


Journal of Materials Chemistry A  

Highlight 

This journal is © The Royal Society of Chemistry 20xx J. Name .,  2013, 00 , 1-3 | 1   

Please do not adjust margins 

Please do not adjust margins 

Received 00th January 20xx, 
Accepted 00th January 20xx 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

 

 

Polymeric Coatings for Applications in 
Electrocatalytic and Photoelectrosynthetic 
Fuel Production 

B. L. Wadsworth, D. Khusnutdinova, and G. F. Moore* 

Applications of polymeric coatings have emerged as a promising direction for preparing multilayered assemblies and 
controlling surface properties. In addition to providing a foundation for interfacing soft materials onto solid supports, 
polymers afford opportunities to develop hybrid constructs with properties difficult to achieve using monolayer-based 
chemical modification methods. In particular, the microenvironments of polymers are proposed to facilitate charge transfer 
to redox-active sites, manage delivery of chemical substrates, improve product specificity during catalytic transformations, 
and lend chemical protection to underpinning solid-state supports as well as embedded components. In this article, we 
highlight selected examples of polymeric materials utilized in electrocatalytic and photoelectrosynthetic fuel production. 

 

1. Introduction 
Human-engineered systems capable of generating fuels from 
sustainable energy sources provide an approach to satiating our 
modern societies’ energy demands, with minimal 
environmental impact.1–5 Strategies to address this challenge 
for science and the imagination6 often draw inspiration from the 
biological process of photosynthesis that powers our biosphere 
and supplied the fossil fuels global economies rely on.7–11 
Catalytic materials directly or indirectly powered by 
photovoltaics offer pathways to achieving artificial 
photosynthetic assemblies that store solar energy in the form 
of chemical bonds, yielding fuels that can be domestically 
produced and carbon-free or -neutral.12–21 In this context, the 
active sites of biological enzymes have inspired researchers to 
develop molecular complexes that capture key structural and 
functional principles of nature’s catalysts, including their ability 
to tightly bind substrates, impart alternate reaction coordinate 
pathways involving relatively low-energy transition states, and 
weakly bind products.22–27 However, not all aspects of biological 
energy transducing systems are or should be targets of chemical 
mimicry in designing an artificial photosynthesis,28–30 and some 
of the more favorable properties associated with solid-state 
heterogeneous catalysts have motivated several molecular-
based, surface-modification strategies.31–50 The resulting hybrid 
heterogeneous-homogeneous architectures combine the form 

factors of their underpinning solid-state supports with 
molecular coatings allowing synthetic control and tunability of 
physical properties.  

Rationally designed hybrid materials for applications in 
catalysis have shown enhanced activity, selectivity, lifetime, and 
recyclability, compared to their constituent parts.51 However, 
discovering new and more effective ways to interface the 
required components and characterize the resulting 
amalgamation remains challenging.14 As featured in this article, 
applications of polymeric coatings, whether covalently tethered 
to an electrode or deposited as an insoluble film, have emerged 
as strategies for achieving multilayered molecular 
functionalization.32 These approaches involve use of 
coordination polymers, including: covalent-organic frameworks 
(COFs), and metal-organic frameworks (MOFs), as well as 
surface-attached organic polymers, all of which can contain or 
encapsulate catalytic and/or chromophoric components.  
 Applications of polymeric materials to immobilize redox-
active components at solid-state supports was pioneered by 
several research groups in the 1970s-1980s, inspiring 
development of polymer coatings containing catalysts that 
drive chemical transformations of consequence to renewable 
energy, at electrified interfaces.52–74 Reports describing 
polymer-modified electrode materials include, but are not 
limited to: coordination of ruthenium to polyvinylpyridine 
adhered to pyrolytic graphite surfaces,31 conductivity and 
electrocatalytic studies of poly-p-nitrostyrene-modified 
electrodes,52 covalent anchoring of viologen-based polymers to 
platinum and tin(IV) oxide (SnO2),53 polymerization of thin film 
ruthenium and iron complexes onto various conducting 
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materials,54 polymerization of pyrrole films containing iron 
phthalocyanines onto glassy carbon for catalyzing the oxygen 
reduction reaction,55 coating of polystyrene on a cadmium 
sulfide semiconductor for improved water splitting 
performance,56 kinetic modeling of electrochemical reactions 
and their charge transport through surface-bound polymer 
films,57 as well as electrooxidation kinetics  studies involving a 
solution dissolved ferrocene analog and a SnO2 electrode 
containing croconate violet dyes embedded in a surface-
adhered polyvinylpyridine coating.58 

