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SUMMARY 

The intense electric (E-) field associated with the localized surface plasmon resonance (LSPR) of noble metal nanoantennas 

provides a rational strategy to enhance photoinduced charge transfer in photocatalysts. Here, we demonstrate E-field-

enhanced direct photocatalytic urea oxidation and a visible light-driven Direct Urea Fuel Cell (LDUFC) with 

tris(bipyridine)Ruthenium(II), [Ru(bpy)3]2+,-enabled plasmonic nanopigments that  contain a phospholipid membrane self-

assembled around a Ag nanoparticle (NP) whose LSPR overlaps with the [Ru(bpy)3]2+ metal-to-ligand charge transfer (MLCT). 

In the hierarchical plasmonic nanopigment design, the membrane serves as scaffold and spacer to localize [Ru(bpy)3]2+ in an 

electromagnetic “sweet spot” where substantial plasmonic enhancement of photoexcitation is achieved while strong metal-

associated quenching of the reactive excited state is avoided. The demonstration of plasmon-enhanced photocatalytic urea 

oxidation and the implementation of LDUFC represent important advancements towards improved light-driven waste water 

treatment and efficient solar energy conversion.  
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INTRODUCTION 

Solar energy conversion through photocatalysis of chemical bond formation and photo fuel cells are examples of photo-

harvesting processes that benefit from optimized photocatalysts. Intriguingly, the excitation of LSPRs in noble metal 

nanoparticles (NPs) provides unique opportunities for enhancing photochemistry through different forms of plasmonic catalysis. 

While plasmon decay-induced hot charge carrier formation has been demonstrated to contribute to noble metal direct 

heterocatalysis1-3 and catalysis facilitated by metal-semiconductor junctions;4-8 the resonant electric (E-) fields generated from 

LSPRs offer a powerful alternative approach for amplifying molecular transitions-mediated photocatalysis.9-15 A major challenge 

for E-field-driven plasmonic catalysis concepts is, however, the need to balance E-field-enhanced absorption rates with the 

quenching of the photoexcited state through the metal. In practice, for NPs with diameters of around 45 nm, as used in this 

work, separations between the NP surface and photocatalysts < 5 nm are required to substantially boost absorption through the 

strong local E-field,4, 16-19  but for even smaller separations (< 2 nm), strong quenching of excited states through the metal surface 

becomes dominant.20-22 The viability of plasmonic E-field enhancement of photocatalysis has been demonstrated primarily with 

semiconductor photocatalysts.11-15 For less robust but potentially more versatile and selective photoreactive molecular catalysts, 

the effect of the E-field enhancement is less well understood,9-10 and the realization of enhanced hybrid systems is challenged by 

the need for reliable positioning of the photocatalysts at desirable separations from the metal NP surface. 

In this manuscript, we explore the quantitative optimization of plasmonic catalysis mediated by E-field-enhanced intramolecular 

metal-to-ligand charge transfer (MLCT) for direct photocatalysis of urea oxidation reaction (UOR). We evaluate the design of a 

hierarchical nanopigment architecture that incorporates 1.) a molecular photocatalyst, 2.) a spherical Ag NP as effective 

nanoantenna, and 3.) a lipid membrane layer as both scaffold and molecular spacer. The self-assembled lipid layer provides a 

facile and effective strategy to facilitate the localization of the photocatalyst at a separation between 2-4 nm from the Ag surface, 

which represents a “sweet spot” for plasmonic enhancement as it is close enough to the NP surface to provide high E-field 

intensity for the resonant enhancement of photoexcitation but sufficiently far away to limit the quenching of photoexcited states. 

As photocatalyst we chose trisbipyridine-Ruthenium(II), [Ru(bpy)3]2+, which derives its photoreactivity from a light-mediated MLCT 

absorption23-24 that overlaps with the LSPR of the Ag NPs at around 430 nm. [Ru(bpy)3]2+ and analogues play an important role in 

photoelectrochemical (PEC) conversions, either as photosensitizers,25-27 or as photocatalysts in solar-to-fuel conversion.28-30 The 

light harvesting efficiency of [Ru(bpy)3]2+ is, however, fundamentally limited by the moderate extinction coefficient of its MLCT 

band (4,600-11,000 M-1cm-1),31-32 which is much lower than those of high-performance dyes (> 200,000 M-1cm-1).33-34 We test the 
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hypothesis that the E-field-mediated enhancement of the MLCT photoexcitation of [Ru(bpy)3]2+ in plasmonic nanopigments can 

close this gap and achieve a measurable increase in photoreactivity. We implement a robust visible light fuel cell that achieves 

energy conversion through photo-oxidation of the ubiquitous waste molecule urea. To the best of our knowledge, our work 

presents the first example of a direct photocatalytic UOR as well as a first light-driven direct urea fuel cell (LDUFC).  

 

RESULTS AND DISCUSSION  

Assembly and Structural Characterization of Plasmonic Nanopigments  

Artificial lipid membranes and micelles that mimic the hierarchical structure of biological photosynthetic systems have long been 

important components of man-made reactive and energy conversion systems.35-38 In our design of nanopigments, we utilize a 

self-assembled lipid membrane architecture around a Ag NP core to immobilize [Ru(bpy)3]2+ in the near-field of the Ag NP. Lipid-

wrapping was achieved through modified one-pot synthesis39-42 (See Supplemental Experimental Procedures). We adopt a lipid 

membrane composition based on simplified biological membrane model containing 45 mol % zwitterionic lipid DPPC (1,2-

dipalmitoyl-sn-glycero-3-phosphocholine), 5 mol % negatively-charged lipid DOPS (1,2-dioleoyl-sn-glycero-3-phospho-L-serine), 

40 mol % lubricant molecule cholesterol, and 10 mol % [Ru(bpy3)]2+. These lipids were tethered to the NP core through an 

intermediate octadecanethiol (ODT) layer that is chemisorbed to the Ag NP cores (Fig. 1A). In order to understand the 

equilibrium of [Ru(bpy3)]2+ in the lipid membrane, we calculated the potential of mean force (PMF) of a [Ru(bpy3)]2+ complex from 

a steered molecular dynamics simulation using Jarzynski’s equality (Eq. S1)43-45 (Fig. 1B, see also supplemental experimental 

procedures). We first reconstructed an area of the nanopigments with Ag atoms, ODT, lipid layer and [Ru(bpy3)]2+ at experimental 

proportions. [Ru(bpy3)]2+ was allowed to equilibrate in the local lipid membrane environment. We then pulled the molecule along 

the cross-section of the lipid membrane to calculate the nonequilibrium work (W) as function of distance to the metal NPs surface. 

W is related to the equilibrium free energy difference (ΔF, PMF) using an exponential average (Eq. S1). The resulting PMF plot 

exhibits a minimum at around 2 nm, indicating a preferential localization of [Ru(bpy3)]2+ close to the membrane surface at the 

interface formed by the hydrophilic lipid headgroups and the hydrophobic lipid tails.  

We utilize Ag NP cores as effective nanoantennas. Due to their large polarizability46 and optical cross-sections47-48 (absorption 

cross-section > 3x10-9 m2, see Supplemental Experimental Procedures for calculations). Ag NPs can efficiently generate localized 

incident E-field intensity within a few nanometers of their surface49-50. We chose NPs with an average hydrodynamic diameter of 
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44.23±0.62 nm (from Dynamic Light Scattering, DLS), because NPs with much smaller diameters generate lower E-field intensities 

and suffer from higher dissipative losses,7, 49, 51-52 while larger NPs typically show retardation and high radiative losses.53-54 As 

expected, the LSPR absorbance spectrum of the Ag NP cores shows good spectral overlap with the [Ru(bpy)3]2+ MLCT band at 

415-450 nm (Fig. 1C).  

To validate the successful nanopigment formation, we added small amounts of fluorescent lipid dye (Lissamine-Rhodamine-

DSPE) into the lipid membrane and imaged the nanopigments with correlated darkfield and fluorescence microscopy (Fig. 2A). 

