RESEARCH ARTICLE

ADVANCED
ENERGY & SUSTAINABILITY
RESEARCH

www.advenergysustres.com

Enhanced and Durable Light-Driven Hydrogen Evolution
by Cobalt-Based Prussian Blue Analogs in Phospholipid

Bilayers

Subrata Mandal, Akash Deshpande, Robert Leiter, Johannes Biskupek, Ute Kaiser,

and Andrea Pannwitz*

Light-driven hydrogen (H,) evolution in water is performed using a series of
cobalt-based Prussian blue analogs (M—Co PBAs) with M";[Co"'(CN)],, M = Co,
Ni, Cu, Zn embedded in phospholipid bilayers with the amphiphilic ruthenium-
based photosensitizer RuCy. Hydrophobic surface functionalization of M—Co
PBA nanoparticles with oleylamine facilitates close proximity of the PBA to
the photosensitizer within lipid bilayers of vesicles, enhancing photocatalytic
performance. The type of metal and rigidity of the lipid environment signifi-
cantly influences hydrogen evolution reaction efficiency, with the trend:

Ni > Co > Zn > Cu and DMPC > DOPC > DPPC. Among these, Ni—Co PBA in
DMPC: (14:0 PEG2000 PE) vesicles shows the highest efficiency, with a ninefold
increase in H, production compared to the conventional aqueous system. This
sustained activity is attributed to the efficient electron transfer and the scaffold’s
stability. This study provides valuable insights for the development of scalable

Prussian blue analogs (PBAs) can, in prin-
ciple, provide such CATs, as they are
composed of the general composition
MM MY(CN)gl,-nH,0, with M and M’
being earth-abundant and usually cheap
metals, straightforward synthesis, and out-
standing chemical stability across a wide
range of pH levels. However, despite the
porosity of these 3D coordination com-
pounds, their high crystallinity limits the
number of surface-active and catalytically
active sites. It hinders efficient electron
transfer with molecular species such as
electron donors and molecular photosensi-
tizers (PS). One approach to enhance the
number of catalytically active sites is to

and cost-effective photocatalytic technologies.

1. Introduction

Producing solar fuels through photocatalytic water splitting or
the hydrogen evolution reaction (HER) is recognized as an
environmentally friendly and sustainable process, offering the
potential to reduce our reliance on fossil fuels.!"! There is a great
demand for low-cost, scalable, and efficient HER catalysts
(CATSs).

increase the number of defects in the struc-
ture. Intrinsic defect sites caused by the
loss of [M"!(CN)¢]*~ units allow M" cations
to serve as active sites for catalysis.*™
For example, the Yamada group achieved substantial enhance-
ment in photocatalytic water oxidation activity at pH 7 and in the
presence of the [Ru(bpy)s]*™ (bpy = 2,2’-bipyridine) as a PS and
Na,S,0s as an electron acceptor by introducing a small amount
of Ca’" ions into a polymeric cobalt cyanide structure, forming
Ca,{Co"(H;0)3]1.5_[Co™(CN)e].¥! In another approach, the
Ding group varied the divalent metal ions (M" = Mn, Fe, Co,
Ni, Cu) to improve photocatalytic CO, reduction, producing
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CO in the presence of [Ru(bpy);]** and triethanolamine (TEOA)
in an H,O/CH;CN mixture.”) However, in all reported studies,
undesirable degradation of the Ru-based PS occurred by the loss
of bpy ligands, limiting the applicability of the reported photo-
catalytic systems with PBAs. In most cases, the decomposition
of the PS is faster than electron transfer with the PBA active sites
because of the limited active site availability of the heterogeneous
PBA material.[*”~%

In this study, we increased the surface area and number
of accessible active sites by downsizing the bulk structure to
produce nanoparticles. The nanoparticles are stabilized by
the introduction of long alkyl chains on the surface.'” While
this strategy effectively enhances the structural attributes of
the particles, it simultaneously introduces significant hydro-
phobicity. While this hydrophobic coverage is anticipated to
have negative consequences on electron transfer between
water-soluble [Ru(bpy)s]*" and the poorly water-soluble PBA
in water, the coassembly with amphiphilic lipid bilayers and
an amphiphilic PS might be advantageous and was performed
herein.

Phospholipid bilayers (Figure 1) are formed in water
from phospholipids. They build up vesicles such as liposomes
(typically < 1000 nm) or giant vesicles (>1000nm), which
can provide a sophisticated and bioinspired framework for
photocatalysis.'* %) Depending on their charge and hydrophobic
or amphiphilic nature, PS and CAT molecules as well as sacrifi-
cial agents can be self-assembled in or at these lipid bilayers.™"
Crucially, these nanomembranes create a water-lipid bilayer
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interface at the nanoscale, enabling hydrophobic components
to interact with the aqueous environment. Moreover, these
synthetic liposomes and vesicles enhance charge transfer due
to the spatial coassembly.

In this work, we selected oleylamine (OA)-capping of
M";[Co"(CN)g], nanoparticles (M—Co PBA), generating
M—Co PBA@OA (M'5]Co™ (CN)e],-nOA). To investigate the
best earth-abundant metal composition, we tested the divalent
metal ions of M =Co, Ni, Cu, and Zn. Based on previous
positive experience with catalytic light-driven water splitting
and CO, reduction in lipid bilayers,**”) we chose lipids
with the zwitterionic choline head groups. To investigate the
influence of a more or less rigid environment, we tested the
following lipids: 1,2-dimyristoyl-sn-glycero-3-phosphocholine
14:0 PC (DMPC, at the transition temperature T, at
room temperature), 1,2-dioleoyl-sn-glycero-3-phosphocholine
18:1 (A%-cis) PC (DOPC, fluid phase at room temperature), and
1,2-dipalmitoyl-sn-glycero-3-phosphocholine 16:0 PC (DPPC,
gel phase at room temperature). We additionally added
the sterically stabilizing lipid 1,2-dimyristoyl-sn-glycero-3-
phosphoethanolamine- N-[methoxy(polyethylene  glycol)-2000]
(14:0 PEG2000 PE). Unlike previously published work with
PBA photocatalysis in water,*"®! we report on the first example
to embed the PBA CAT in lipid bilayer vesicles. We chose
the amphiphilic PS RuC9: [Ru(bpy)»(C9-bpy),*" (bis(2,2’-
bipyridine)-(4,4’-dinonyl-2,2'-bipyridine)-ruthenium(II)) and
a mixture of sacrificial donor, tTEOA, and ascorbic acid
(AscH,) as electron donor for HER (see Figure 1).

Oleyl amine capped
hydrophobic
PBA
(M-Co PBA@OA)
Amphiphilic

- ¥

Phospholipids

U/r:duction

" reactions

Figure 1. Schematics showing earlier heterogeneous approach (left) and our approach (right) for photocatalytic reduction reaction by integrating
OA-capped hydrophobic and ultrafine M—Co PBA nanoparticles (M =Co, Ni, Cu, and Zn) as a CAT (M—Co PBA@OA) and an amphiphilic
PS: [Ru(bpy)2(C9-bpy)]** (RuC9) into a bilayer of phospholipids-based vesicle.
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2. Results and Discussion