This article highlights selected examples of more recent 
advancements in utilizing polymeric materials to prepare hybrid 
heterogeneous-homogeneous assemblies that drive 
multielectron, multiproton half-reactions pertinent to 
renewable energy and solar-fuels generation.75–102 These 
chemical transformations include proton, oxygen, and carbon 
dioxide reduction, as well as water oxidation.  

2. Coordination Polymers 
Coordination polymers, including COFs and MOFs, have emerged 

as a class of materials with properties well-suited for functions in 
electrocatalysis and photoelectrosynthesis. The synthetic versatility 
of these frameworks facilitates interfacing of structurally well-
defined molecular coatings with a variety of electrode materials.84 In 
addition to providing a scaffold to incorporate catalytic sites, the 
ability to chemically alter the framework affords opportunities to 
control local chemical environments and optimize catalytic 
performance for driving selected chemical transformations.103 

COFs typically contain non-metallic building blocks linked 
together via strong, covalent bonds, while MOFs contain metallic 
clusters or ions connected via intervening organic linkers, with both 
frameworks being ordered, multidimensional structures.104–107 In 
general, COFs and MOFs are robust, crystalline structures with 
permanent porosities and large internal surface areas.106–110 These 
features enable substrate diffusion throughout the framework and 
relatively high loadings of electrochemically active components per 
unit area.76,77,107 However, for applications in redox catalysis, a 
common challenge in working with coordination polymers is 
facilitating charge transfer to catalytic centers positioned throughout 
the framework. While some COFs have been reported to achieve 
relatively high charge-carrier mobilities,106,111 MOFs are often 
insulating materials.76,107 Nonetheless, strategies aimed at increasing 
electron mobilities have been developed.112,113 One such approach 
includes incorporation of conductive guest species,114,115 but 
controlling the film thickness and/or positioning of redox sites in 
pristine MOFs can also alleviate charge transfer issues.116–120  

2.1 Covalent-Organic Frameworks 
Examples of COF-based electrocatalysts for carbon dioxide (CO2) 
reduction incorporating cobalt and copper porphyrin units have been 
reported by Chang, Yaghi, Yang, and co-workers.75 These frameworks 
are constructed via imine condensation of 5,10,15,20-tetrakis(4-
aminophenyl)porphyrin cobalt(II) (CoTAP) and 5,10,15,20-tetrakis(4-
aminophenyl)porphyrin copper(II) (CuTAP) with 1,4-

