pTH + Ksv-Hasc(pH 2.78) = 1.79). This implies
that their quenching happens independently (Figure 2a).
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The quenching of the excited state of the {Ru}?* PS by PTH is of reductive nature-viags e
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an electron transfer (ET) to form {Ru}* (Figure S12). A possible energy transfer (triplet-
triplet Dexter energy transfer (TTENT)) can be ruled out as the SMLCT energy of {Ru}?*
(2.08 eV as PFs salt)® is lower than the corresponding T+ state of similar PTs, as
shown by Sartor et al. (Eoo,11 = 2.34 €V),36 making TTEnT endergonic. This is further
supported by femtosecond transient-absorption (fs-TA) measurements on covalently
linked PT-Ru dyads and triads showing the formation of the radical cation PT**.29.37-39

We next explored PTH in photocatalytic HER using {Ru}?* as PS and (NH4)2{Mos} as
CAT, according to a procedure by Heiland et al..33 The (reference) photocatalytic
system contained {Ru}?* (20 uMm, as PFg salt), {Mos}?~ (0.3 uMm as ammonium salt), HAsc
(10 mm) as SED at different pH values, and MeOH:H20 (9:1, v:v) as solvent. In
experiments with PTH as RM, it was added in 1 mM concentration (50 eq. relative to
PS). We used a ventilated modular open-source photoreactor, published by Kowalczyk
et al.*% and equipped with an LED (Amax = 455 nm, P = 40 mW cm™2), with experiments
carried out at (21 £ 1) °C (for temperature dependency of the catalytic system see
Supporting Information, Figure S7) in triplicate with error bars shown in the graphs.
Hydrogen formation was quantified after a time period of 6 h using head-space gas
chromatography. Control experiments showed no hydrogen evolution without
irradiation, or when {Mo3}?~, {Ru}?* or HAsc were absent.3! In addition, measurements
with PTH (1 mM) and in the absence of the SED showed no hydrogen evolution after
a period of 6 h.

At pH 4 as the optimal pH for the reference system (using aqueous NH4OH to adjust
the pH value??), an average TON of 6,220 is obtained with PTH and of 6,760 without
PTH, confirming that at this pH the concentration of Asc™ is high enough to efficiently
quench photoexcited {Ru}?* itself. At lower pH, on the other hand, the TONs of the
reference system with HAsc as SED fall to 1,830 (pH 2.55) and 140 (pH 1.25), while
the TONs with added PTH sharply rise to an average 16,500 at pH 2.55 and remain
high at pH 1.25 with a TON of 7,010 (cf. Table 2, the pH was adjusted using HzPO4 as
acid or NaOH or NH4OH as base). It is remarkable that PTH significantly increases the
activity of the HER photocatalytic system by enabling photocatalysis to be performed
at lower pH (with an optimum at 2.55), where the CAT performs best due to a higher
availability of protons. By increasing the PTH concentration at pH 2.55t0 2 mm (100 eq.
relative to PS), we were able to further boost the TONs to a value of 20,660 with an
average TOF of 3,443 h™" (over the course of 6 h; see also below Table 2 and Figure
5b). This represents an enhancement factor of 3.1 relative to the reference system at
pH = 4, or a factor of 11.3 relative to the reference system at pH = 2.55, regarding the
TON and TOF after 6 h irradiation. These results show that PTH is able to act as a RM
in this homogeneous HER photocatalytic system. In addition, time-dependent
measurements were performed by measuring hydrogen evolution every hour within a
time period of 6 h (Figure S9 and Table S3). Thereby the RM-assisted system showed
the overall same time-dependency trend as previously reported, with a diminishing of
the catalytic activity over the irradiation time of 6 h.33 Furthermore, add-back
experiments were conducted (by a second addition of PS and catalyst to the catalytic
mixture after 6 h) showing that the RM-boosted system still outperforms the reference

5


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ey00029k

Page 7 of 16 EES Catalysis

system at a pH of 2.55 and therefore is still active after 10.5 h (see SI, Figyre S105 - 10e
Table S4).