2.1. Synthesis and Structural Characterization of M—Co
PBA@OA (M = Co, Ni, Cu, and Zn)

To prepare the M—Co PBA bulk structure (M";5[Co™
(CN)gl,-nH,0), 3 equivalents of the aq. M*" precursor
(CoCl,-6H,0/NiCl,-6H,0/ZnCl,-4H,0/CuS0,-5H,0) were
precipitated with 2 equivalents cobalt hexacyanoferrate(III)
(step 1 in Figure 2a, and see SI for detailed experimental
and characterization). To synthesize and hydrophobically
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functionalize the bulk M—Co PBAs, we adapted a postsynthetic
route with OA (step 2, Figure 2a). The solid products (M—Co
PBA@OA) were characterized by powder X-Ray diffrac-
tion (PXRD) and attenuated total reflectance infrared (ATR-
IR) spectroscopy. PXRD analysis of all bulk M—Co PBA and
M—Co PBA@OA samples showed diffraction peaks at 14.77°,
17.30°, 24.56°, 35.02°, and 39.30°, corresponding to the (111),
(200), (220), (400), and (420) planes. These peaks matched
the simulated PDF # 89-3738 pattern, confirming that the
face-centered-cubic structure remained intact and unaltered
(Figure 2b and Sla, Supporting Information).
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Figure 2. a) Steps (1-3) involved to synthesize and isolate OA-capped hydrophobic and ultrafine M—Co PBA nanoparticles (M—Co PBA@OA) prior to
coassembling it into the vesicle bilayer along with the RuC9-based PS. Photograph showing characters of PBA particles in H,O/CHCl; biphasic layer
before and after functionalization. The insoluble PBAs are transformed into CHCl; dispersible by the surface modification. b) PXRD patterns and c) FTIR
spectra in the ATR mode of OA-capped M—Co PBAs (M—Co PBA@OA, M = Co, Ni, Cu, and Zn). d) HRTEM image (scale bar 100 nm) and e) DLS particle
size distribution curve of the representative Ni—Co PBA@OA isolated in CHCl; solution (the x-axis contains a break between 3 and 3.1 nm).
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Attenuated total reflection infrared (ATR-IR) spectra show
that the principal —C=N vibration bands in all of these
M—Co PBA@OA solids are located in the wavenumber range
of 2170-2190cm™" (for Co at 2170cm™', Ni and Zn at
2177 cm™ ", and Cu at 2177 cm ') and remain unchanged when
compared to their bulk M—Co PBA structure (Figure 2c and S1b,
Supporting Information). This confirms the presence of the
M"T—N=C—Co"™ structure in the modified PBAs (M—Co
PBA@OA). Some PBAs and their PBA@OA analogs have a weak
additional —C=N stretching region at around 2130-2140 cm™",
likely due to various coordination modes within the PBA struc-
ture, potentially as a result of structural defects and possible link-
age isomerism of the CN ligand or multiple valence states of
the metal centers.*'® Upon OA capping, additional bands at
1463 cm ™" and in the 3300-2800 cm ™" appeared, corresponding
to —CH,— bending and various stretching modes (=C—H,
terminal —CHj3, and methylenic C—H) of the hydrocarbon chain
of the OA (see Figure S1b, Supporting Information).
Consequently, the M—Co PBA@OA solids exhibited higher dis-
persibility and stability in organic solvents compared to their bulk
M—Co PBA counterparts (see Figure 2a, and S2, Supporting
Information). The isolated hydrophobic M—Co PBA@OA par-
ticles in CHCl; solution (step 3, Figure 2a), obtained after
removing large residues by centrifugation at 15 000 rpm, showed
a typical hydrodynamic diameter (Z,,) of ~1-12 nm according
to dynamic light scattering (DLS) (Figure S3, Supporting
Information). The particles of divalent Co, Ni, and Cu were
relatively monodispersed, with Za,z values of ~3.7, 1, and
7nm, respectively, and polydispersity index (PDI) of 0.3002,
0.2196, and 0.3014. However, the Zn—Co PBA@OA particles
were an exception, displaying a Zs, of 12.4nm and a higher
PDI of 0.5342 (Table 1). Compared to the bulk M—Co PBA
(as detailed in Table S2, Supporting Information), a significant
reduction in particle size was observed. 'H NMR studies of the
M—Co PBA@OA in CDCl; further confirmed the presence
of OA in all four M—Co PBA@OA analogs, as indicated
by its characteristic chemical shifts (Figure S4, Supporting
Information). The OA content was estimated using nitrobenzene
as an internal standard (see Supporting Information for details
and Figure S5-S8, Supporting Information). This analysis also
aided in calculating the coverage (n) of OA on the M—Co PBA
(M"3[Co"™(CN)g],), allowing the empirical formula of M—Co
PBA@OA as M'";[Co"™(CN)¢];nOA to be determined in
the stock solution (see detailed calculations in Supporting
Information and Table S3, Supporting Information). The results

www.advenergysustres.com

presented in Table 1 indicate that the molar ratio of OA to M—Co
PBA varies in M—Co OBA@OA nanoparticles, and it shows an
inverse relationship between the size of the M—Co PBA@OA
particles and the extent of OA (n) coverage.

The Ni—Co PBA@OA, as a representative among the synthe-
sized M—Co PBA@OAs, was studied in detail by high-resolution
transmission electron microscopy (HRTEM) which further evi-
denced nanoparticle (10 nm) formation, shown in Figure 2d.
The aggregation and relatively larger size on the HRTEM image,
compared to Za,, measured by DLS (Figure 2e), is due to
solvent evaporation. Additional analysis with energy-dispersive
X-Ray spectroscopy revealed a ratio of Ni/Co in Ni—Co
PBA@OA to be 1.48 (see Figure S9, Supporting Information,
for details), which is in good agreement with the ideal value
of Ni/Co=1.5 in a Ni';[Co™(CN)g], assembly. Along with
the NMR results, the sum formula of the Ni—Co PBA@OA is
Ni';[Co™(CN)g],-21 OA.

2.2. Structural Characterization of the Vesicles

Vesicles were prepared according to the methods outlined in the
Experimental Section and Scheme S1, Supporting Information,
using the lipid DMPC and a 14:0 PEG2000 PE at a molar ratio of
100:1. This mixture was combined with the PS: [Ru(bpy),
(C9-bpy)] (PF), and M—Co PBA@OA CAT in CHCl, (step 1),
followed by film formation by solvent evaporation (step 1).
The resulting film was then rehydrated by an aqueous sacrificial
donor solution containing 1:1 TEOA/AscH, (step 3). Following
the agitation (step 4) and extrusion steps (step 5), the vesicle
with the representative CAT (Ni—Co PBA@OA) was diluted
(three times) and first analyzed by DLS study, which estimated
their hydrodynamic diameter (Z,) to be 122.6nm, with a
polydispersity index of 0.1983 (Figure 3a, and Table S4,
Supporting Information). Importantly, the incorporation of the
CAT did not significantly alter the size of the vesicles, as they
remained consistent with those prepared using PS alone
(Zavg = 121.6 nm). Furthermore, transmission electron micros-
copy (TEM) analysis of the light-active vesicles was performed
using a negative staining technique with uranyl acetate as the
contrasting agent. The representative TEM images of photocata-
lytically active DMPC liposomes are shown in Figure 3b,c. It
shows spherical structures with a wrinkled appearance, typical
for vesicles after the vacuum-drying process required for TEM
analysis.?°% Additionally, some vesicles with relatively larger

Table 1. Structural parameters of M—Co PBA@OA and composition/concentration of M"3[Co"'(CN)¢], and OA in their CHCl; stock solution.

PBAs M—Co PBA@OA in CHCls

Avg. size (Zayg) [nm] Polydispersity index (PDI)

[M—Co PBAJ:[OA]?

[M—Co PBA@OA] [mM]” Sum formula

M"5[Co" (CN)¢l-nOA

Co—Co PBA 3.775 0.3002
Ni—Co PBA 1.039 0.2196
Cu—Co PBA 6.980 0.3014
Zn—Co PBA 12.36 0.5342

1:4.6 14.6 Co'"3[Co™(CN)g],-4.6 OA
1:21 2.4 Ni"3[Co"™ (CN)gl-21 OA
1:2.3 10.5 Cu'5[Co™(CN)gJ,-2.3 OA
1:0.5 12.00 Zn";[Co" (CN)g]20.5 OA

@IMolar ratio of M"3[Co"'(CN)g], and OA measured from "H NMR studies. ®Concentration of the M—Co PBA@OA stock solution in 11 mL of CHCl; is based on the sum

formula (M"5[Co" (CN)¢]-nOA).
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1) RuC9 alone and 2) the RuC9 with a representative PBA: Ni—Co PBA@OA