benzenedicarboxaldehyde (BDA) or biphenyl-4,4ʹ-dicarboxaldehyde 
(BPDA) to form COF-366-M and COF-367-M, respectively, where M 
indicates the presence of metalloporphyrins with varying, yet 
controllable, ratios of cobalt to copper porphyrin components 
(Figure 1). COF-367-M has a larger pore size distribution (12 – 23 Å), 
as compared to COF-366-M (10 – 18 Å), increasing the percentage of 
redox active cobalt porphyrin sites from 4% to 8% for the all cobalt 
porphyrin containing samples of COF-366-M and COF-367-M.75 
These particular COFs (COF-366-M and COF-367-M) were targeted to 
exploit the relatively high charge-carrier mobility of these 
materials111 (as compared to other organic crystalline conducting 
polymers) derived from π-conjugation and π-π stacking interactions. 
Electrochemical measurements using samples of COF-366-M or COF-
367-M, containing only cobalt porphyrin units and deposited on 
porous carbon electrodes polarized at -0.67 V vs the reversible 
hydrogen electrode (RHE) in pH neutral aqueous solutions, indicate 
the heterogeneous-homogeneous assemblies reduce CO2 to carbon 
monoxide (CO) with reported per electroactive cobalt site turnover 
frequencies (TOFs) of 0.69 and 0.53 s-1, and Faradaic efficiencies for 
CO formation (FECO) of 90% and 91%, respectively. In these samples, 
the electroactive cobalt loadings are 1 x 10-8 molCo cm-2 for 
COF-366-M and 2 x 10-8 molCo cm-2 for COF-367-M. For comparison, 
control electrochemical experiments performed under the solution 
and polarization conditions described above, but using electrodes 
modified with monomeric CoTAP (~3 x 10-8 molCo cm-2) and no COFs 
present, yield a per electroactive cobalt site TOF reported at 0.10 s-1. 
In addition, studies performed under similar solution and 
polarization conditions using electrodes with deposited samples of 
COF-367-M containing only 1% cobalt porphyrin and a 99% copper 
porphyrin balance give a reported per electroactive cobalt site (2 x 
10-10 molCo cm-2) TOF of 2.61 s-1, albeit with a FECO of 40%.75  
 Characterization using x-ray absorption spectroscopy indicates 
the electronic structures of the metalloporphyrin components, when 
incorporated as part of the COF, are modulated in a manner akin to 
those observed in studies involving homogeneous molecular systems 

Figure 1. Space-filling structural model of COF-367-M obtained 
using Materials Studio 7.0 and refined with experimental powder 
x-ray diffraction data. From ref. 75. Reprinted with permission from 
AAAS. 
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where redox non-innocent ligand behavior is invoked.75 Thus, the 
enhancement in catalytic activity of COF-366-M and COF-367-M is in 
part attributed to altered electronic states of the catalytic metal sites 
when integrated within the COF structure. This notion is supported 
by the differences in Tafel slopes measured using electrodes 
functionalized with the porphyrin-containing COFs (470-550 mV/dec) 
versus those functionalized with monomeric CoTAP (270 mV/dec), 
suggesting the modified electronic states promote access to 
alternate CO2 reduction reaction coordinates.75  

2.2 Metal-Organic Frameworks 

2.2.1 Electrocatalytic Metal-Organic Frameworks  

There are several reported examples of MOFs used as catalytic 
materials.121–128 This article highlights contributions from the Morris 
group investigating light-harvesting and electrocatalytic MOF-based 
architectures.76–81 In general, synthesis of MOFs with integrated 
molecular components can be achieved via modification of the 
organic linkers or metal nodes that compose the framework, or via 
post-synthetic introduction of guest species into the MOF pores. 

As an example, a MOF capable of catalyzing the oxygen reduction 
reaction has been formed using Zr6-oxo clusters as metal nodes and 
meso-tetra(4-carboxyphenyl)porphyrin iron(III) chloride (Fe(III)TCPP) 
as linker units (Figure 2).76 This MOF (PCN-223-Fe) is constructed 
with zirconium-based nodes that coordinate to carboxyphenyl 
functional groups of the Fe(III)TCPP macrocycles.129 Solvothermal 
synthesis of the PCN-223-Fe MOF on fluorine-doped tin oxide (FTO) 
yielded electrodes that were analyzed in dimethylformamide (DMF) 
solutions containing an organic acid proton source. Results from 
rotating ring-disk electrode (RRDE) experiments using acetic acid 
indicate the porphyrin components maintain catalytic activity with 
high water to hydrogen peroxide (H2O/H2O2) selectivity, achieving a 
Faradaic efficiency of H2O2 generation (FEH2O2) < 6% at potentials 
< -0.6 V vs the normal hydrogen electrode (NHE).76 For these 
assemblies, using a stronger acid as the proton source 
(trichloroacetic acid in place of acetic acid) results in increased 

catalytic current densities under the potential range studied, but 
with poorer product selectivity (FEH2O2 ~ 34%). The authors mention 
that further optimization of the MOF, including installment of proton 
relay pathways near the catalytic centers, could result in improved 
proton management and product selectivity during catalytic 
cycling.76  