The optical colocalization of darkfield (top, NP cores) and fluorescence (middle, membrane) signals confirms a successful 

membrane assembly around the Ag NPs. We used Transmission Electron Microscopy (TEM) and High-Resolution TEM (HRTEM) 

to characterize the surface and membrane morphology of the plasmonic nanopigments. A uniform lipid membrane is clearly 

visible around the NP core in the TEM (Fig. S1A) and HRTEM (Fig. 2B) images. A statistical analysis of the thickness of the 

membrane for 70 particles showed an average membrane width of 3.8±1.4 nm, defining an upper boundary for the distance 

between [Ru(bpy3)]2+ and Ag NP. In further proof of [Ru(bpy3)]2+ binding, we mapped Ag and Ru across individual nanopigment 

particles using Energy Dispersive X-Ray Spectroscopy (EDX) under Scanning Transmission Electron Microscopy (STEM) mode. 

The resulting elemental maps confirm the co-existence of Ag (Fig. 2D) and Ru (Fig. 2E) within the boundary of the particle, 

providing additional experimental proof of a successful integration of [Ru(bpy3)]2+.  

 

Experimental Characterization of [Ru(bpy)3]2+ Localization in the Lipid Membrane 

Due to its amphiphilic nature, the nanopigment membrane provides both electrostatic and hydrophobic binding regions for 

[Ru(bpy3)]2+. To probe the contributions of the two factors, we analyzed [Ru(bpy3)]2+ binding to two control groups: (1.) 

nanocomposites with different surface charges but identical hydrophobic tail groups as for the nanopigments, and (2.) 

nanocomposites that lack the hydrophobic region but have similar surface charge as the nanopigments. (1.) was obtained by 

varying the amount of negatively-charged lipid DOPS or by replacing DOPS with cationic lipid EPC (1,2-dioleoyl-sn-glycero-3-

ethylphosphocholine); (2.) was achieved by passivating Ag NPs cores with thiolated polyethylene glycol (PEG) with carboxyl end 

groups (HS-PEG-COOH, Mw=1000). The size, surface charge and amount of membrane-bound 101Ru is summarized in Fig. 2F, 

G. Before the incorporation of [Ru(bpy)3]2+, the zeta potential of the liposomes becomes more negative with increasing amounts 

of DOPS, and more positive with increasing EPC. With increasing negative potential, we observe an overall increase in 101Ru 

concentration, indicating a contribution from Coulomb attraction in [Ru(bpy)3]2+ binding. NPs without DOPS (0 mol %) deviate 
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from this overall trend. This group exhibits substantial aggregation due to the lack of interparticle electrostatic repulsion, and 

we attribute the high levels of 101Ru in this case to the inclusion of catalyst during agglomeration. Intriguingly, the PEG-passivated 

nanocomposite control shows a 48% decrease in 101Ru concentration in the absence of the hydrophobic tail group of the lipid 

layer relative to the nanopigments, despite having a similar zeta potential. These results are in good agreement with the 

membrane equilibrium simulations and PMT calculations in Fig. 1A, B, and indicate a structural model in which [Ru(bpy3)]2+ is 

partially embedded in the membrane. COO- anions from head groups of membrane DOPS pin the Ru(II) cationic center to the 

interface between hydrophic and hydrophilic membrane regions, while one or more bipyridine ligands are integrated into the 

membrane through hydrophobic interaction with lipid tail groups.  

We varied the [Ru(bpy3)]2+ input percentage in the liposomes used for nanopigment assembly to characterize the [Ru(bpy3)]2+ 

loading capacity of the lipid layer (Fig. S2). Nanopigments with 10 mol % [Ru(bpy3)]2+ demonstrated good binding efficacy and 

monodispersity, and is therefore used for the following analysis unless otherwise noted. 

Plasmonic Enhancement of the Metal-to-Ligand Charge Transfer in Nanopigments 

In order to quantify the effect of the plasmonic E-field enhancement on MLCT photoexcitation, we collected the UV-vis 

absorbance spectra of water suspensions of nanopigments and controls (Fig. 3A). The 101Ru (382 ppb) and 107Ag (3937 ppb) 

concentrations were identical to the measured value in nanopigments in applicable groups. We calculated an extinction 

coefficient of 4230 M-1cm-1 for aqueous solution of [Ru(bpy3)]2+ (orange, inset) at its MLCT absorbance maximum, which is in good 

agreement with previously reported values.31 Importantly, the nanopigments (red) exhibit a clear enhancement in absorbance in 

the MLCT range. We corrected the absorbance of the nanopigments for the contribution from the Ag NP by subtracting the 

absorbance of “bare” Ag colloid (black) at the absorbance maximum of 424 nm. The remaining absorbance, which corresponds 

to the E-field-enhanced MLCT band, is 35-fold higher than that of [Ru(bpy3)]2+. The molar extinction coefficient of the MLCT band 

in the nanopigments reached 148,000 M-1cm-1, comparable to the benchmark of high performance dyes.33-34  

For the control group with Au cores (green), no noticeable enhancement of the MLCT absorbance was observed; its spectrum 

only contains a peak at 540 nm, characteristic of the LSPR for 40 nm Au NPs. This stark contrast to nanopigments with Ag cores 

underlines that spectral overlap between the MLCT band and LSPR absorbance is essential for strong resonant enhancement. A 

simple mixture control of Ag NP colloid and [Ru(bpy3)]2+ solution (blue) generated only a weak enhancement of the MLCT band. 

This finding corroborates that the preferential localization of the Ru(II) complex within the evanescent field of the NPs is a 

necessary factor for the plasmonic enhancement of MLCT.  
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The nanopigment architecture with the lipid membrane as molecular spacer effectively limits the reactivity loss of [Ru(bpy3)]2+ 

through metal-associated pathways. To assess the extent of quenching on reactive photoexcited states, we measured the 

photoluminescence (PL) lifetime and quantum yield (QY) for an aqueous solution of [Ru(bpy3)]2+ as well as for the nanopigments. 

The measured lifetime is determined by the phosphorescence of the Ru*(II) triplet state that is generated through rapid 

Intersystem Crossing (ISC) from the initial short-lived photo-excited singlet state.24 The triplet state is sufficiently long-lived to 

allow reactive relaxation pathways and participate in charge or energy transfers (Fig. 3B). The measured PL lifetime of the 

aqueous suspensions of nanopigments was 371.7 ns (Fig. 3C), only slightly shorter than the 377.4 ns measured for [Ru(bpy)3]2+ 

solution (Fig. 3D). The essentially identical lifetimes exclude a significant quenching of the excited state through the Ag NPs in 

the plasmonic nanopigments. We also performed lifetime measurements for [Ru(bpy)3]2+ located closer to the metal NP. In this 

case, [Ru(bpy)3]2+ were loaded onto Ag NPs functionalized with HS-PEG3-COOH (Mw=238.3) (See Supplemental Experimental 

Procedures). The deprotonated carboxylic acid group of the short polymer localize [Ru(bpy)3]2+ at a separation of around 1 nm55-

56 from the Ag surfaces. Monoexponential fit of the emission tail reveal a PL lifetime of 2.35 ns for these samples, indicative of 

strong quenching (Fig. S3). QY measurements of the photoluminescence revealed a QY=4.55% for the plasmonic nanopigments 

compared with QY=1.95% for free [Ru(bpy)3]2+, and QY=0.02% for [Ru(bpy)3]2+ tethered by HS-PEG3-COOH. We conclude that 

the lipid membrane around the Ag NPs in the nanopigments succeeds in positioning the [Ru(bpy3)]2+ photocatalyst in a “sweet 

spot” where substantial E-field enhancement of MLCT photoexcitation is achieved without strong quenching of the reactive 

excited state.  