(the x-axis contains a break between 0.5 and 2.25 pm). b) TEM and c¢) HRTEM images of negatively stained vesicle sample (2) with a composition of 100:1
DMPC: (14:0 PEG2000 PE) prepared with 17 mM of (1:1) TEOA/AscH;, 55 pM of RuC9, and 10 uM of Ni—Co PBA@OA. d) Steady state and normalized
UV-vis absorption spectra of the vesicles with a composition of 100:1 DMPC: (14:0 PEG2000 PE) prepared with 1) 55 pM of RuC9 alone (black and solid
line) and 2) 55 pM of the RuC9 with 5 uM of Ni—Co PBA@OA (red and solid line) and a comparison with UV-vis abs spectra of the respective RuC9
(black, dashed line) and Ni—Co PBA@OA (blue and dotted line) at their solution state. The scheme (inset) demonstrates the increase in membrane

fluidity upon incorporating the Ni—Co PBA@OA as a CAT.

diameters appeared to have been disrupted, likely as a result of
temperature and pressure fluctuations during the TEM
procedure, causing deformation of the originally spherical struc-
tures. The vesicles in TEM have a typical size below 200 nm,
which is in line with the results from DLS. Overall, the TEM
analysis confirmed the vesicles’ size and morphology, which
were consistent with the DLS results. Acquiring information
on the active component within the local structure of the vesicles
was still not possible from the above studies. We selected steady-
state absorption and emission spectroscopy to locally character-
ize the vesicles. To ensure that any observed effects were solely
due to the vesicles and their photocatalytic components, we pre-
pared the vesicles without the sacrificial donor, thereby eliminat-
ing any potential interference from its presence. The UV-vis
absorption spectra of the vesicles containing the PS and CAT
were also compared to those of their counterparts and the PS
component in a separate organic solvent matrix, as depicted
in Figure 3d. This comparison allowed us to evaluate any spectral
shifts or differences in absorption behavior between the vesi
cle-bound PS and CAT and its isolated form. The characteristic
low-energy vibrational state of the metal-to-ligand charge-transfer
(MLCT)-absorption maxima at 455 nm of PS in CH;CN/CHCl;
medium undergoes a significant blue shift (25nm) when
compared to the PS in vesicle structure. The observed blue shift
in the MLCT band of [Ru(bpy),(C9-bpy)]*" encapsulated within
vesicles can be attributed to two main factors: 1) the distortion of
the complex’s octahedral geometry due to steric constraints from
the rigid phospholipid bilayer environment, which alters the
ligand field, indicating successful immobilization of the complex
at the bilayer surface,”*** and 2) changes in the ground or
excited states of the complex as a result of encapsulation, which
modifies the electronic transitions (MLCT).”>2”) Notably, when

Adv. Energy Sustainability Res. 2025, 6, 2400372 2400372 (5 of 15)

the CAT is cointroduced with the PS into the vesicle system, a
partial restoration of the MLCT band is observed, accompanied
by an increase in fluorescence intensity compared to PS alone
(Figure S10, Supporting Information). This effect can likely be
attributed to the reduction in bilayer rigidity, caused by the
surface-bound unsaturated hydrocarbon chains from the OA
in the CAT.”® These interactions could ease the steric con-
straints on the [Ru(bpy),(C9-bpy)]*" complex, partially restoring
its octahedral geometry and thus its spectral properties.

We also used confocal optical microscopy to locate the PS and
CAT within the giant vesicle. Giant vesicles typically form before
the extrusion step in the vesicle preparation process (as shown in
Scheme S1, Supporting Information). These vesicles are
generally larger, exceeding 1 pm in size, and tend to be multila-
mellar, distinguishing them from smaller bilayer vesicles (such
as liposomes, which are usually under 100 nm). Due to their size,
giant vesicles can be readily detected using standard optical
techniques, which are constrained by physical limits.2*—!
To this end, a 2-aminoanthracene (AA)-based fluorophorel*?
was tagged onto Ni—Co PBA, followed by OA-modification to cre-
ate a Ni—Co PBA@OA-AA analog (Figure 4a and see the
Experimental Section for details). A similar route of vesicle prep-
aration was followed with the PS. Large multilamellar vesicles
(MLVs) were used for focusing. The optical images of these giant
vesicles are shown in Figure 4b and clearly show spherical, multi-
lamellar structures. Luminescence images acquired above
600 nm (red, Figure 4c) and at 510 nm (green, Figure 4d), excited
at 488 and 405nm, respectively, revealed ring-like structures
consistent with the active units within the lipid bilayer.
Emission from the [Ru]*" in PS and the 2-aminoanthracene
tagged to CAT was observed only in the lipid environment.
Although there was significant spectral overlap at high-energy
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(@) Luminescent 2-amino anthracene (10%) tagged Ni-Co PBA@OA nanoparticles
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Figure 4. a) Schematic showing 10% 2-aminoanthracene tagged at the surface of Ni—Co PBA@OA nanoparticles. Photograph showing emission char-
acteristics at the green region (510 nm) and retains similar dispersion characteristics in H,O/CHCl; as that of nonemissive Ni—Co PBA@OA.
b) Transmitted image acquired from confocal microscopy of giant MLVs embedded with a RuC9 and a green fluorophore tagged Ni—Co PBA@OA
and confocal luminescence images c) at excitation = 488 nm for RuC9 with detection wavelength 620 nm and d) at excitation 405 nm for fluorophore
tagged Ni—Co PBA@OA with detection wavelength of 510 nm. The MLVs were prepared with 100: 1 DMPC: (14:0 PEG2000 PE), 55 pM of RuC9, and

30 pM of Ni—Co PBA@OA.

excitation (405 nm), detection at a selective wavelength (510 nm)
revealed distinct domains in the lipid environment, with the sig-
nal corresponding to the CAT tagged with the green fluorophore.

2.3. Photocatalytic Hydrogen Evolution

The HER activity of the vesicles, driven by visible light, was
assessed after incorporating the active components PS, CAT,
and the aqueous sacrificial electron donor into the liposomes.
The photocatalytic liposomes were prepared and diluted three
times with deaerated water in an Ar atmosphere (glove box).
Four milliliters of this solution were transferred to an 8 mL screw
cap gas chromatography (GC) vial with an airtight septum and
irradiated at 460 nm using an LED source within a 3D-printed
photoreactor.?%! The products were identified and quantified
using GC over time (see Experimental Part and pages 12-14,
Supporting Information, for more details). Initially, vesicles
(DMPC: PEG (100:1) of four different M—Co PBA@OA
(M=Co, Ni, Cu, and Zn) were screened with RuC9 and in
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the presence of [TEOA/AscH,] (1:1) under the similar
experimental conditions. The amount of H, produced (umol)
over time (h) up to 68 h for each M—Co PBA@OA is depicted
in Figure 5a. In all cases, a steady increase in H, production
was observed over a period exceeding 24 h. The turnover num-
bers (TON) of H;, shown in Table 2 and Figure 5a and S11a,
Supporting Information, indicated that the HER activity of
PBAs follows this order: Ni—Co (131) > Co—Co (69) > Zn—Co
(31) > Cu—Co (2.5, 24 h). Thermodynamically, all PBAs are suit-
able for electron capture from the LUMO of Ru(II)-based PS and
HER as they have conduction band potentials less negative than
PS and more negative than —0.41V versus NHE at pH 7.P*
However, divalent Ni(II) and Co(II) ions are more electrochemi-
cally active compared to Cu(Il) and Zn(II) in PBAs,** making
them strong candidates for enhanced HER activity. The superior
reduction behavior of Ni(II), followed closely by Co(II), aligns
with findings by Ding et al. in their study of bulk PBA structures
for photocatalytic CO, reduction reactions.!” This suggests that
even after OA modification of M—Co PBAs (Ni, Co) and their
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Figure 5. a) Time-dependent HER activity and TONcar results of the M—Co PBA@OA-based vesicles (M = Co, Ni, Cu, and Zn) monitored over 68 h
under the following reaction conditions: [RuC9] =55 pM, [M—Co PBA@OA] = 10 pM, light source: 460 nm LED, lipid = DMPC: (14:0 PEG2000 PE)
(100:1), [TEOA/AscH,] (1:1) =17 mM and b) the high-resolution IR spectra (3590-3690 cm™') of M—Co PBA@OAs measured in the solid state.