Another contribution of Morris and co-workers features 
incorporation of a molecular ruthenium water-oxidation catalyst, 
[Ru(tpy)(dcbpy)OH2]2+ (tpy = 2,2’:6,’,2”– terpyridine; dcbpy = 5,5-
dicarboxy-2,2’– bipyridine), into a Zr-based MOF, UiO-67, forming 
Ru-UiO-67.77 The Ru-UiO-67 MOFs are immobilized onto electrode 
surfaces by placing samples of FTO-coated silicon dioxide into a DMF 
solution containing [Ru(tpy)(dcbpy)OH2]2+, bi-phenyl-4,4’-
dicarboxylic acid (BPDC), and ZrCl4, and heating at 120 oC. In this 
process, the [Ru(tpy)(dcbpy)OH2]2+ catalysts and BPDC molecules 
serve as linker molecules, coordinating with Zr4+ ions to form 
Zr6O4(OH)4(COO)12 clusters and assemble the MOF. Altering the 
[Ru(tpy)(dcbpy)OH2]2+/BPDC ratio in the synthesis solution controls 
the loading of molecular ruthenium catalysts. In general, the 
reported electroactive ruthenium loadings (3.8 x 10-11 – 1.2 x 10-8 

molRu cm-2) increase with the total ruthenium loading. For all films 
studied, the percentage of electroactive ruthenium ranges from 1.4% 
up to 32.1%.77 Electrochemical measurements, including RRDE 
experiments, using the heterogeneous-homogeneous electrodes 
show the assemblies produce oxygen with a reported per 
electroactive ruthenium site TOF of 0.2 s-1 and Faradaic efficiency of 
55% when polarized at +1.71 V vs NHE in pH neutral aqueous 
conditions.77 These results indicate the hybrid materials retain the 
catalytic activity of the homogeneous ruthenium catalysts, while 
bestowing structural properties characteristic of the UiO-67 MOF, 
thus benefitting from features associated with each of these 
components. 

2.2.2 Photoelectrosynthetic and Electrocatalytic Metal-Organic 
Surfaces 

MOFs containing catalytic active sites have also been interfaced with 
semiconductor surfaces, yielding light-activated heterogeneous-
homogeneous materials.130–132 For example, cobalt dithiolene units 
have been incorporated into one- and two-dimensional MOFs82–86 
deposited onto glassy carbon (GC) as well as p-type silicon (Si), 
affording assemblies that under appropriate experimental 
conditions evolve hydrogen from aqueous solutions. These 
architectures, prepared by Marinescu and co-workers, are referred 
to as metal-organic surfaces (MOSs). In particular, one-dimensional 
cobalt dithiolene coordination polymers, with repeating 
[Co(C6H2S4)][Na] units, (Figure 3a) have been prepared through 
liquid–liquid interfacial reactions between cobalt(II) acetate, sodium 
acetate, and a dinucleating conjugated ligand, benzene-1,2,4,5-
tetrathiol (BTT), in the presence of base.82 Photoelectrochemical 
measurements using polymeric cobalt BTT deposited on Si working 
electrodes (pCoBTT-Si) (total cobalt loading = 4 x 10-6 molCo cm-2) 
yield photocurrent densities up to 3.8 mA cm-2 when the modified 
electrodes are polarized at 0 V vs RHE in a pH 1.3 H2SO4 aqueous 
solution under 100 mW cm-2 (1-sun) illumination using an air mass 
1.5 Global (AM 1.5 G) filter.82 Additionally, controlled potential 
electrolysis studies performed under the same solution and 
illumination conditions indicate pCoBTT-Si electrodes generate 