Characterizing Photoredox Reactivity and Stability of Nanopigments for Urea Oxidation Photocatalysis 

We characterized the photoredox potentials of the nanopigments and the effects of plasmonic field enhancement on the 

photocatalysis with Linear Sweep Voltammetry (LSV) in a three-electrode setup (Figure 4). We drop-casted nanopigment 

suspensions and controls onto glassy carbon working electrodes and measured the current density in the voltage range of 0 - 

1.2 V (vs. Ag/AgCl unless otherwise noted) with illumination from a focused 430 nm LED or in dark. During voltammetric 

measurements, the applied bias induces the oxidation of photogenerated Ru*(II) into Ru(III) (Fig. 4A), which is then available to 

facilitate oxidation processes.57-58  

To assess the redox properties of the Ru species, we first used an electrolyte solution of 0.1 M NaOH + 0.01 M tripropylamine 

(TPrA), where the baseline is defined by water oxidation (Fig. 4B). TPrA is added as sacrificial reductant to rapidly reduce  

excessive Ru(III) to Ru*(II), which then replenishes steady state Ru(II) through radiative relaxation.59 The LSV curve for 
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nanopigments with light (red) exhibits an early reaction onset ~350 mV as well as a drastic increase in photocurrent density 

relative to the dark curve (black), which confirms efficient photooxidation of water. The measurable oxidation peak at 650 mV in 

nanopigments with light can be assigned to the oxidation of the photogenerated Ru*(II) to Ru(III), and is therefore much less 

noticeable for both nanopigments in dark and the control group of lipid-wrapped Ag NPs with no [Ru(bpy)3]2+ (“LipoAg”; +/- 

light: orange / blue). We also included a simple mixture control of Ag NPs colloid and [Ru(bpy)3]2+ solution (“Mixture”;  +/-  light: 

purple/green) with identical concentrations as the nanopigments. The Ru*(II) oxidation peak is present in “Mixture” with 

illumination, but with a noticeably lower photocurrent density (Jphoto) than the nanopigments. To quantify the plasmonic 

enhancement, we compared the Jphoto associated with the Ru*(II) oxidation peak by subtracting the dark current density from that 

with light at 650 mV. We obtained a Jphoto as high as 7.03 mA/cm2 for the nanopigments, with enhancement factors (EFs) of 5.3 

and 59, respectively, relative to the “Mixture” and [Ru(bpy)3]2+ controls (Fig. 4B inset).  

Based on the favorable photooxidation potentials of photogenerated Ru*(II) and Ru(III) in the nanopigments, we next choose the 

urea oxidation reaction (UOR) as test system for the plasmonic catalysis. Urea (CO(NH2)2) is a common waste molecule from 

nitrogen cycles of mammals. Urea possesses high energy and hydrogen densities,60 and great potentials in waste-to-energy 

conversions. In UOR, anodic urea oxidation (CO(NH2)2 + 6OH- à N2 + 5H2O + CO2 + 6e-) is coupled to cathodic H2 evolution in 

neutral or alkaline conditions (2H2O + 2e- à H2 + 2OH-), resulting in the overall reaction CO(NH2)2 + H2O à N2 + 3H2 + CO2 60-62. 

Nickel-based oxides and hydroxides have received much attention as electrocatalysts to accelerate the sluggish 6-electron 

reaction of UOR.60-61, 63-65  Although prior studies have demonstrated photosensitization of Ni UOR electrocatalysts by 

semiconductors,64, 66 direct photocatalysis of UOR has not been reported to the best of our knowledge. 

We performed Linear Sweep voltammetry in an alkaline urea electrolyte with a human-urine equivalent 0.33 M urea in 0.1 M 

NaOH + 0.01 M TPrA 63 (Fig. 4C). A sharp onset of current density for the nanopigments with light can be observed at 450 mV 

(red), leading to an extended oxidation plateau for Ru(III)-mediated urea oxidation. The shift of the reaction onset to lower 

voltages and the substantial increase in current density compared to nanopigments without illumination (black) confirm superb 

photocatalysis of UOR. We compared the Jphoto associated with photogenerated Ru*(II)-Ru(III), which was determined to be 650 

mV in Fig. 4B discussions. Jphoto of the nanopigments is enhanced by factors of 5.4 and 50 relative to the “Mixture” and free 

[Ru(bpy3)]2+ control, which are in good agreement with those obtained in NaOH+TPrA, indicating consistent and robust catalytic 

properties of the photogenerated Ru(III). Ru(III)-facilitated urea oxidation peaks at 750 mV, where we recorded a maximum Jphoto 

of 56.0 mA/cm2. This corresponds to an excellent Applied Bias Photon-to-Current Efficiency (ABPE) (Eq. S4) of 4.1%, comparable 
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to previously-reported state-of-the-art p-Si hydrogen evolution photocathodes (2.9%)67 and n-Si/NiOx water oxidation 

photoanodes (1.34%).68 

In order to reflect photoelectrochemical kinetics and to relate the reaction rates and potentials, we construct Tafel Plots for 

nanopigments and control groups in both NaOH+TPrA (Fig. 4D) and alkaline urea electrolytes (Fig. 4E) (See Supplemental 

Experimental Procedures). A lower Tafel Slope typically indicates less potential input required for unit increase of current density, 

and hence better catalytic properties.69 The illuminated nanopigments show the lowest Tafel slopes among all tested conditions. 

We calculate values of 188 mV/dec in NaOH+TPrA and 120 mV/dec alkaline urea electrolyte, close to the 120 mV/dec standard 

for high-surface-area photocatalysts.68-69 

The scaffolding function of the lipid-wrapped architecture also contributes to promoting structural and photoelectrochemical 

stability of the [Ru(bpy3)]2+ photocatalyst. We evaluated the catalytic stability of nanopigments and of [Ru(bpy3)]2+ with 

chronoamperometry at 650 mV in alkaline urea electrolyte under constant illumination (Fig. 4F). Over an experimental duration 

of 6 h, Jphoto remained much more stable at significantly higher values for nanopigments than for [Ru(bpy)3]2+. For the latter Jphoto 

drastically decreased over the first 10 min of illumination due to photobleaching and depletion of steady state Ru(II).  

Validation of E-Field-Enhanced Plasmonic Catalysis Mechanism 

To elucidate the mechanisms of the enhanced UOR photocatalysis of nanopigments, we first investigated the effect of incident 

wavelength and power. As shown in Fig.  5A, Jphoto in NaOH+TPrA and alkaline urea electrolytes generally follows the UV-vis 

absorbance spectrum of the nanopigments (red), with strong enhancement for incident wavelengths between 395 nm and 450 

nm, which overlaps with the plasmon resonance of the nanopigments. Light power studies were carried out using a 430 nm LED 

(Fig. 5B) as well as a sunlight simulator (Fig. 5C) to better imitate the performance of the nanopigments in a solar cell. A linear 

dependency of Jphoto on the incident power is obtained for both light sources. These data confirm that the observed increase in 

nanopigment photoreactivity is indeed related to the plasmon-enhanced optical absorption provided by the NPs. 

Given the relative large size of the Ag NPs used in this work, we attribute the observed gain in photocatalysis primarily to the E-

field-enhanced MLCT photoexcitation and not to hot charge carrier-associated processes.51-52 To validate this assumption, we 

investigated the catalysis of nanocomposites in which the Ag sphere cores were replaced with triangular Ag nanoplates (Fig. 5D 

insets). The nanoplates sustain two LSPR modes respectively at 415 nm and 525 nm with similar dissipation.46 In both cases the 

decay of the plasmon could generate hot charge carriers but only the former mode has good spectral overlap with the [Ru(bpy)3]2+ 

MLCT. After loading the lipid membrane with [Ru(bpy3)]2+, the 415 nm band of Lipo-Ag Nanoplates-Ru nanocomposite control 
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is broadened by the MLCT of [Ru(bpy3)]2+ while the 525 nm peak remains distinct (Figure 5D). We collected the LSV curves with 

illumination at either 430 nm or 565 nm to selectively excite the two LSPR modes.  As shown in Figure 5E and F, Jphoto is increased 

only for the mode that peaks at 415 nm close to the MLCT band but not for the plasmon mode at 525 nm, even though the latter 

mode has larger extinction. These results confirm that the enhanced photocatalysis of nanopigments derived from an E-field 

driven MLCT excitation enhancement mechanism. 