Table 2. HER efficiency (TONcat) of the M—Co PBA@OA (M = Co, Ni,
Cu, and Zn) in their prepared vesicle after 68 h of irradiation under the
following reaction conditions: [RuC9]=55uM, [M—Co PBA@OA]=
10 pM, light source: 460 nm LED, lipid =DMPC: PEG (100:1), [TEOA/
AscHj] (1:1) =17 mM.

M—Co PBA@OA [M—Co PBA]:  TONcar/HER ~ Comments on the activity
[OA] activity?

Co—Co PBA@OA 1:4.6 68.6 £8.2 Inherent electrochemical
properties and stability

Ni—Co PBA@OA 1:21 131.5+10.5 Inherent electrochemical
properties and stability

Cu—Co PBA@OA 1:2.3 2.5+0.3% Low stability

Zn—Co PBA@OA 1:0.5 31.1£13.1 Trivalent Co(lll) acts

as catalytic site

ATONcar is given after 24 h.

incorporation into bilayer membranes, the intrinsic electrochem-
ical properties of these metals remain uncompromised. In addi-
tion, they are stable because of lower dipole-dipole interaction
compared to Zn—Co PBA and Cu—Co PBAP* making them
suitable to survive longer within the lipid water bilayer mem-
brane. IR spectra of M—Co PBA@OA (Figure 5b) can be used
to follow dipole-dipole interactions within the lattice, as the vibra-
tion of some water molecules coordinated to the M(II) in the
structure was observed. The vibration of crystal water, v(H,0),
was found at 3641 cm™! for Co—Co PBA@OA and Ni—Co
PBA@OA, whereas this signal was observed at 3647 and
3655cm™" for Zn—Co PBA@OA and Cu—Co PBA@OA
respectively. This can be attributed to stronger Zn—OH, and
Cu—OH, interactions (the presence of H,O in these two
M—Co PBA@OA structures in their organic solution is also
prominent as evident from the 'H NMR study, Figure S4,
Supporting Information), indicating a higher dipole-dipole
interaction with an order (Cu—Co PBA@OA >Zn—Co
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PBA@OA) and a high chance of spontaneous redox reactions
at the membrane/water interface, leading to the loss of redox
activity over time.** The strong interaction exhibited by
Cu(II) in the PBA series makes it an effective adsorber, leading
to chemical binding with H, gas.*** This interaction can result
in H, being trapped within the structure, making it difficult for
H, to escape, thereby contributing to poor hydrogen evolution
activity with a low TON of 2.5. Nevertheless, Zn(II) sites, which
are relatively redox-inert, still facilitate H, production with
TON = 31, supporting the idea that M"—M'" PBAs exhibit bime-
tallic synergistic effects during photocatalytic HER as Co>" ions
can be reduced over M*" during the reduction process. Once
Co®" accepts an electron, it reaches the e,° t,," electron configu-
ration, corresponding to a low-spin Co(II) state (S=1/2).
This state has an unpaired electron, which readily participates
in electron transfer processes, making it electrochemically
active.>*3%1 Moreover, the relatively larger particle size of
Zn—Co PBA@OAs (Table 1) can also lead to a reduction in
the number of surface-active sites, which can result in a decrease
in TON.

This indicates that in addition to the inherent electrochemical
properties of the divalent metals, the synergy of the trivalent
Co(IlI), the particle size, and their stability across the water—
membrane interphase, adsorption characteristics also play a
significant role in determining the overall efficiency of the reac-
tion systems.

To investigate the role of each photocatalytic component in
photocatalytic HER, we selected our representative Ni—Co
PBA@OA-based vesicle with lipid composition (DMPC: (14:0
PEG2000 PE) (100:1) and conducted several HER experiments
with 1:1 (TEOA/AscH,) under controlled conditions which
are as follows: 1) RuC9 + Ni—Co PBA@OA in the dark, 2) only
Ni—Co PBA@OA, 3) only RuC9, and 4) RuC9+ Ni—Co
PBA@OA. The amount of H, produced (umol) over time (h)
against each condition is depicted in Figure 6a. Under the tested
vesicle conditions (1-4), the following observations were made: in
1) RuC9 + Ni—Co PBA@OA in the dark and 2) only Ni—Co
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Figure 6. a) Time-dependent HER activity (pmol and TONcat) results of the DMPC vesicles (lipid composition = DMPC: (14:0 PEG2000 PE) (100:1))
monitored over 68 h, under various controlled experimental conditions: 1) RuC9 + Ni—Co PBA@OA in the dark, 2) Ni—Co PBA@OA alone, 3) RuC9
alone, 4) Ni—Co PBA@OA + RuC9 including their controlled aq. suspension system, and 5) RuC9 + bulk Ni—Co PBA, and 6) RuC0 + bulk Ni—Co PBA in
the absence of any phospholipids. All values were acquired in Ar atmosphere. Reaction conditions: [RuC9/RuC0] = 55 uM, [Ni—Co PBA@OA or bulk
Ni—Co PBA] =10 pM, light source: 460 nm LED, [TEOA/AscH,] (1:1) = 17 mM. b,c) UV-vis absorption spectra comparison of the aqueous suspension
b) under condition (6) and vesicles c) under condition (4), both fresh and post-HER after 12 and 68 h of irradiation, respectively. Insets in each figure
b,c) show photographs of the systems before (left) and after (right) irradiation.

PBA@OA, no H, was detected, whereas in 3) only RuC9, a
small amount of H, (0.4 pmol over 44 h) was produced. These
results indicate that light is essential for hydrogen production.
The PS Ru(bpy),(C9-bpy)*" is capable of converting light into solar
fuel through either side reactions or direct proton reduction,””!
albeit with a significantly low turnover number (TONps) of 1.9
(Figure S11b, Supporting Information). Ni—Co PBA@OA with
RuC9 in the vesicle system 4) led to a nearly linear and steady
increase in H, production over time. Over a 44 h period, 4.9 pmol
of H, was generated, yielding a turnover number (TONps) of ~22.
This highlights the remarkable catalytic efficiency of Ni—Co
PBA@OA, significantly boosting hydrogen production. To com-
pare with the photocatalytic vesicle-controlled aq. suspension sys-
tem, 5) RuC9+ bulk Ni—Co PBA and 6) RuCO (the standard
[Ru(bpy)s]*") + bulk Ni—Co PBA were prepared, and their HER
activity in the absence of any phospholipids was also monitored
over time (Figure 6a). Under the standard PS condition (6), the
Ni—Co PBA suspension produced 0.47 pmol of H, in 6 h, whereas
the amphiphilic RuC9 (5) produced 0.64 pmol of H, in 24h.
Interestingly, in both cases, the H, production curve reached sat-
uration quickly, whereas the photocatalytic vesicle exhibited sus-
tained HER activity, continuing for nearly 2 days without a loss
in kinetics. The TONat after 68 h, as shown in Figure 6a and
S11b, Supporting Information, clearly indicates that the photoca-
talytic vesicle of RuC9 + Ni—Co PBA@OA with TONcat 131 out-
performs the aqueous suspensions by ~9-10 times.

In the aqueous suspension with the standard PS (6), the HER
ceased rapidly, and the yellow suspension shifted to a red color
(see Figure 6b, inset). UV-vis spectra were recorded for both the
fresh suspension and after 12h of exposure during HER
(Figure 6b). The spectra revealed a decrease in the absorption
of the MLCT band, while a new shoulder band appeared at
525 nm, attributed to the formation of [Ru(bpy),(H,0),*".B>*
This observation indicates an excitation deactivation process in
the aqueous heterogeneous system, leading to the formation
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of an aqua-substituted product and reflecting inefficient elec-
tronic communication with the heterogeneous CAT. In contrast,
the photocatalytic vesicle showed no such changes in color or
absorption characteristics, even after 68 h of continuous light
exposure (Figure 6¢ and inset). Additionally, the hydrodynamic
diameters of the vesicles after HER were tested (Figure S12,
Supporting Information), showing that the vesicles remained
almost intact with slight changes in size distribution. Both of
these results demonstrate high stability of the matrix and the
local components like PS. This stability is likely a reason for
the sustained activity over an extended period. Therefore, the
enhanced and prolonged HER activity is attributed not only to
the increased active sites of the CAT but also to the long-term
stability of the PS, achieved through effective electronic commu-
nication across the bilayer.