Modification of phenothiazines

We next explored a range of substituted PT derivatives (MPT, PEG-PT, TolPT-PEG,
TolPT-diPEG) as well as a polymer (P1) in order to investigate the general applicability
of PTs’ RM role and the effect of derivatization and partial improvement of water
solubility (Figure 3, for synthetic manipulations see the Supporting Information). The
typical positions for introducing substituents in PT are the 3- and 7-positions on the
aromatic core as well as the N-atom. The synthesized derivatives exhibited excellent
solubility in a wide range of organic solvents and organic solvent/water mixtures, with
moderate solubility in pure water. The only exception is derivative TolPT-PEG, which
showed aggregation after a period of 6 h in the catalysis solvent mixture (MeOH:H20
(9:1, viv)).

o™h

q \ H 40
0 a0 L0 by

¢ ¢

@Qw% %AQQJ@% %ngwﬁf

TolPT-PEG TolPT-diPEG

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Figure 3: Molecular structures of the PT derivatives herein investigated as RMs in photocatalytic HER.
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In addition to exhibiting an adequate solubility to perform homogeneous HER
photocatalysis, the employed PT derivatives should have the following characteristics:
(a) No strong light absorption within the wavelength range utilised for photocatalysis
(i.e. 450 nm for {Ru}?* as PS), (b) a redox potential that falls between those of the
excited state redox potentials of the PS and the SED, and (c) an effective ability to
reductively quench the photoexcited state of the PS. Consequently, UV/Vis-
spectroscopy, cyclic voltammetry (CV) and Stern-Volmer-quenching experiments were
conducted (Figure 4). The data from the UV/Vis spectra and CV measurements are
listed in Table 1 (for further information, see the Supporting Information).

(cc)

Table 1. UV/Vis spectroscopic and cyclic voltammetry data of PTs.

PT derivative Absorption band Absorption band of First half-wave oxidation
/nm 2@ radical cation / potential / V ¢
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nm b DOI- 10 10;{5‘?’)2?\?&[}%@5;
PTH 252", 316 2867, 444, 520, 570, 0.224142
740, 830, 1426
MPT 252", 308 268", 292, 514, 764, 0.21
854, 1444
PEG-PT 252", 308 270°, 514, 772, 866 0.27
TolPT-PEG 2567, 324 2807, 576, 736, 814 0.16
TolPT- 2567, 318 2827, 624,732 0.03
diPEG

P1 258, 312 282", 632, 728, 822 0.10

ain MeOH:H20 (9:1, viv) withc = 1 - 1075 M; P in MeOH:H20 (9:1, viv) with c = 1 - 1075 M, oxidizing agent:
(NH4)2(CeV)(NO3)s), absorption maximum marked with an asterisk; ¢ vs. Fc/Fc* in MeCN with
c=1-103musing 0.1 m n-BusNPFs (working and counter electrode: Pt, reference electrode: Ag/AgCl),
half-wave potential of PTH calculated according to Pavlishchuk et al..*?

UV/Vis spectra of neutral PTH and its derivatives show no absorption at the irradiation
wavelength of 455 nm used in photocatalysis (Figure 4a). The radical cations show an
absorption in the UV region at 280 nm and in the visible range at 500-570 nm
stemming from the radical cation itself (Figure 4b).2543 In addition, the radical cations
can interact either with a neutral PT molecule, leading to a so-called “pimer” (11-mer)
with an absorption between 700-850 nm, or with another PT radical cation forming a
“m-dimer” with a broad absorption at 1400 nm.?®> The absorption bands of the radical
cations shift to higher wavelengths for the more electron-rich PT derivatives, from
444 nm (PTH) to 624 nm (TolPT-diPEG) and 632 nm (P1). In addition, the formation
of the -dimer is more pronounced for the smaller PT derivatives and diminishes for
the more sterically hindered derivatives, since the interaction of the obtained radical
cations is suppressed. The same trend can be seen for the m-mer formation. The
UV/Vis spectra of the neutral PT derivative hence do not interfere with the used
irradiation wavelength (455 nm). For the oxidized PT derivatives, a slight overlap of the
used irradiation wavelength and the absorption of the radical cation is possible,
however within the scope of this study no impact of the absorption overlap on the
catalytic performance could be elucidated.