Interestingly, the increase of Jphoto for nanopigments over free [Ru(bpy3)]2+ solution (EF = 50) is higher than the enhancement of 

absorbance (EF=35). We attribute the larger gain in photoreactivity to an additional photothermal effect sustained by Ag NP 

cores. We calculate a temperature increase of 2.89 K in the immediate vicinity of the nanopigments for the chosen experimental 

conditions (See Supplemental Experimental Procedures). Such increase in local temperature enhances the catalytic turnover and 

shifts the reaction towards products.70 We emphasize that the increase in local temperature of 2.89 K does not affect the structural 

stability of the nanopigments, as the temperature remains well below the glass transition temperatures of the membrane 

components (> 42 oC).39 

Implementation and Characterization of Visible Light-Driven Direct Urea Fuel Cell (LDUFC) 

Achieving overall urea oxidation in a direct urea fuel cell (DUFC) has the exciting appeal of simultaneous energy conversion from 

an abundant source and waste water treatment. Based on the versatile redox properties of the nanopigments, we implemented 

a visible light-driven DUFC (LDUFC) in which nanopigments serve as both cathode and photoanode material. An electrolyte of 

0.33 M Urea+0.1 M NaOH was used for characterizing the cell performance. We focused incident light onto the working 

electrode to generate photoexcited Ru*(II), which undergoes spontaneous oxidation at the photoanode (Ru*(II) - e- ® Ru(III)). 

The cathode reaction Ru(II) + e- ® Ru(I) occurs on the non-illuminated “dark” electrode (Fig. 6A), giving an overall cell potential 

of +0.52 V.23 The strong oxidizer Ru(III) facilitates urea oxidation at the photoanode, while Ru(I) reduces O2 or CO2 to re-generate 

Ru(II) at the cathode.  

We monitored the Open Circuit Potential (OCP) of the LDUFC with illumination both from a 430 nm LED (Fig. 6B) and a sunlight 

simulator at 1-sun illumination (100 mW/cm2) (Fig. 6C) for proof-of-concept solar energy harvesting. We recorded the 

photovoltage, reflected by difference in OCP between light on and off stages, with alternating light on/off intervals of 150 s/350 

s. The electrolyte was exchanged after 3 h to guarantee comparable kinetics in the reactions. For both illumination conditions 

the cell OCP stabilized after an initial decrease in magnitude and then performed steadily with photovoltages between 12 - 15 

mV for more than 3 h. We recorded the cell short circuit current density using chronoamperometry with a same cell setup and 
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focused LED illumination. As shown in Fig. 6D, there is a consistent oscillation in photocurrent density centered at around 0.25 

mA/cm2. We attribute this oscillatory behavior to the photoelectrochemical cycling of the photoanode.71 Under continuous 

illumination, Ru(II) is rapidly consumed but more slowly replenished by the catalyzed 6-electron urea oxidation reaction, resulting 

in a consumption/replenishing cycle for the steady state population.  

To further illuminate the nature of the electrode reactions, we purged the cell with nitrogen and recorded cell OCP under oxygen 

deficient conditions (Fig. 6E). In the beginning of the measurement, after an activation stage in the first 10 min, the photovoltage 

show an initial increase in magnitude. Subsequent addition of air triggered a measurable increase in the light response. Overall, 

lower OCP values are observed with nitrogen purging. These observations are consistent with our model of LDUFC reactions in 

which O2 and CO2 are reduced at the cathode. In the absence of O2, an increasing amount of CO2 generated through the anode 

photoreaction of urea oxidation dominates the cathode reaction in a self-accelerating manner. When O2 becomes available, the 

reaction rate at the cathode increases, resulting in an overall increase of OCP as well as a stronger light-induced modulation of 

OCP.  

 

In summary, we have demonstrated efficient plasmonic E-field enhancement of [Ru(bpy)3]2+-mediated photocatalytic urea 

oxidation in a hierarchical nanopigment architecture. The nanopigments contain a lipid layer self-assembled around a ~45 nm 

Ag nanoantenna with favorable spectral overlap between the Ag NPs LSPR and [Ru(bpy)3]2+ MLCT. Our experimental and 

theoretical analyses suggest that the amphiphilic nature of the self-assembled membrane facilitates both electrostatic and 

hydrophobic interaction with [Ru(bpy)3]2+ to achieve localization of the photocatalyst at an electromagnetic “sweet spot” 

approximately 2 – 4 nm from the metal surface. At the “sweet spot”, strong E-field intensity provides substantial enhancement 

of photocatalyst excitation, but quenching of the excited reactive states in the photocatalyst through the metal is limited. The 

nanopigments achieved efficient direct photocatalysis of urea oxidation, with photocurrent densities more than 50 times higher 

than for [Ru(bpy)3]2+ and an excellent photoelectrode efficiency of  4.1%. We also implemented a first Visible Light-Driven Direct 

Urea Fuel Cell (LDUFC) with LED and sunlight simulator, and demonstrated steady on/off photovoltaic performance and OCPs 

for over 4 hours. Our proof-of-principle implementations of UOR and LDUFC promises great achievements in solar energy 

conversion and waste water treatment. Future efforts focusing on expanding the spectrum of reactions catalyzed by 

photocatalytic nanopigments containing [Ru(bpy)3]2+ or other transition metal complexes will clarify the full potential of the 

approach and may lead to entirely new classes of plasmon-enhanced biomimetic nanoreactors. 
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EXPERIMENTAL PROCEDURES 

Detailed experimental procedures is included in Supplemental Experimental Procedures. 

 

DATA AND SOFTWARE AVAILABILITY 

All relevant data are available from the authors upon request. 

 

SUPPLEMENTAL INFORMATION 

Supplemental Information includes Supplemental Experimental Procedures, four supplemental figures and two supplemental 

tables. 

Figure S1. Structural Characterizations of the Nanopigments.  

Table S1. Characterizations of Nanopigments with Varying Input Percentages of [Ru(bpy)3]2+.  

Figure S2. Characterizations of Nanopigments with Varying Input Percentages of [Ru(bpy)3]2+. 

Table S2. Characterizations of [Ru(bpy)3]2+ Binding in the Nanopigments.  

Figure S3. Photophysical Characterizations. 