The influence of CAT concentration (Ni—Co PBA@OA,
2-100 uM) on the photocatalytic HER of the vesicles was also
investigated under similar reaction conditions: [PS] =55 pM, lipid
composition = DMPC: (14:0 PEG2000 PE) (100:1), [TEOA/AscH,]
(1:1) = 17 mM, with a 460 nm LED light source. The amount of
H, produced (pmol), along with the TONcat, calculated over
24 h, was plotted against varying the CAT concentration as shown
in Figure 7a. An increase in TONcart (77) was observed at lower
CAT loading (2.5 puM), while at higher CAT loading (100 uM), the
maximum amount of H, production reached 5.4 pmol, with a
corresponding TONcar of 13.6. The results show that a low con-
centration of CATs allows for a high local concentration of coem-
bedded catalytic subunits. This makes H, production more
efficient and improves the activity of the CATs. However, the rapid
decrease in TON ,, at higher CAT loadings can be attributed to the
destabilization of the vesicle matrix. According to DLS measure-
ments (Figure S13a, Supporting Information), the vesicle size
at higher CAT concentrations (30 pM) was ~188nm as listed
in Table S5, Supporting Information, significantly larger than
vesicles with lower CAT loadings (2-10 pM). These larger vesicles
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Figure 7. a) Effect of [Ni—Co PBA@OA] content on the HER activity (pmol of H, and TONcat) of the photocatalytic vesicle under following reaction
conditions: [RuC9] =55 pM, [Ni—Co PBA@OA| =x pM, light source: 460 nm LED, 24 h irradiation time, lipid = DMPC: (14:0 PEG2000 PE) (100:1),
[TEOA/AscH;] (1:1) =17 mM, Ar atmosphere. b) Effect of the main phospholipid (DOPC, DMPC, and DPPC) on the TONcar and pmol of H; results
under irradiation with 460 nm LED for 24 h for vesicles under following reaction conditions: [RuC9] = 55 pM, [Ni—Co PBA@ OA] = 30 pM, lipid = (main
lipid): (14:0 PEG2000 PE) (100:1), [TEOA/AscH,] (1:1) = 17 mM, Ar atmosphere. c) Effect of sacrificial donors on HER activity (pmol of H,) under 24 h of
460 nm LED irradiation, comparing as separated entities 1) TEOA alone and 2) AscH, alone and different local compositions (conditions (3) and (4); see
the inset) of 1:1 TEOA/AscH,. Experimental conditions: [RuC9] =55 pM, [Ni—Co PBA@OA] = 100 puM, lipid composition = DMPC: (14:0 PEG2000 PE)

(100:1), [sacrificial donor] =17 mM, under an Ar atmosphere.

are more prone to structural disruption over prolonged light expo-
sure. Additionally, at even higher CAT loadings (100 M), the
vesicles tend to form 2D film-like structures (Figure S13b,c,
Supporting Information). TEM images of the sample at 100 pM
show characteristic particle aggregation across the lipid films, fur-
ther contributing to the reduced TON a1 observed at elevated CAT
concentrations.

As mentioned above, DMPC has zwitterionic head groups and
a transition temperature around room temperature. HER activity
of their photocatalytic vesicle was also examined with the main
lipid being either the zwitterionic fluid phase DOPC and the
zwitterionic gel phase DPPC, at fixed CATs (30 uM) and PS
(55 pM) concentrations. Surprisingly both of them show a
reduction in the H, evolution with TONcar="7.6 (DOPC) and
4.7 (DPPC) in comparison to DMPC with TONcar=22.7
after 24 h irradiation (Figure 7b). It has been reported that mem-
brane fluidity or rigidity changes can positively influence photo-
catalytic activity, as seen in various studies.**~*" For instance,
with amphiphilic ruthenium-based PS, higher lipid bilayer
mobility has been shown to promote light-driven reduction reac-
tions, facilitating intermolecular electron transfer dynamics
within the soft matter matrix.?**” Conversely, a more rigid lipid
bilayer, as in oleic acid-capped quantum dots, offers protection to
the PS nanomaterials, resulting in increased hydrogen evolu-
tion.! In our study, however, no such trend was observed.
The fluid, mobile aggregation state of DOPC membranes per-
formed just as poorly as the rigid, gel-phase DPPC membranes.
These unexpected results mirror recent observations within
our group when working with similar amphiphilic PS and a
Mo3S;5° -based CATs.*Y) This behavior in our case can be attrib-
uted to the inherent limitations of the lipids themselves. DOPC,
due to its lower phase transition temperature and unsaturated
tails, creates a more fluid and permeable membrane and smaller
vesicle than DMPC (Table S6 and Figure S14, Supporting
Information), which may impede the proper incorporation
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and stabilization of PBA-based nanomaterial at the mem-
brane.*>*31 On the other hand, in our study, DPPC tends to form
larger and less stable vesicles than DMPC, and extrusion—
where lipid mixtures are forced through membranes for uniform
size—leads to loss of the local components and most impor-
tantly collapse over prolonged exposure to light (Table S6 and
Figure $14).** Thus, only the lipid membrane operating at its
transition temperature, DMPC, offers a favorable environment.
The fluidity of DMPC allows for better control over vesicle size,
promotes uniform incorporation of M—Co PBA, and facilitates
intermolecular electron transfer dynamics, all of which collec-
tively enhance hydrogen production significantly.

To investigate the role of sacrificial donors in HER, the photo-
catalytic vesicle system was initially tested with two separate
donors: 1) TEOA and 2) AscH,. Under 24 h of irradiation, the
yield of H, was a2 pmol in the presence of AscH,, while no
H, production was detected with TEOA alone (Figure 7c).
This can be attributed to the larger molecular size of TEOA
and its low permeability across the membrane, as supported
by previous studies.*™’! However, when a 1:1 combination
of TEOA and AscH, (3) was used, the hydrogen yields increased
2.7 times. To further validate these findings, a vesicle with vary-
ing compositions of TEOA and AscH), across the inner and outer
compartments, maintaining the same 1:1 ratio, was prepared.
By adding TEOA during the rehydration process and subse-
quently diluting with AscH,, a highly localized concentration
of TEOA was established within the inner compartment, while
a relatively higher concentration of AscH, was maintained in the
outer compartment (4). The HER results of the prepared vesicle
showed a ~5-fold reduction in HER activity, indicating that
the 1:1 combination likely forms a conjugate acid-base pair
[AscH J[TEOAH ] in an aq. solution, which affects the electron-
donating properties of AscH,. AscH,’s electron-donating
ability is optimal in its deprotonated form (ascorbate), as
demonstrated in prior reports.?>*! Control studies using the
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sodium salt of ascorbate (AscH™) showed that the HER activity
of the photocatalytic vesicle can be increased by 1.5 times
(Figure S15, Supporting Information), further supporting this
hypothesis.

The HER activity of the representative Ni—Co PBA®@
OA-based photocatalytic vesicle, containing 55 pM of RuC9, a
lipid composition of DMPC: (14:0 PEG2000 PE) (100:1), and
17mM of 1:1 TEOA/AscH,, was monitored over 68h of
irradiation using three LED light sources with excitation wave-
lengths of 405-415, 460, and 530 nm (Figure S16, Supporting
Information). The turnover numbers (TONcat) and the amount
of H, produced (pmol) after 68 h are presented in Figure 8a.
The TONcar values were 201 at 405-415 nm, 131 at 460 nm,
and 31 at 530nm. These results show an almost fourfold
decrease in TONcat at the absorption edge (530nm) of
RuC9 and a 1.5-fold increase in TONat at 405-415 nm, where
the MLCT state of RuC9 is fully populated. This demonstrates
again that RuC9 within the photocatalytic vesicle is solely
responsible for light absorption and that the populated
MLCT excited states play a crucial role throughout the photo-
catalytic HER process.