Page 8 of 16
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Figure 4: UV/Vis, CV and emission quenching data of PTH and its derivatives. a) Normalized UV/Vis
spectra in MeOH:H-0 (9:1, v.v) atc = 5 - 1075 M; b) UV/Vis spectra of oxidized species (oxidizing agent:
(NH4)2[Ce™)(NO3)s]); ¢) CVs in MeCN vs. Fc/Fc* (1 mm with 0.1 M n-BusNPFs, working and counter
electrode: Pt, reference electrode: Ag/AgCl); d) Stern-Volmer plots of the {Ru}?* emission quenching
with PTH and derivatives (MeOH:H20 (9:1, v.v)).

The CV measurements showcase the ability of the PT derivatives to act as RMs within
the catalytic cycle with half-wave potentials in the range of 0.03—0.27 V in MeCN (vs.
Fc/Fc*, Figure 4c and Table 1). With Eox.'? (Ru?*/1*) = 0.39 V in MeCN (vs. Fc/Fc*)
obtained from Prier et al.#* and adjusted according to Pavlishchuk et al.*2, the redox
potential of the excited PS {Ru}?*" lies higher, and with Eox."2 = 0.08 V in H20 (vs.
Fc/Fc*), obtained from Pellegrin et al.*5 and adjusted according to Pavlishchuk et al.,*2
the redox potential of the SED HAsc lies at a lower value.

The Stern-Volmer plots of the emission quenching experiments of the {Ru}?* PS by the
PT derivatives in Figure 4d show that all PT derivatives are able to quench the emission
of the Ru complex, with the order of efficiency PTH > TolPT-PEG > TolPT-diPEG =
MPT > PEG-PT > P1. Important to note is that the quenching in all cases (except for
the polymer P1) for 50 eq. PT derivative to PS is higher than that achieved with HAsc
(500 eq. to PS), which shows that the PT derivatives can indeed serve as RMs in the
photocatalytic cycle, as proposed in Figure 1b, efficiently reducing the photoexcited
state of {Ru}?* (see Supporting Information, Figure S1).
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We next tested the PT derivatives in photocatalytic HER, as described aboyg for PTH: < e
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The proposed photocatalytic cycle is shown in Figure 5a and starts with a
photoexcitation of the PS {Ru}?*, followed by its reductive quenching, forming {Ru}*.
{Ru}* reduces the {Mos}?>~ CAT, which accepts a proton from solution and forms
H[Mo3S13]%~. A second electron/proton transfer to CAT results in formation of H2 and
regeneration of the native {Mo3s}?>~ species (see green box in Figure 5a). As
demonstrated above by adding PTH to the “reference” system (Figure 2b), it acts as a
RM (highlighted with the blue box) and takes over the part of reductive quenching of
the photoexcited PS. The thereby formed radical cation (PT*) is then re-reduced by
Asc as SED and therefore acts catalytically as RM (Supporting Information, Figure
S3).

a b —=— PTH (100 equiv.)
oH oH 25000 - : ;1,—;:-
Ho _A_0 HO A0, 4 | —v—PEG-PT
PT as redox 0 +H 0 g 20000 | ——ToPT-PEG
mediator L= ~H" = @ 1 «— TolPT-diPEG
© OH Ho OH E 15000 ——P1
PT e Ascorbate Ascorbic acid 3
(Asc™) (HAsc) < 100004
{Ru}2+t ;
> Dehydro-  Ascorbate ,9 o
hv e PT™* ascorbic  favoured
acid at high pH /
Ruy* values 0

T T T T
1 2 3 4

{Ru}2* pH value
o ' C 20000

b e pr o] PH 255

2H T

\ Protons needed for HER
H, (low pH value preferred)

16000

14000

12000

10000 +

(MPT)

8000

TON (H.) after 6 h

6000 {
(PEG-PT)
4000 |

2000 (ascorbic acid)

10 12 14 16 18
Stern-Volmer quenching constant

Figure 5: a) Schematic representation using PTs as RMs in the photocatalyzed HER with {Mos}?~ as
CAT, {Ru}?* as PS, with grey boxes highlighting the influence of the pH value. b) Averaged TONSs after
6 h at different pH using different PT derivatives as RM (1 mm; with 0.3 um (NH4)2{Mos}, 20 um {Ru}?*,
10 mm HAsc in MeOH:H20 (9:1, v:v)), irradiation at 455 nm). c) Correlation between the average TONs
(at pH 2.55) and the excited-state quenching ability of the PT RMs towards photoexcited {Ru}?* for
50 eq. of quencher. Note: Measurements were carried out at (21 + 1) °C.