Figure S4. Electrochemical Characterizations for Plasmonic Enhancement Mechanism.   
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Figure 1. Design of the Nanopigment. 
(A) Scheme for the nanopigment hierarchical structure; zoomed in: simulated surface morphology diagram of the nanopigment. Water molecules are not 
shown in the diagram. 
(B) Plot of potential of mean force (PMF) of [Ru(bpy)3]2+ molecule over lipid membrane cross-sectional distance from NP surface.  
(C) Normalized UV-vis absorbance spectra of 44 nm Ag NP colloid and [Ru(bpy)3]2+ water solution; inset: molecular structure of [Ru(bpy)3]Cl2. 
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Figure 2. Structural Characterizations of the Nanopigments.  
(A) Darkfield image (Top), fluorescence image (middle) and merge (bottom) of an area with nanopigments under inverted microscope; scale bars=1 µm.  
(B) HRTEM image of a nanopigment particle, scale bar=10 nm. See also Fig. S1. 
(C) STEM image of nanopigments with scan area (orange rectangle) for EDX element mapping scans, scale bar=50 nm.  
(D and E) EDX elemental scan maps with (D) Ag L Edge and (E) Ru L Edge; scale bars=5 nm.  
(F) DLS results of hydrodynamic diameters of nanopigments and nanocomposite controls (Columns), and Zeta potentials of corresponding liposomes before 
incorporation of [Ru(bpy)3]2+ (scattered plot). Error bars are standard deviations of three measurements. 
(G) Inductively Coupled Plasma – Mass Spectrometry (ICP-MS) results of incorporated 101Ru concentrations of nanopigments and nanocomposite controls. 
Error bars are standard deviations of three measurements. (F and G) All percentages are mol %, the group with 5% DOPS represents standard nanopigment 
composition (red).	
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Figure 3. Photophysical Characterizations. 
(A) UV-vis absorbance spectra of nanopigment colloid (red); “bare” Ag NPs (black); membrane wrapped Ag NPs without photocatalyst (LipoAg, brown); 
aqueous solution of [Ru(bpy)3]2+ (orange, inset); mixture of Ag NPs and aqueous [Ru(bpy)3]2+ solution (blue); and control nanopigments with Au NP cores (green).  
(B) Scheme for the photoexcitation and interstate transitions of [Ru(bpy)3]2+. 
(C and D) Photoluminescence decay patterns and monoexponential fit curves (red) for (C) nanopigments and (D) [Ru(bpy)3]2+ water solution.  
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Figure 4. Electrochemical Characterizations. 
(A) Scheme for the photocatalytic reaction mechanism of nanopigments in voltammetric measurements.  
(B and C) Linear Sweep Voltammetry curves in (B) 0.1 M NaOH+0.01 M TPrA and (C) alkaline urea electrolyte.  
(D and E) Tafel plots in (D) 0.1 M NaOH+0.01 M TPrA and (E) alkaline urea electrolyte.  
(F) Chronoamperometry curves for nanopigments (Red) and just [Ru(bpy)3]2+ (magenta) in alkaline urea electrolyte under 430 nm LED illumination and with 750 
mV potential.  
Color code in (B-F): Nanopigments +/- light: Red/Black; LipoAg +/- light: Orange/Blue; “Mixture” control +/- light: Purple/Green; [Ru(bpy)3]2+ +/- light: 
Magenta/Wine (insets). 
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Figure 5. Electrochemical Characterization of Plasmonic Enhancement Mechanism. 
(A) Plots of photocurrent density (Jphoto) as function of wavelength of the incident light for nanopigments in NaOH+TPrA (black triangles) and alkaline urea (blue 
squares). Jphoto is calculated from the LSV peaks at 650 mV in NaOH+TPrA and 750 mV in alkaline urea. The absorbance spectrum of the nanopigments (red) is 
added for comparison. Error bars are standard deviations of three measurements. 
(B) Plot of photocurrent densities as function of incident power density (430 nm LED) in NaOH+TPrA (black triangles) and alkaline urea (blue squares) 
electrolytes. 100% power density refers to the power used for all LSV measurements in Figure 4 and 5A, E, F. See also Supplemental Experimental Procedures. 
Error bars are standard deviations of three measurements. 
(C) Plot of photocurrent densities over different incident powers of a sunlight simulator in NaOH+TPrA (black triangles) and alkaline urea (blue squares) 
electrolytes. See also Fig. S4. 
(D) UV-vis absorbance spectra of Ag nanoplates (black) and membrane-wrapped Ag nanoplates with [Ru(bpy)3]2+ (Lipo-Ag Nanoplates-Ru) (red); Inset: TEM of 
Ag nanoplates; scale bar=50 nm. 
(E) LSV curves for Lipo-Ag Nanoplates-Ru in 0.1 M NaOH+0.01 M TPrA electrolyte without illumination (black), with 430 nm LED illumination (red) and with 565 
nm LED illumination (green); Inset: TEM image of a Lipo-Ag Nanoplates-Ru particle with a visible lipid membrane; scale bar=10 nm.  
(F) LSV curves for Lipo-Ag Nanoplates-Ru controls in alkaline urea electrolyte in the dark (black), with 430 nm LED illumination (red) and with 565 nm LED 
illumination (green). 
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Figure 6. Characterizations of the Visible Light-Driven Direct Urea Fuel Cell (LDUFC). 
(A) LDUFC whole cell setup and cell reactions scheme.  
(B and C) Open Circuit Potential (OPC) measurements for nanopigments in 0.33 M Urea+0.1 M NaOH electrolyte with (B) 430 nm LED illumination or (C) 
sunlight simulator at 1-sun power illumination. Light On/Off cycles are indicated by green/blue arrows.  
(D) Short Circuit Current density measurement under constant illumination with 430 nm LED. 
(E) Open Circuit Potential (OPC) measurements for nanopigments in 0.33 M Urea+0.1 M NaOH electrolyte with 430 nm LED illumination and N2/Air purging. 
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S1. Supplemental Data Items 

S1.1 Assembly and Structural Characterization of Plasmonic Nanopigments 
  

 

Figure S1. Structural Characterizations of the Nanopigments. Related to Figure 2B, 
C, D, E. 
(A) TEM image of an area with nanopigment particles. Scale bar=500 nm. 

(B) TEM image of a nanopigment particle with a clearly visible uniform membrane; 

scale bar=20 nm. 

(C) Energy Dispersive X-Ray Spectroscopy (EDX) spectra of the same imaging area 

in (B); C and O are from the lipid membrane and stabilizing ligands, Cu is from TEM 

grid used for imaging. 

 



S1.2 Characterization of [Ru(bpy)3]2+ Binding in the Lipid Membrane 

 

 

Table S1. Characterizations of Nanopigments with Varying Input Percentages of [Ru(bpy)3]2+. The 
Percentage of 10 mol % (Red) Is Chosen for Nanopigments Characterizations in the Manuscript Unless 
Otherwise Noted. 

Groups Hydrodynamic Diameters 
(nm) 

Zeta Potentials (mV) Actual 101Ru 
Concentrations (ppb) 

“bare” Ag NPs 44.23±0.62 -28.2±1.7 N/A 

LipoAg (o% Ru) 59.86±4.14 -41.9±3.0 N/A 

2 mol % Ru 65.66±2.35 -40.7±2.2 128.33±2.60 

5 mol % Ru 59.22±4.78 -37.0±2.0 213.33±3.18 

10 mol % Ru 56.72±2.86 -30.9±1.4 382.15±29.90 

13.3 mol % Ru 76.70±1.66 -27.2±4.8 527.89±9.90 

16.7 mol % Ru 111.01±8.14 -20.0±0.5 819.94±27.57 

20 mol % Ru 136.80±2.95 -13.7±0.2 856.79±96.87 

 

 

Figure S2. Characterizations of Nanopigments with Varying Input Percentages of 
[Ru(bpy)3]2+. 
(A) ICP-MS results of 101Ru concentrations for different [Ru(bpy)3]2+ input percentages. 101Ru 

content increases steadily for input concentrations occurs up to 16.7 mol %. For even higher 

percentages, 101Ru concentrations shows weak additional increase, suggesting saturation 

of binding. 

(B) DLS results of hydrodynamic diameters for different [Ru(bpy)3]2+ input percentages. 

Nanopigments with 0-10 mol % [Ru(bpy3)]2+ increased moderately from that of the 

unwrapped “bare” Ag NPs due to lipid membrane wrapping. NP agglomeration is seen for 

nominal [Ru(bpy3)]2+ percentages > 13.3 mol %. 

(C) Zeta potentials for different [Ru(bpy)3]2+ input percentages.  

(D) UV-vis absorption spectra of Nanopigments with different [Ru(bpy)3]2+ input 

percentages. Color code: “bare” Ag NPs (yellow), LipoAg (black), 2% [Ru(bpy)3]2+ (violet), 

5% (wine), 10% (red), 13.3% (orange), 16.7% (green), 20% (blue). An increasing trend in 

MLCT absorption band is seen with larger [Ru(bpy)3]2+ input percentages. Inset: Normalized 

spectra at MLCT absorption peak around 430 nm. 

(E) Plot of Enhancement in absorbance at 430 nm (black) and calculated extinction 

coefficient (red) for Nanopigments with different [Ru(bpy)3]2+ input percentages. 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table S2. Characterizations of [Ru(bpy)3]2+ Binding in the Nanopigments.  
DLS Results of Nanopigment Hydrodynamic Diameters, Liposome Zeta Potentials before 

[Ru(bpy)3]2+ Binding, and ICP-MS Results of 101Ru Concentrations. Related to Fig. 2F, G. 

Groups Hydrodynamic 

Diameters (nm) 

Zeta Potentials 

(mV) 

101Ru Concentrations 

(ppb) 

Nanopigments 

(5% DOPS) 

56.72±2.86 -59.9±0.4 382.15±29.90 

4% DOPS 57.89±1.34 -50.4±1.0 372.81±9.31 

3% DOPS 64.35±5.73 -43.4±2.5 323.83±16.67 

2% DOPS 69.40±1.59 -34.9±3.6 329.79±8.04 

1% DOPS 102.13±11.56 -22.1±0.6 249.31±43.70 

0% DOPS 342.67±1.36 0.2±0.1 347.16±16.04 

5% EPC 80.10±4.52 8.5±2.6 172.96±26.58 

10% EPC 63.36±2.85 43.2±2.1 179.09±0.16 

PEG Passivated 63.79±10.97 -71.2±1.3 199.65±34.09 

 



S1.3 Photophysical Characterizations of the Nanopigments and Controls 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure S3. Photophysical Characterizations. Related to Fig. 3C, D. 
(A) UV-vis absorbance spectra of water suspensions of the plasmonic nanopigments (red), LipoAg 

control without [Ru(bpy)3]2+ (brown) and the short HS-PEG3-COO- (Mw=238.3)-linked control with 

[Ru(bpy)3]2+ ~1nm from Ag surface. Enhancement in the PEG-linked group confirms incorporation 

of [Ru(bpy)3]2+. 