The HER activity of the photocatalytic vesicle exhibited
significant durability, with a nearly linear increase in H,
production observed over the initial 44 h. However, beyond this
point, the rate of H, generation decreased, and by 68h of
irradiation, no significant H, production was detected. UV-vis
studies of the photocatalytic vesicles conducted after 68 h quali-
tatively confirmed the presence of RuC9 (Figure 6¢), indicating
that at least one additional component of the photocatalytic
system experienced decomposition or consumption, which
restricted its sustained activity. To gain insight into the limita-
tions of photocatalysis, we introduced either an additional
equivalent of 1) fresh CAT (Ni—Co PBA@OA), 2) donor
(1:1 TEOA/AscH,), or 3) fresh PS (RuC9) to the reaction mixture
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following an initial photocatalytic run with our representative
photocatalytic vesicle. To achieve the replenishment of active
components, we implemented a protocol recently established
by Klein et al.*® A thin film of either RuC9 or Ni—Co
PBA@OA was deposited in a glass pressure-resistant tube.
The irradiated vesicle mixture was subsequently added to the
tube, and the solution was heated for 1h at 50 °C, accompanied
by gentle ultrasonication. Our objective was to maximize the
incorporation of PS or CAT molecules from the thin film into
the vesicles. The initiation of the second cycle followed.
Conversely, donor replenishment occurs via direct injection of
fresh donor molecules, disregarding minimal dilution, and is
succeeded by the commencement of the second cycle. Upon
resuming light irradiation, the addition of extra RuC9 or
the sacrificial donor resulted in an extended photocatalytic activ-
ity, yielding supplemental TONcat values of 44 and 18, respec-
tively. In contrast, the addition of extra Ni—Co PBA@OA did not
produce any significant amount of H, (Figure 8b). These experi-
ments demonstrated that the loss of catalytic activity results from
the partial decomposition of the PS and the consumption of the
donors, indicating that the CAT was not the limiting factor in H,
production under these conditions.

2.4. Photoinduced Charge Transfer Dynamics

To elucidate the photoinduced charge transfer dynamics of the
photocatalytic components within the lipid bilayer matrix,
vesicles composed of DMPC: PEG (100:1) containing RuC9 were
investigated using steady-state and time-resolved emission and
absorption spectroscopy under various conditions: In the pres-
ence of no quencher, Ni—Co PBA@OA, AscH,, TEOA/AscH,
(1:1), or Ni—Co PBA@OA + TEOA/AscH, (1:1). In principle,
it is possible that upon PS excitation, the initial electron transfer
takes place either from the sacrificial electron donor to the excited

(b)  RuCY +Ni-Co PBA@OA /(1:1 TEOA/AscH.) (Vesicle)
. ,

v Fresh vesicle | 2nd cycle
1
5 - v Y: - 125
, ¥ Fresh RuC9
'y Fresh TEOA/AscH,
49 ' v Fresh Ni-Co PBA@OA [ 100
~ 1 o
R : L7s &
£ v ' z
32 ! S
T 24 ' 50
! v Y
14 | v - 25
\ v v
I v
0oqv Y v v v IO
.
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Figure 8. a) Hydrogen evolution (in pmol) and TONcar results for Ni—Co PBA@OA-based photocatalytic vesicles after 68 h of irradiation using three
different LED light sources with excitation wavelengths of 405-415 nm (violet), 460 nm (blue), and 530 nm (green). Reaction conditions: [RuC9] = 55 uM,
[Ni—Co PBA@OA] =10 pM, lipid composition = DMPC: (14:0 PEG2000 PE) (100:1), and [TEOA/AscH;] (1:1) = 17 mM. b) Repeated HER using photo-
catalytic vesicles with the same components as described above under 460 nm LED light irradiation. After the first cycle, the samples were replenished
with one of the following components: 1) 10 uM of Ni—Co PBA@OA (dark yellow curve), 2) 177 mM of [TEOA/AscH;] (1:1) (navy curve), or 3) 55 uM of

RuC9 (pink curve). Photocatalysis was resumed after replenishment.
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PS (reductive quenching) or from the excited PS to the CAT
(oxidative quenching).

Steady-state emission spectra and kinetics of the RuC9 in
DMPC: (14:0 PEG2000 PE) (100:1) vesicles were recorded in
the presence of various electron donors and acceptors as depicted
in Figure 9a,b, respectively. The emission of RuC9 at 634 nm,
with a lifetime (t) of 499 ns, was found to be slightly quenched
in the presence of the donor molecule (AscH,), reducing the
lifetime to 465 ns. A more pronounced quenching effect was
observed with the aqueous mixture of TEOA/AscH,, further
shortening the lifetime to 380 ns. The observed decrease in both
emission intensity and lifetime suggests the involvement of

(a)
RuC9 (MLCT)
3000 No quencher
+ Ni-Co PBA@OA
~ 40004 + AscH,
ot + TEOA/AscH, (1:1)
Z 3000- +Ni-Co PBA@OA
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dynamic quenching mechanisms in the presence of these donor
molecules. Without any donor molecules, the presence of Ni—Co
PBA@OA leads to a hypsochromic shift (=9 nm) in the emission
band of RuC9 to 425 nm, along with an increase in luminescence
intensity and extended lifetime (567 ns). This result aligns with
the observations from UV-vis absorption in Figure 3d, where we
noted that OA-capped Ni—Co PBA enhances membrane fluidity
and influences the MLCT transition. This increase in fluidity and
the presence of the OA-capped nanoparticles seem to increase
the quantum yield and lifetime for the luminescent excited state.
Interestingly, the increase in fluidity in the RuC9 + Ni—Co
PBA@OA vesicles significantly accelerates the reductive

(b)

RuC9 (Vesicle)

No quencher
+ Ni-Co PBA@OA
+ AscH,

+ TEOA/AscH, (1:1)
+Ni-Co PBA@OA+ TEOA/AscH, (1:1)
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: e ’ :
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Figure 9. a) PL spectra of DMPC: (14:0 PEG2000 PE) (100:1) vesicles containing 55 uM RuC9 under different conditions: 1) no quencher, 2) [Ni—Co
PBA@OA] (5 pM), 3) AscH, (17 uM), 4) [TEOA/AscH;] (17 mM), and 5) [Ni—Co PBA@OA] (5 pM) with all other parameter’s constant (Ar atmosphere,
Aexe =450 nm). b) Lifetime measurements of 55 pM RuC9 in DMPC: (14:0 PEG2000 PE) (100:1) vesicles under the same conditions as described in (a).
The PL decay curves were fitted to a single-exponential and a biexponential decay functions in origin software(see Supporting Information for details and
fitting parameters). c¢) Nanosecond transient absorption spectra (ns-TA) of vesicles (DMPC: (14:0 PEG2000 PE) (100:1)) containing 55 pM RuC9 under
the same experimental conditions as in (a). d) Stern—Volmer plot for vesicles (DMPC: (14:0 PEG2000 PE) (100:1)) vesicles containing 1) 55 pM RuC9

alone and 2) 55 puM RuC9 with 5 M Ni—Co PBA@OA as a function of [TEOA/AscH,] concentration. The plot of  vs [Q] for 1 and 2 is fitted using a linear
curve following the equation (2 = 1+ Key[Q)); kq i calculated from the formula Ksy = k47o. The plot of 2 vs [Q] for 1 and 2 is fitted using a linear curve
=1+ (Ksy + K,)[Q]) and a polynomial curve (2 =1+ (Ksy + K,)[Q] + (Ksy x Ks)[Q]?), respectively. Ks is calculated by solving the respective equa-
tion with the obtained Ksy values. Experimental conditions: Aex. =450 nm, Ar atmosphere.
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quenching by the donor mixture of aq. TEOA/AscH,, resulting
in a more efficient electron transfer process, as evidenced by the
markedly reduced lifetime of 120 ns.