Figure 2. Schematic depiction showing charge hopping and 
catalysis using MOF PCN-223-Fe, constructed from Zr6-oxo clusters 
and Fe(III)TCPP linker units, on a conductive FTO electrode. 
Adapted with permission from ref. 76. Copyright 2017, American 
Chemical Society. 
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hydrogen with a Faradaic efficiency of 80% when polarized at -0.12 V 
vs RHE. For comparison, control electrochemical experiments using 
analogous monomeric cobalt 1,2-benzenedithiolate [Co(bdt)2]– units 
measured in a 1:1 mixture of an aqueous pH 1.3 solution in 
acetonitrile under simulated AM 1.5 G illumination using a Si working 
electrode achieve a photocurrent density < 1 mA cm-2 when polarized 
at 0 V vs RHE.82 Total cobalt loadings on samples of pCoBTT-Si were 
determined from inductively coupled plasma mass spectrometry 
(ICP-MS) measurements using acid digested samples of MOS 
coatings that were removed from their Si substrates via sonication. 
The authors also showed that the electroactive cobalt loadings on GC 
substrates, (5.5 x 10-7 molCo cm-2) determined using electrochemical 
methods, coincide with the total cobalt loadings on GC substrates, 
determined using ICP-MS, indicating a majority of the cobalt centers 
are electroactive.82   

Metal dithiolenes incorporated into extended polymer 
frameworks also display enhanced stability compared to analogous 
molecular species.82–85 In accordance with this observation, 
theoretical studies of homogeneous metal dithiolenes indicate the 
sulfur moiety of the dithiolene ligand can be protonated during 
catalytic cycling, resulting in loss of the ligand and 
decomposition.83,133–135 Such degradation pathways are minimized in 
the MOSs, and the dithiolene components, now part of a solid-state 
assembly, can be utilized in aqueous environments, thus eliminating 
decomposition processes associated with use of organic solvents.83  
 Inspired by the design and ligand environment of hydrogenase 
enzymes, Marinescu and co-workers also developed cobalt and 
nickel selenolate coordination polymers, formed from benzene-
1,2,4,5-tetraselenolate (BTSe), as catalysts for the hydrogen 
evolution reaction (Figure 3b).83 In nature, [NiFeSe] hydrogenases, a 
subclass of [NiFe] hydrogenases containing a selenocysteine residue 
in place of one of the cysteine residues coordinating the nickel 
center, demonstrate catalytic activity that is ~ 40-fold higher than 
that achieved by [NiFe] hydrogenases136–138 [as measured by the 
amount of enzyme that produces 1 µmol of H2 per minute, per 
milligram (U/mg)].139 It has been proposed that substituting a 
selenium-moiety for a sulfur-moiety affects the rate of hydrogen 
desorption from the active site,140 since selenium-hydrogen bonds 
(Se–H) are in general weaker than sulfur-hydrogen bonds (S–H). 
Electrochemical measurements using cobalt BTSe coordination 
polymers immobilized on a GC working electrode (pCoBTSe-GC) 
indicate the mechanism for hydrogen evolution varies with catalyst 
loading, a property not observed for the analogous pCoBTT-GC 
constructs.83 As the measured pCoBTSe electroactive cobalt loading 
increases (3.7 – 9.2 x 10-7 molCo cm-2), the overpotential required to 

achieve a current density of 10 mA cm-2 decreases from 602 – 343 
mV, with respect to the loadings. The proposed alternative hydrogen 
evolution reaction (HER) pathway requires interactions between two 
protonated selenium-moieties, which are more basic than the sulfur-
containing assemblies. This step is thus favored only under 
appropriate catalyst loadings, where the selenium units are in 
relatively close proximity to each other.83 Accordingly, pCoBTSe-GC 
(electroactive cobalt loading = 9.2 x 10-7 molCo cm-2) and pCoBTT-GC 
(electroactive cobalt loading = 5.5 x 10-7 molCo cm-2) electrodes 
characterized in pH 1.3 aqueous solutions achieve a current density 
of 10 mA cm-2 at overpotentials of 343 and 560 mV, respectively. The 
improved catalytic performance for pCoBTSe-GC over pCoBTT-GC 
electrodes is attributed in part to their ability to access the proposed 
alternative reaction mechanism, consistent with the Tafel slopes 
measured using pCoBTSe-GC (97 mV/dec) and pCoBTT-GC (70 
mV/dec) electrodes.83,86  