(B) Photoluminescence decay pattern and emission tail fit curves (red) for the short HS-PEG3-COO- 

(Mw=238.3)-linked control. 

 



S1.4 Validation of E-Field Enhanced Plasmonic Catalysis Mechanism 
 
 

 
 

 
Figure S4. Electrochemical Characterizations for Plasmonic Enhancement Mechanism. Related to Fig. 5. 
(A-H) LSV curves for wavelength-dependency studies in NaOH (0.1 M NaOH+0.01 M TPrA electrolyte) and Alkaline Urea (0.33 

M Urea+0.1 M NaOH+ 0.01 M TPrA electrolyte). Focused LEDs with wavelengths 395 nm (A), 420 nm (B), 450 nm (C), 460 nm 

(D), 515 nm (E), 565 nm (F), 625 nm (G) and 735 nm (H) are used in respective panels. 

(I, J) LSV curves for incident light power-dependency studies with a 430 nm LED in NaOH (I) and Alkaline Urea (J) electrolytes. 

100% power refers to the max power density of the LED, 97. 65 W/m2, as is used for LSVs in Fig. 4 and Fig. 5A, E, F. 

(K, L) LSV curves for incident light power-dependency studies with a Sunlight Simulator in NaOH (I) and Urea (J) electrolytes. 

 

 



S2. Supplemental Experimental Procedures 

Preparation of the Plasmonic Nanopigments. A lipid thin film was first generated in round-bottom flasks 
through rotary evaporation of chloroform solutions of lipids mixed with a methanol solution of [Ru(bpy3)]Cl2 
(Sigma Aldrich). Unless otherwise noted, input percentages were: 45 mol % of 1,2-dipalmitoyl-sn-glycero-
3-phosphocholine (DPPC, Avanti Polar Lipids); 5 mol % of 1,2-dioleoyl-sn-glycero-3-phospho-L-serine 
(DOPS, Avanti Polar Lipids), 40 mol % Cholesterol (Avanti Polar Lipids) and 10 mol % of [Ru(bpy3)]Cl2 
(Sigma Aldrich), with a total DPPC+DOPS+Cholesterol amount of 1 μmol. After overnight desiccation of 
the thin film in a flask, the lipids were re-dispersed with 1 ml of water and liposomes were generated through 
tip sonication under Argon purge. DLS tests on the liposome suspension after tip sonication show an 
average diameter of 117.3±5.2 nm. 80 µl 2mg/ml of octadecanethiol (Sigma Aldrich) in anhydrous ethanol 
is subsequently added into the liposome suspension in order to (1) increase the polarity of the dispersant 
to break apart the liposomes into lipid rafts for wrapping and (2) integrate the octadecanethiol molecules 
close to the tail groups of the lipids through hydrophobic interaction. 0.5 ml Ag NPs (Nanocomposix) colloid 
with approximately 1010 NPs and a hydrodynamic diameter of 44.23±0.62 nm (DLS) were subsequently 
mixed with liposomes/octadecanethiol suspension, where the thiol groups interact covalently with Ag 
surface and tether the lipid layers around the metal NPs. The 1.5 ml mixture was incubated on a shaker for 
12 h before being washed twice by water and stored in 4 ℃ for later characterizations.  
 
Assembly and Structural Characterizations of the Nanopigments. 16:0 Liss Rhod PE (1,2-dipalmitoyl-
sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (ammonium salt)) (Avanti Polar 
Lipids) with excitation/emission wavelengths at 560/583 nm was incorporated into the membrane of the 
nanopigments at 2 mol %. The input percentages of the other membrane components was adjusted to: 43 
mol % DPPC, 5 mol % DOPS, 40 mol % cholesterol and 10 mol % [Ru(bpy)3]2+. The following preparation 
procedures was identical to the above-mentioned process. Darkfield images and fluorescent images were 
taken on an Olympus IX71 Inverted Microscope and colocalization analyses were performed with Image J.  
 
Dynamic Light Scattering (DLS) was measured on a Malvern Zetasizer in polystyrene cuvettes with 1 cm 
light path. Inductively-Coupled Plasma Mass Spectrometry (ICP-MS) measurements were taken by a VG 
Plasma Quad ExCell ICP-MS equipped with a Merchantek LUV213 Laser Ablation system. Colloidal 
nanopigments and control groups were diluted and dissolved by incubating in 1 ml aqua regia at 55℃. 5 ml 
2% ICP-MS grade HCl was added to extract the dissolved elemental components. A calibration curve was 
constructed in each run with eight calibration samples respectively with Ag and Ru concentrations of 0.25 
ppb, 0.5 ppb, 1 ppb, 2 ppb, 5 ppb, 10 ppb, 20 ppb, 50 ppb; the detected intensities were converted into 
concentrations using this calibration curve and the applied dilution factors. Transmission Electron 
Microscopy (TEM), high-resolution TEM (HRTEM), Scanning Transmission Electron Microscopy (STEM) 
images, Energy Dispersive X-ray (EDX) spectra and element maps were obtained on a Tecnai Osiris 
transmission electron microscope with a Super-X EDX detection system at an acceleration voltage of 200 
kV. Statistical analysis on the membrane width was performed with Image J on 70 nanopigment particles 
from TEM images. 4 data points were obtained from each particle to account for fluctuations in membrane 
width on the same particle.  
 
Characterization of [Ru(bpy)3]2+ Binding in the Lipid Membrane. To study the effect of different surface 
charge, the amount of DOPS during nanopigment preparation was varied from 0 to 5 mol %; the amount of 
DPPC was varied accordingly to maintain a DPPC+DOPS nominal amount of 50 mol %. For 
nanocomposites with positively-charged surface, cationic lipid EPC (1,2-dioleoyl-sn-glycero-3-
ethylphosphocholine, Avanti Polar Lipids) is added at 5 and 10 mol %, no DOPS is added, and a total 
EPC+DPPC amount is kept at 50 mol %. The rest of the preparation is identical to the nanopigments. To 
study the effect of hydrophobic interaction of the lipid layer, thiolated Polyethylene Glycol (PEG) with 
carboxyl end groups (HS-PEG-COOH, Mw=1000, Nanocs)-passivated Ag NPs with [Ru(bpy)3]2+ was 
prepared: a 2 μmol water solution of thiol-PEG-COOH was mixed with a water solution of [Ru(bpy)3]2+ and 
added to 1010 Ag NPs colloid to make a total volume of 1.5 ml. The mixture was incubated and mixed 
overnight. The resulting colloid was washed with water. To study the loading of [Ru(bpy3)]2+, groups of 
nanocomposites with varying [Ru(bpy3)]2+ input percentages from 0 to 20 mol % was made, where the total 
amount of DPPC+DOPS+Cholesterol was kept constant at 1 μmol. All groups were analyzed by DLS, ICP-
MS and UV-vis spectrometry. 



 
Photophysical Characterizations of the Nanopigment and Controls 
UV-Vis Spectra was collected by a Cary 5000 Spectrometer in 350-760 nm range, with a scan rate of 10 
nm/s. A 1 cm Quartz cell (Starna) was used in the measurement for all groups. Phosphorescence lifetime 
data were measured from an Edinburgh LifeSpec II lifetimer with a 405 nm excitation laser. Quantum Yield 
(QY) results were gathered by a Horiba Nanolog Spectrofluorometer with a 450 W Xenon lamp, a Synapse 
CCD camera and an integrating sphere setup. An excitation range of 420-440 nm and an emission range 
of 620-630 nm was used for integration and QY calculation. 
 