Nanosecond-transient absorption spectroscopy confirmed the
assignment of reductive emission quenching via electron
transfer from the electron donors to the PS. The spectra shown
in Figure 9c were recorded in the first 100 ns after the laser pulse
(A =450nm) and show the ground state (GS) bleach at 450 nm
and excited state absorption at 370 nm in case of no quencher or
CAT. In the presence of an electron donor, however, there is an
additional positive feature at 510 nm, which is indicative of the
reduced PS photoproduct, confirming electron transfer to the
PS.!l The intensity of the photoproduct feature ([Ru(bpy),
(C9-bpy)]") at 510 nm is highest in the presence of the donor
mixture TEOA + AscH,, which is in line with the steady-state
quenching data. However, in the presence of Ni—Co PBA@OA,
even though the quenching efficiency dramatically increases by
the donor mixture TEOA + AscH, (Figure 9a,b), the population
of the photoproduct remains almost the same (Figure 9c).
This observation not only supports the validity of the initial
reduction quenching mechanism but also illustrates the second
step of the electron transfer process occurring between the
light-driven and dark reactions.

The results thus far indicate that the PS in the vesicle is
quenched by the sacrificial donor molecule through a reductive
quenching mechanism, with no evidence of oxidative quench-
ing in the presence of Ni—Co PBA@OA CAT. However, under
actual HER conditions—where both components (donor and
CAT) are present at their fixed concentrations—an indirect
cooperative interaction likely occurs, leading to a dramatic
increase in quenching of the excited PS by the sacrificial donor
molecule.

To get additional insights on the electron transfer dynamics
between PS and electron donor in the vesicle, a Stern—Volmer
assay was conducted under two conditions: 1) RuC9 and
2) RuC9 with Ni—Co PBA@OA (see Figure S17a,b, Supporting
Information, for the typical dataset for the photoluminescence
(PL) decay curve, and the fitting parameters for the decay curves
are listed in Table S7, Supporting Information). For this assay,
the steady state emission and time resolved emission quenching,
17" and 2 respectively, are plotted at various donor concentrations
[Q] =[1:1 TEOA/AscH,] (Figure 9d) and fitted with the Stern—
Volmer models:[**~>"

70

=1+ Ks[Q) 1)
Ksy = kato @)
o1t (ke KQ ()
I_I": 1+ (Ksy + K.)[Q] + (Ksy x Ks)[Q)? )

Here, I, and I are emission intensities in the absence and
presence of the quencher, respectively, while 7, and 7 correspond
to the excited-state lifetimes in the absence and presence of the
quencher, respectively. When plotting the ratio 2 against [Q], the
resulting graphs display a linear relationship in both cases.
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However, the relative change observed in these ratios is not pro-
portional to the corresponding change in relative fluorescence
intensity (170) .This discrepancy is particularly pronounced in
case 2, where a notable upward or positive deviation is evident.
This observation suggests that both static and dynamic quench-
ing mechanisms contribute to the observed decrease in emission
intensity and both of these quenching increases significantly
when the vesicle contains both PS and CAT. Applying the
Stern—Volmer equation (Equation (1)) as a linear regression
for 2 vs [Q] curve yields the Stern-Volmer constant (Kgy) as a
slope, and the subsequent dynamic quenching constant k4 can
be calculated from Equation (2), while the association constant
(Ks) for conditions (1) and (2) is estimated from Equation (3)
and (4) by fitting 17" against [Q] plots using a linear and a polyno-
mial curve, respectively (see Table S8, Supporting Information).

The dynamic quenching constant (kg) estimated for the
vesicle containing only PS is (3.8 £ 0.4) x 10’ Lmol's™*, with
a corresponding Ksy of 19+ 2 L mol *and Ks of 28 + 1 L mol %
In contrast, for the vesicle containing both PS and CAT,
the dynamic quenching constant increases nearly tenfold
to (3.6+0.3) x 10 Lmol™'s™!, with Kgy and Kg rising to
207+ 17 and 65+5Lmol™", respectively. This significant
enhancement in dynamic quenching efficiency can be attributed
to the increased fluidity of the membrane.*? The lateral mobility
of both the quencher and PS is greater in more fluidic mem-
branes, facilitating more frequent encounters. Consequently,
the introduction of OA-modified CAT enhances mobility, allow-
ing the quencher to interact with the fluorophore more often,
leading to more efficient dynamic quenching.

In summary, we conclude on the following photocatalytic
reaction process, which is also depicted in Figure 10. Upon
light irradiation, RuC9 is excited, generating the excited state
RuC9” ([Ru(bpy),(C9-bpy)]**). Monoascorbate (AscH "), gener-
ated from 1:1 TEOA/AscH, as discussed earlier, acts as an
electron sacrificial reagent, reducing [Ru(bpy),(C9-bpy)]*™" to
[Ru(bpy).(C9-bpy)]*. This reduction occurs through both static
and dynamic pathways. DMPC with 14:0 PEG2000 PE at
100:1 serves as an optimized lipid, providing a suitable
membrane for incorporating the OA-capped Ni—Co PBA as a
representative CAT among the four M—Co PBA@OAs
(M = Co, Ni, Cu, and Zn). The presence of OA across the mem-
brane significantly enhances the dynamic quenching process,
cooperating in the generation of a higher amount of active
reduced species [Ru(bpy),(C9-bpy)]". This species subsequently
transfers electrons to the ultrafine OA-capped Ni—Co PBA
Gnanoparticles (=1 nm) via dark reaction (as evident from the
ns-transient absorption spectra, Figure 9c) for HER, while
returning to RuC9 ([Ru(bpy),(C9-bpy)]*"). In contrast, under
aqueous suspension conditions with bulk Ni—Co PBA
(~240nm) and aq. RuCO, such dark reactions are sluggish
due to a limited number of active sites and pore restrictions,
which can lead to substantial degradation of the PS through
the loss of bipyridine molecules as evidenced in UV-vis
absorption spectra and fast deactivation (within 6h) in HER.
These findings clarify the reasons for the observed ninefold to
tenfold increase in efficiency and the extended duration of
HER (over 2 days) without a loss in kinetics within the photoca-
talytic vesicle system.
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Figure 10. Schematic illustration of the photocatalytic HER with the representative vesicle system. The vesicle consists of a DMPC: (14:0 PEG2000 PE)
(100:1) bilayer encapsulating 55 pM RuC9 as the PS, 5 pM Ni—Co PBA@OA as the co-CAT, and 17 Mm TEOA/AscH, (1:1) as the electron donor system,

all under an inert Ar atmosphere.

3. Conclusion

In conclusion, this study presents a novel approach to
embedding OA-capped M—Co PBA nanoparticles into phospho-
lipid bilayers for use in light-driven hydrogen evolution. By
integrating these hydrophobic nanoparticles within DMPC
and 14:0 PEG2000 PE vesicles and combining them with an
amphiphilic PS, we successfully demonstrated enhanced HER
activity, especially with Ni—Co PBA@OA, which exhibited a sig-
nificantly higher TON (=131) and superior stability. The close
proximity of the CAT and PS, driven by hydrophobic interac-
tions, resulted in a marked improvement in catalytic efficiency,
with a ninefold increase in hydrogen production compared
to conventional systems. The sustained HER activity, lasting
over 68h, is attributed to multiple factors, including efficient
electron transfer, the enhanced stability of the PS, and the robust
scaffold design. This work offers new insights into the design of
artificial photosynthetic systems and highlights the potential for
optimizing CAT-PS interactions for improved photocatalytic
performance.