As is evident from the photocatalytic cycle in Figure 5a, the pH value and consequently
the concentration of protons is a decisive factor. When using {Ru}?* as PS and a Ni-
phosphine complex as CAT, Durrant et al.'® showed that the catalyst performed best
at acidic (low) pH, since this accelerates the protonation step of the reduced
catalyst.'®:34 The PS, on the other hand, performed better at higher pH values, which
can be explained by the easier oxidation of Asc™ compared to HAsc.'® While for the
{Mos}>~ CAT, the optimal operating conditions were reported to be at pH 4,33 we
showed above that with PTH as RM the best pH is at 2.55 (Figure 5b and Table 2).

9


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ey00029k

Page 11 of 16 EES Catalysis

Table 2. Average TONs? (each determined as triplicates) for the photocatalyzed HER using {Mog}#mggele Online
CAT, {Ru}?* as PS, HAsc as SED, PT and its derivatives as RMs at different pH-values. DOI10.1059/D6EY00029K

pH of aqueous stock 0.85 1.25 2.55 4
solution (adj. with (adj. with (adj. with
H3PO4) H3POa) NH4OHP or
NaOH?¢)
Reference (without - 140 + 30 1,830 + 500 6,760 + 400°
PT derivative)
PTH - 7,010 + 400 16,500 = 1,500 6,220 + 500°
"20,660 *
4,000
MPT 2,540 8,520 + 800 12,800 + 3,500 6,170 + 1,000¢
1,800 10700 + 2000
PEG-PT - 5,030 + 850 5,720 + 1,400 6,550 £ 300¢
8490 + 2500
TolPT-PEG - 3,800 + 350 - -
TolPT-diPEG - 980 + 150 - -
P1 - 790 + 150 3260 + 400 -

a Conditions: (NHs)2{Mos} (0.3 um), {Ru}** (20 pm), HAsc (10 mm), PTH or derivative
(1 mm =50 eq. to PS) in MeOH:H20 (9:1, v:v), 2 mL; irradiation at 455 nm for 6 h; * PTH or
derivative (2 mm = 100 eq.).

The same trend we observed for the PT derivatives, with TONs shown in Figure 5b
after 6 h reaction time upon varying the pH of the aqueous photocatalytic solution,
employing a 1 mm concentration of the respective PT derivative (corresponding to
50 eq. to PS and 3.33 - 103 eq. with respect to CAT). We adjusted the pH of the
aqueous solution to values between 0.85 and 4 using H3PO4 as acid and NaOH or
NH4OH as base (Table 2). The optimal pH was found to be 2.55 delivering the highest
TONSs, which is the pH of the HAsc stock solution, making it practically feasible. Here,
we obtained the highest TON of 16,500 + 1,500 with PTH as RM for 50 eq. used with
respect to the PS (black dots in Figure 5b). We could further boost the TONs by using
100 eq. of PTH relative to PS to 20,660 + 4,000 (see Table 2), corresponding to an
enhancement by a factor of 3.1 compared to the (NH4)2{Mos} system (purple square in
Figure 2b) at pH 4. N-Methylphenothiazine (MPT) performed second-best with a TON
of 12,800 + 3,500 at pH 2.55 (red triangles), followed by N-pegylated PT (PEG-PT)
(green triangles) with a TON of 5,720 + 1,400.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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Further acidification using H3PO4 resulted in a decrease in TON, indicating that anionic
Asc™ is required to re-reduce the PT radical cations formed upon ET with PS.
Nevertheless, the system continues to effectively function under highly acidic
conditions, a property that renders it potentially valuable for a range of further
applications. At the most acidic pH of 1.25, the order of performance was MPT > PTH
> PEG-PT > TolPT-PEG > TolPT-diPEG = PTPT-diPEG with a TON for MPT of 8,520
1 800. TolPT-PEG, TolPT-diPEG and PTPT-d/iPEG also functioned as RMs at pH<3
but did not boost the HER beyond the TONs obtained for the reference system. Of
molar ratios between 12.5 and 200 eq. we obtained the best performance at 100 eq.,
corresponding to a concentration of 2 mm RM (see Supporting Information, Figure S8).
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The decrease in TON for higher PT derivative concentrations could be due. to-dngs e
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accumulation of the corresponding PT radical cations, which can intercept the electron
cascade needed for hydrogen production. The overall acidification of the catalytic
solution and the overall low concentration of PT derivatives has the additional benefit
of slowing down the disproportionation of PT radical cations (second-order kinetics),
as shown in aqueous systems reported for similar PT motives by Ishchenko et al..6
"H-NMR and GC-MS/MALDI-TOF measurements indicated no signs of decomposition
of the PT derivatives after a period of 6 h irradiation at pH 1.25 using 50 eq. PT with
respect to PS (see Supporting Information, Figures S36-S51).