The control group in photophysical characterization where [Ru(bpy)3]2+ is localized at around 1 nm from the 
Ag NPs is prepared in a similar approach as in the previous section. An estimated 1010 44 nm Ag NPs 
added to a mixture water solution with 2 μmol HS-PEG3-COOH (Mw=238.3, Broad Pharm; Flory radius < 1 
nm) and [Ru(bpy)3]2+. The mixture is incubated at room temperature for 12 hours before being centrifuged, 
washed with water and combined for characterizations. 
 
Simulation Setup of [Ru(bpy)3]2+ and Lipid Nanoparticle  
The initial lipid monolayer structure was constructed with CHARMM-GUI1 using the CHARMM36 force field2-

3 containing 55 DPPC, 40 Cholesterol, and 5 DOPS molecules. The NP surface was modeled as a classical, 
flat FCC lattice with lattice constant of 4.08 Å for a total constant area of 97.92 Å2. For computational 
efficiency, self-interactions within the lattice were turned off and the entire lattice was held rigid. OCT was 
bound to every other surface site on the lattice, for a total of 144 (12x12) molecules. A large amount of 
TIP3P water, with counter ions, was added to the system in order to prevent interaction of the membrane 
or [Ru(bpy3)]2+ molecule with the above periodic image, totaling ~175 waters/lipid for an approximate height 
of 50 Å. Initially, the [Ru(bpy3)]2+ molecule was placed into a cut-out in the water box, centered over the 
membrane surface. Ru-N bond parameters were approximated by existing CHARMM36 parameters for the 
Fe-N bond in Heme residues. All other parameters for [Ru(bpy3)]2+ were obtained from the CHARMM 
generalized force field (CgenFF).4 The full system was assembled with Moltemplate.5 Molecular dynamics 
simulations were run using the LAMMPS software package 6 in the NPAT ensemble with T=298.0 K and Pz 
= 1 bar. A particle-particle particle-mesh (pppm) solver was used for Coulombic interactions7 and shake8 
was used to constrain all bonds containing hydrogen. Equilibration was accomplished in several stages. 
First, the [Ru(bpy3)]2+ was held fixed, above the membrane, while the water, lipids, and octadecanethiol 
were simulated for 60 ps. Second, the [Ru(bpy3)]2+ complex was pulled into the membrane, approximately 
1 nm from the NP surface, by applying a constant velocity to each particle (fix move) and ignoring the forces 
on [Ru(bpy3)]2+ atoms (fix setforce). Finally, the Ru2+ center was held fixed in the membrane, still allowing 
for the ligands to fluctuate, and the entire structure was equilibrated for 5 ns. 
 
Non-Equilibrium Simulation of [Ru(bpy)3]2+ Binding in the Lipid Membrane 
After initial equilibration, configurations with [Ru(bpy3)]2+ held in-membrane were taken every 0.5 ns for a 
total of 35 samples. Each configuration was given randomized velocities and the [Ru(bpy3)]2+ molecule was 
pulled along the z-axis with steered molecular dynamics using a 5x10-5 pull rate and a spring constant of 
50.0 kcal/mol. The Jarzynski equality (Eq. S1) 9-10 relates the non-equilibrium work, W, calculated as the 
sum of the force pulled by the spring times its displacement for each simulation step, to the equilibrium free 
energy difference as 

𝑒𝑥𝑝[−𝛥𝐹 𝑘𝑇⁄ ] = 𝑒𝑥𝑝[−𝑊 𝑘𝑇⁄ ]                        Eq. S1 
 

where the overbar indicates an average, k is Boltzmann’s constant, and T is the temperature. 
 
Synthesis of Ag Nanoplates and Lipo-Ag Nanoplates-Ru Nanocomposite Control. Ag nanoplates 
were synthesized through a modified seed-mediated growth approach.11 20 ml 0.01 M AgNO3 (Sigma 
Aldrich) in MilliQ water was mixed with 80 μl 0.1 M CTAB (cetrimonium bromide, Sigma Aldrich). Into this 
mixture, 0.6 ml 10mM NaBH4 (Sigma Aldrich) was rapidly added all at once with fast stirring. Stirring was 
left on for 2 minutes before the solution was kept undisturbed in dark for 1 hour. This solution is then 
collected as the seed solution with 5 nm Ag NPs growth seeds. Growth solution is prepared by mixing 10 
ml 10 mM CTAB, 0.25 ml 20 mM AgNO3 and 0.5 ml 0.1 M ascorbic acid (Sigma Aldrich). Varying the amount 
of seed solution added into the growth solution could lead to different sizes of nanoplates. To get nanoplates 



with widths around 40 nm, 0.25 ml of seed solution is added drop-wise into the growth solution with stirring. 
0.1 ml 1 M NaOH is added subsequently with minor shaking to assist the growth. The final mixture is kept 
static for 1 hour for growth and separation of aggregated particles. The suspension is collected and washed 
twice with water through centrifugation. The product is a mixture of nanoplates with widths of 42.4±4.0 nm 
and nanospheres with diameters of 37.9±3.4 nm. The concentration of the nanoplates suspensions is 
estimated based on the absorption Optical Density and Beer-Lambert’s law. 1010 nanoplates were 
accumulated into 0.5 ml and used for Lipo-Ag nanoplates-Ru composite synthesis in an identical approach 
as for the nanopigments. Both wrapped and unwrapped nanoplates are analyzed with DLS, UV-vis and 
TEM. Nanoplates have an average width of 42.4±4.0 nm. 
 
Electrochemical Characterizations. Linear Sweep Voltammetry (LSV) curves and Chronoamperometry 
(CA) were measured with a potentiostat (Gamry Instruments) using a three-electrode system: a 3 mm-
diameter Glassy Carbon (GC) working electrode, a standard Ag/AgCl reference electrode and a platinum 
wire counter electrode, all purchased from BASI Analytical Instruments. 10 μl water suspension of the 
nanopigments with 107Ag (3937.35±153.33 ppb) and 101Ru (382.15±29.99 ppb) (from ICP-MS, Table S1) or 
control group NPs suspensions were drop casted onto the GC electrode and let dry for 2 hours in the dark. 
The Ag and Ru concentrations in all applicable groups are kept identical to the nanopigments. LSV curves 
were collected both in an alkaline electrolyte with 0.1M NaOH and 10 mM Tripropylamine (TPrA, Sigma 
Aldrich), and in an alkaline urea solution with 0.1 M NaOH + 10 mM TPrA + 0.33 M Urea. During the 
measurement, a collimated 430 nm LED (Thorlabs) with a power density of 97.65 W/m2 was focused onto 
the GC working electrode. A scan rate of 50 mV/s and a collection rate of 10 Hz was used in LSV 
measurement; a potential of 650 mV (vs Ag/AgCl) and a collection rate of 1 Hz was adopted for the CA 
measurement. Conversion between Reversible Hydrogen Electrodes and Ag/AgCl scale is based on: E (vs 
RHE)=E (vs Ag/AgCl) + 0.059pH + Eө (vs Ag/AgCl), where the Eө (vs Ag/AgCl)=0.1976 and pH=13 is used. 
 
Current density of the nanopigments and controls was calculated from the measured current and the total 
surface area (A) of nanopigments on the working electrode of 0.00381 cm2. Surface area calculation was 
based on an average particle hydrodynamic diameter (d) of 56.72±2.86 nm (DLS) and a particle number 
calculated from Ag107 concentration of 3937.35 ppb (ICP-MS), average particle size, and a silver NPs 
density of 10.6 g/cm3 (Nanocomposix): the number of nanopigment particles in the 10 μl (V) suspension 
used on the electrode can first be calculated by dividing the total volume of NPs by the volume of each 
nanoparticle. The total volume can be calculated based on the following equation 𝑉𝑡𝑜𝑡𝑎𝑙 =

𝑐×𝑉×107

10.6
 and the 

volume of an individual nanoparticle can be calculated from d. A particle number of 3.77x107 is calculated. 
The total surface area can be calculated by multiplying the individual particle surface area with the particle 
number. 
 