4. Experimental Section

Preparation of OA-Capped Ultrafine M—Co PBA Nanoparticles (M—Co
PBA@OA): In step 1 (Figure 2a), a precipitation route as reported
earlier®>** was followed to synthesize the bulk M—Co PBA with the gen-
eral formula M";[Cof(CN)¢],-nH,O (see Sl for details). Inspired by some
earlier reportsi?®>*3% of postsynthetic modification of the PBA, we chose
OA (CH3(CHy);CH=CH(CH,)sNH,) as a stabilizing agent and adopted a
slightly modified route (step 2, Figure 2a). Briefly, in a 100 mL round
bottle, prepared bulk M—Co PBA powder (100 mg) was dispersed in
4-25 mL of polar and protic solvent (MeOH or H,0) by ultrasonic treat-
ment for 15 min. After that, an n-hexane or CHCl; solution (34—40 mL) of
OA (80-160 pL) was added to the M—Co PBA suspension. This immedi-
ately created a biphasic mixture (MeOH-n-hexane or H,O—CHCl;) where
the M—Co PBA remained in the polar solvent, while the OA preferred the
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nonpolar solvent. As stirring continued, the M—Co PBA gradually migrated
to the nonpolar solvent. After stirring the biphasic suspension for 1-3 days
at ambient temperature and air (=25 °C) (see Supporting Information, for
details on each experimental parameter for the surface functionalization
experiment of M—Co PBAs), the CHCl; or n-hexane solution of M—Co
PBA@OA was separated from the aqueous or methanolic phase and dried
under reduced pressure using a rotary evaporator for 1 h. The dried solid
samples of M—Co PBA@ OA were subjected to solid-state characterization
methods, such as ATR-IR and PXRD. For further use, the samples were
dissolved in 11 mL of Chicly; and centrifuged at 15000 rpm for 15 min
to remove large particles (step 3, Figure 2a). The resulting transparent
solution of M—Co PBA@OA was used as a stock solution for integrating
into vesicles. Notably, this stock solution was also used for structural
characterization via DLS and 'H NMR. The OA content in the stock
solution of M—Co PBA@OA was quantified using 'H NMR with
nitrobenzene as an internal standard to calculate the concentration of
CATs in the stock solution (see Supporting Information, for calculation
details). Additionally, HR-TEM techniques were employed to analyze
the particle nature of the chicle; solution of Ni—Co PBA.

Preparation of 10% of 2-Aminoanthracene-Tagged Ni—Co PBA@ OA:
Before the postsynthetic modification Ni—Co PBA by OA, Ni—Co
PBA powder (100 mg) was first dispersed in EtOH and treated with
2-aminoanthracene (10mg) and kept under stirring overnight (=12 h)
at room temperature.’? The final suspension was then centrifuged at
15 000 rpm and washed with EtOH several times. Finally, greenish powder
(2-aminoanthracene tagged Ni—Co PBA) obtained after drying under vac-
uum was used for further modification with the same protocol mentioned
above. The prepared compound was characterized in the solid-state using
ATR-IR and PXRD analyses. Additionally, the stock solution in chicly; was
utilized for vesicle preparation and thereafter for confocal fluorescence
microscopy studies.

Preparation of Stock Solutions of the Components for Vesicle Preparations:
Stock solutions of 33 mM of lipid (DMPC) and 0.66 mM of 14:0 PEG2000
PE were prepared in CHCl3, and they were stored at 4 °C. Besides DMPC,
relatively longer hydrocarbon chain-based zwitterionic lipids such as
DPPC and DOPC were also tested, and their stock solution was prepared.
The synthesis of the PS Ur'(buy),(boy-Cs), was performed as
previously described by our group.”®! A stock solution of 0.66 MM of
PS([Ru(buy)2(C9-bpy)] (PFe)2) in CH3;CN and 0.1 M of aqueous TEOA
and/or AscH, as electron donor were prepared, separately. The CAT stock
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solution (M—Co PBA@OA) was prepared in chicle; at concentrations
ranging from 2.4 to 14.6 mM and used as such.

Vesicle Preparation: All the steps involved in vesicle preparation were
outlined in Scheme S1, Supporting Information, and have been previously
utilized by our group.*” Briefly, in a 25 mL of round bottle, 1 mL of
0.66 mM 14: 0 PEG2000 and 2 mL of 33 mM DMPC lipid were mixed
and stirred for 15 min. In another round bottle, 1 mL of 0.66 MM of
Ru[(bpy)2(C9-bpy)](PFs)2 in CH3CN was evaporated under reduced
pressure and mixed with 0.008-0.05 pL of M—Co PBA@ OA stock solution
(2.4-14.6 mM) and made the volume to 1 mL by the addition CHCls. The
resultant mixture after stirring for 15 min was added to the lipid solution
slowly and kept for 30 min for stirring to make a homogenous mixture of
all the components. Afterward, the solvent was evaporated using a rotary
evaporator, followed by 20 min of high vacuum on a Schlenk line to form
the film. The resulting film was then rehydrated with 4 mL of an aqueous
solution containing 0.1 M TEOA and 0.1 M AscH,, applied only for photo-
catalytic HER and spectroscopic (mechanistic) studies. The resultant pho-
tocatalytic lipid suspension was frozen using liquid N, and thawed with a
water bath at 10 °C above the transition temperature (T,,,) of the lipid. This
step was repeated seven times until the solution was homogeneous. To
obtain a more uniform size distribution, transitioning from MLVs to uni-
lamellar vesicles (ULV), extrusion was performed 11 times using a mini
extruder equipped with a heating block from Avanti Polar Lipids. The extru-
sion process utilized nucleopore polycarbonate track-etch membranes
with a pore size of 1 pm, along with filter supports featuring a pore size
of 10 mm. After preparation, every sample was stored at 4 °C for a maxi-
mum of 1 week. For all studies, the final vesicle samples were diluted by
deionized water three times. For structural characterizations, steady-state
UV-vis absorption, TEM, and confocal fluorescence microscopic imaging
was performed on vesicles prepared in the following way: 14:0 PEG2000
and DMPC lipid were used to make the film, which was then rehydrated
with deionized water instead of the sacrificial donor solution and
followed the same steps to achieve the vesicle. In addition, for confocal
fluorescence microscopic studies, instead of Ni—Co OBA@OA, a 10%
2-aminoanthracene-tagged Ni—Co PBA@OA has been used to integrate
into the vesicle.

Photocatalytic HER: For HER experiments, the prepared vesicle
solutions (4 mL) were purged carefully with Ar gas for 30 min and diluted
three times with deaerated water under an Argon atmosphere within a
glove box (O, content < 0.5 ppm). Four milliliters (4 mL) of it was then
transferred to the 8 mL of WICOM WIC 41 600/333 clear glass screw neck
GC vial (ND13). The vial was then sealed, transferred into a 3D-printed
photoreactor using two ring holders, and irradiated by LZ1-00DB0O
Dental Blue as an LED light source (4 =460 nm, 800-1250 mW) with a
current of 0.7 A and voltage of 4 V while stirring for 68 h. The experiment
was performed at room temperature via a ventilation system in the back of
the reactor. At different time intervals, the evolved H, was analyzed using
headspace GC for each reaction vessel. The analysis was performed on a
Shimadzu GC-2030 system equipped with a barrier ionization discharge
(BID-2030) detector and helium as the carrier gas. A 100 uL sample of
the headspace was manually injected for each measurement. TONs were
calculated as the ratio of mols of H, produced to mols of the M3[Co(CN)g],
CATs. The final composition of the vesicles was DMPC (5.5 mM), 14:0
PEG2000 (55pM), RuC9 (55pM), and M—Co PBA@OA (10 puM).
Several control experiments were conducted within the vesicles, along with
comparative studies using aqueous suspensions of their active compo-
nents. For the aqueous suspension, an equivalent amount of PS, either
[Ru(bpy)s]*" or [Ru(bpy).(C9-bpy)]**, along with the bulk CAT (Ni—Co
PBA), was prepared in 4 mL of aqueous sacrificial donor solution. We irra-
diated these solutions under the same experimental conditions as the
vesicle-based experiments to ensure comparability. In addition to the con-
trol studies, various experimental conditions were systematically examined
to assess their impact on the system. These conditions included the fol-
lowing: 1) Lipid variations: different types of lipids were used to form the
vesicles, such as DPPC and DOPC, allowing the investigation of how other
lipid affects vesicle formation and functionality. 2) CAT concentration: the
concentration of the best CAT among the M—Co PBA@OA was varied to
determine its influence on the overall system performance, including its
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interaction with the PS and vesicle membrane. 3) Sacrificial donor
variations: different sacrificial donors were tested, along with separate
additions of TEOA, AscH,, and sodium ascorbate (NaHAsc) to evaluate
how these donors influence the photocatalytic process and hydrogen
evolution. 4) LED light sources with different excitation wavelengths:
405-415 nm (900 mW, with a current of 0.4 A and a voltage of 14V),
460 nm (800-1250 mW, with a current of 0.7A and a voltage of 4V),
and 530 nm (281 mW, with a current of 0.5 A and a voltage of 3.4 V).
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