We next investigated a potential correlation between the fluorescence quenching
efficiency of {Ru}?* emission by the PT RMs and the photocatalytic performance.
Figure 5c shows the TONs obtained at pH 2.55 (see Table 2) as a function of the Stern-
Volmer-quenching constant obtained at a ratio of 50 eq. of PT RM to {Ru}?*. A
correlation is clearly visible, with the TON increasing with rising quenching efficiency.
We thus propose that the initial reductive quenching of the Ru-PS excited state by the
PT RM is an important kinetic factor in the catalytic cycle. This would explain the fact
that a RM with more efficient reductive quenching ability compared to the SED is able
to significantly enhance the TONs of this HER.

Conclusions

In summary, we herein show that phenothiazine and derivatives can act as redox
mediators (RMs) in the homogeneous photocatalytic hydrogen evolution reaction
(HER), by performing the reductive quenching of the photosensitizer instead of a
sacrificial electron donor (SED). By using the thiomolybdate cluster (NH4)2[M03S13]
((NH4)2{Mos3}) as hydrogen-evolution catalyst and [Ru(bpy)s]?* ({Ru}?*) as PS, both
phenothiazine and its derivatives effectively quench the photoexcited state of the
{Ru}?* PS through electron transfer, forming the corresponding radical cation PT**. The
reduced PS then reduces the {Moz}?~ catalyst, which — upon two-electron transfer —
produces hydrogen from a proton source. The oxidized phenothiazine derivatives are
re-reduced by Asc/HAsc as SED. Remarkably, this photocatalytic system operates
well at acidic pHs with an optimum at 2.55 at which a higher concentration of protons
is available for the HER catalysis compared to the best literature-reported conditions
at pH 4. This significantly increases the TONs to up to 20,660 + 4,000 and the TOF
from 1,130 h~"to 3,440 h~' (after 6 h), both corresponding to a factor of three compared
to the best RM-free (NHs)2{Mos} system (at pH 4). We observed a near-linear
correlation between the fluorescence-quenching efficiency of the {Ru}?* PS emission
by the PT RM and the photocatalytic performance, which showed that the initial
quenching of the PS excited state by the redox mediator is an important kinetic factor
within the photocatalytic cycle. Our study demonstrates a pathway to boost
photocatalytic HER systems by using low-pH-compatible RMs enabling more acidic
conditions in artificial photosynthesis. Overall, the presented system utilizing the PT-
based RM benefits from the formation of the reductively quenched photosensitizer
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through a pH independent reductive quenching step. This leads to a mare efficient - e

00029K
electron cascade at lower pH values, effectively boosting the HER in this pH window.

More generally, it should also be noted that photocatalytic processes often show
turnover frequencies on the min-timescale whereas the photochemical processes to
activate the catalyst typically occur on the ms-to-s timescale. This discrepancy
highlights that the bottleneck of photocatalytic processes often lies in the inefficient
substrate conversion at the catalyst. Thus, providing higher substrate concentrations
(i.e. protons for HER) is a way forward to not only accelerate photocatalytic HER but
also to ultimately derive meaningful structure-property relationships of photocatalytic
HER systems and with it the advancement of this research field. If the best-optimized
photocatalytic systems are hampered by substrate conversion at the catalyst resulting
in comparable TONs as non-optimized systems, a TON-driven rational system
development is impossible.

This SED/RM-combination could not only be applied to many other homogeneous HER
systems that suffer from CAT-limited low H2 output due to pH limitations for commonly
used SEDs but it also paves the way for coupling reductive and oxidative
photocatalysis by using redox mediators with reversible redox chemistry instead of
sacrificial electron donors (or acceptors).
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