Tafel Plots are constructed based the Tafel Equation: 

𝜂 = 𝐴 × 𝑙𝑛
𝑖

𝑖0
 , 

where η is overpotential; A is the Tafel Slope; i is current density; and i0 is exchange current density, the 
current at equilibrium and therefore the x-axis intercept in a Tafel Plot. A Tafel Plot is constructed based on 
the Linear Sweep Voltammetry curves and reflects the electrochemical kinetics relating the rate of reactions 
to potentials. It is a plot of the potentials around reaction onset against the log scale of current density. 
Therefore, Tafel Slope indicates the amount of potential input required for the reaction current density to 
have one magnitude of increase (unit increase on Log scale); and a smaller Tafel Slope is typically 
associated with more favorable intrinsic kinetics for the catalysis of the reactions of interest. 
 
Calculations of Applied Bias Photo-to-Current Efficiency (ABPE). During electrochemical Linear 
Sweep Voltammetry, anode reaction is defined by Urea Oxidation (Eq. S2) while the cathode reaction is 
hydrogen evolution in alkaline conditions (Eq. S3), respectively with standard electrode potentials of E1ө 
and E2ө. The standard potential of the non-spontaneous urea oxidation electrolysis cell could be calculated 
by Ecellө = E1ө+E2ө = -1.29 V 
 

Anode: CO(NH2)2 +6OH-  N2 + 5H2O + CO2 + 6e-   E10=-0.46 V                 Eq. S2 



 
Cathode: 6H2O + 6e-  3H2 + 6OH-   E20=-0.83 V                                          Eq. S3 

 
Incident LED power was measured to be 105 mW using a Thorlabs PM100A powermeter with the same 
electrode setup; after correcting the focused beam area (18.5 mm in diameter) for the area of the glassy 
carbon (3.0 mm in diameter) on the GC electrode, an effective light power Peff was measured to be 2.76 
mW, with a power density of 97.65 W/m2. A maximum Applied Bias Photon-to-current Efficiency (ABPE) 
could be observed at |Vbias|=750 mV, where there is a maximum photocurrent Ipho=0.21 mA. A maximum 
Applied Bias Photo-to-current Efficiency (ABPE) could be calculated to be 4.1% from Eq. S4 based on 
photocurrent Ipho, Peff and Vbias. 
 

𝐴𝐵𝑃𝐸 =
𝐼𝑝ℎ𝑜×(|−1.29 𝑉|− |𝑉𝑏𝑖𝑎𝑠|)

𝑃𝑒𝑓𝑓
× 100%                        Eq. S4 

 
Illustration of E-Field-Enhanced Plasmonic Catalysis Mechanism. Wavelength-dependency of 
plasmonic catalysis studies were carried out by LSV measurements in three-electrode setups as previously 
described with different incident wavelength or light power. 0.1 M NaOH+0.01 M TPrA and 0.33 M Urea+0.1 
M NaOH+ 0.01 M TPrA electrolytes were both studied. Focused LEDs with wavelengths of 395 nm, 420 
nm, 430 nm, 450 nm, 460 nm, 515 nm, 565 nm, 625 nm, 735 nm (ThorLabs) were used respectively as 
light sources. The photocurrent densities at 650 mV (vs Ag/AgCl) were calculated for NaOH+TPrA 
electrolyte, while those at 750 mV (vs Ag/AgCl) were calculated for alkaline urea electrolyte. Intensity-
dependency measurements were carried out with a 430 nm LED and a sunlight simulator (Newport Oriel 
High Power Digital Solar Simulator, Newport Model 67005 Arc Lamp). For the 430 nm LED, a max power 
density of 97.65 W/m2, which is used for LSV measurements in Fig. 4 and Fig. 5A, E, F is set as 100%, 
and LSVs gathered in dark is set as with 0% incident power. 25%, 50% and 75% power is used in between. 
For the sunlight simulator, 1-sun power is defined as the nominal full sunlight intensity on a bright clear day 
on Earth, equaling to 100 mW/cm2. Powers equivalent to 0.25 suns, 0.5 suns, 0.75 suns, 1 sun and 4 suns 
were used. Three repeats were recorded to calculate the standard deviation. Linear Sweep Voltammetry 
of the Lipo-Ag nanoplates-Ru was carried out in dark, with 430 nm and with 565 nm LED 
 
Calculation of Photothermal Temperature Increase of Nanopigments. The temperature increase of a 
spherical metal NP upon illumination can be calculated based the following equation Eq. S5 12: 

∆𝑇 =
𝑄

4𝜋𝛫𝑠𝑅
                        Eq. S5 

where Κs is the thermal conductivity of surrounding medium; R is the Radius of the metal sphere; Q is 
absorbed heat power and can be calculated by a multiply of the NPs absorption cross section (σabs) and 
irradiance light power density (I) (Eq. S6): 

Q=σabsI                             Eq. S6 

To calculate the absorption cross section of Ag NPs, the total extinction cross section (σext) of Ag NPs can 
first be calculated based on the following equation: 

σext(λ)=B(λ)d3+D(λ)d6       Eq. S7 

where B and D are parameters relating to the permittivity of the NPs and wavelengths of incident 
illumination. For Ag NPs with diameters less than 80 nm, B=(1.5±0.2)x108x λ-1 and a D=0.13 At λ=430 nm 
illumination and a hydrodynamic NPs diameter d=44.23 nm, σext(430 nm)=3.02x10-8 m2 could be 
calculated. The absorption cross section σabs is related to σext by  

σabs=Ψσext                         Eq. S8 

where Ψ is fractional thermal load. Ψ has been reported for Ag NPs with d<50 nm to be 0.126.14 
Therefore, σabs could be calculated to be 3.78x10-9 m2. 



The 430 nm LED we used generated incident light power of 105 mW over a 18.5 mm diameter light spot; 
a incident power density (I) could be calculated accordingly to be 97.65 W/m2. The thermal conductivity of 
lipid bilayers in water suspensions (Κs) have been reported to be close to 0.46 Wm-1K-1.15 And the Radius 
of the NPs R=22.12 nm. After applying σabs and I into Eq. S6, we calculate a Q=3.69x10-7 W. Apply Q, R, 
Κs into Eq. S5, a ΔT=2.89 K could be calculated. 

Implementation and Characterization of the Visible Light-Driven Direct Urea Fuel Cell (LDUFC). A 
Visible Light-Driven Direct Urea Fuel Cell was constructed using GC electrodes with the nanopigments as 
both photoanode and cathode. The preparation of GC electrodes with nanopigments was with the same 
procedure as in Electrochemical Characterizations. The initial electrolyte was an alkaline urea solution 
with 0.1 M NaOH + 0.33 M Urea. No sacrificial reagents was needed since the cell reaction itself 
spontaneously replenished the steady state Ru(II) catalysts. A 430 nm LED or a sunlight simulator at 1-sun 
illumination (100 mW/cm2) was focused onto the working electrode as a photoanode while the counter 
electrode (cathode) was not illuminated. Open Circuit Potential (OCP) and photocurrent were measured by 
a Princeton Applied Research VersaStat 4 potentiostat. Control group with nitrogen purging were measured 
after 20 min pre-measurement purging and with purging during measurement in the same cell setup. For 
OCP measurement 150s/350s LED on/off cycles were adopted after an initial 300s stabilization time, and 
the Cell Voltage and OCP were recorded by the potentiostat. For photocurrent measurement, 
chronoamperometry mode was used with a 0V potential input to record the short circuit current (Isc) with 
constant illumination as function of time.  
 
The IPCE for the visible light primary cell could be calculated from Eq. S9 based on the effective power of 
illumination (Peff=2.76 mW) and the short circuit current. With an average photocurrent density (Jsc) of 0.25 
mA/cm2 and a surface area of 0.00381 cm2 (A) as calculated above, the IPCE% of the cell was calculated 
to be 0.1%. 

𝐼𝑃𝐶𝐸 =
𝐼𝑠𝑐

𝑃𝑒𝑓𝑓
×

1240

𝜆(𝑛𝑚)
× 100 =

𝐽𝑠𝑐×𝐴

𝑃𝑒𝑓𝑓
×

1240

𝜆(𝑛𝑚)
× 100                              Eq. S9 
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