3. Surface Attached Organic Polymers and 
Encapsulated Molecular Components 

The assembly of molecular components onto solid-state surfaces 
using deposited or covalently grafted organic polymers affords 
another approach to developing hybrid heterogeneous-
homogeneous catalysts. In this strategy, the solid surface supports 
an organic polymeric environment that can house catalytic active 
sites and/or molecular light absorbing components. The polymeric 
materials can be post-synthetically modified or already possess 
appropriate molecular components. Structural features of the 
polymer can also provide microenvironments that furnish embedded 
components with properties not associated with their isolated 
counterparts. When appropriately selected or designed, the 
polymeric microenvironments aid catalytic performance. The design 
of such constructs is often inspired by enzymatic proteins, where the 
assembly of amino acid residues into three-dimensional 
architectures house an “active site” crucial to facilitating biologically 
relevant chemical transformations. However, some features 
associated with enzymes are undesirable for incorporation in 
technological applications, including their overall poor energy 
conversion efficiencies, fragility, and relatively large sizes.23 
Borrowing “just the best bits,”28 it’s feasible that constructs 
integrating favorable attributes of biological assemblies with those 
of human-engineered materials can be rationally designed and 
synthesized.141–143 

3.1 Catalyst-Containing Organic Polymers Deposited on 
Conductive Substrates 

Molecular catalysts encapsulated in polymers, including cobalt 
porphyrins and phthalocyanines (CoPcs), have been reported to 
exhibit improved activity and product selectivity.87,144–148 More 
specifically, cobalt porphyrins and phthalocyanines when dissolved 
in solutions or directly immobilized onto conductive surfaces are 
known to non-selectively catalyze CO2 and proton reduction.149–152 
However, several groups have shown that when CoPcs are 
immobilized within a 4-polyvinylpyridine polymer membrane 
deposited on a carbon-based support, the resulting heterogeneous-
homogeneous assembly converts CO2 to CO with near unity Faradaic 

Figure 3. Structures of cobalt-based coordination polymers based 
on (a) benzene-1,2,4,5-tetrathiolate and (b) benzene-1,2,4,5-
tetraselenolate frameworks. Adapted with permission from refs. 
82 and 83. Copyright 2015 and 2017, American Chemical Society. 
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efficiency.87,144,145 Herein, we highlight findings from McCrory and co-
workers, who developed several hypotheses explaining the 
enhanced catalytic performance of CoPcs encapsulated within a 
polymer environment.87   

The surface functionalization described in their report is 
achieved by dissolving 4-polyvinylpyridine with CoPcs in solution and 
drop casting an aliquot onto a pyrolytic graphite electrode surface.87 
The selectivity for CO2 reduction using this architecture is attributed 
in part to effects arising from axial coordination of CoPcs to pyridyl 
units of the polymer. Comparisons of chemically modified carbon 
electrodes, polarized at -0.73 V vs RHE in a pH 4.7 aqueous solution, 
containing deposited samples of either CoPcs that are coordinated 
to a pyridine molecule [CoPc(py)] or CoPcs that are coordinated to 
the pyridyl units of polyvinylpyridine, yield per cobalt site TOFs that 
are reported at 1.6 and 4.8 s-1, respectively. Further, these 
assemblies show a near doubling of the FECO (68% and 89%, 
respectively) as compared to that measured in control experiments 
using electrodes containing deposited CoPcs without pyridine or 
polymer present (FECO = 36% and TOF = 0.6 s-1).87 The total CoPc 
loadings were constant for each of the samples studied, equalling 1.3 
x 10-9 molCo cm-2. The authors rationalize that axial coordination of 
CoPcs to pyridyl units raises the energy level of the dz2 orbital in the 
reduced cobalt species (Figure 4). Thus, upon coordination, the 
catalyst becomes a stronger nucleophile, facilitating binding and 
activation of CO2, and thereby inhibiting proton reduction reaction 
pathways.87  

In addition to localized electronic tuning effects, features of the 
extended polymeric environment have been attributed to 
augmenting the activity and selectivity of this assembly for CO2 
reduction. For example, in aqueous conditions, some percentage of 
uncoordinated pyridyl units throughout the polymer network are 
likely protonated153,154 and it’s proposed that protonated pyridyl 
units close to the cobalt phthalocyanine-pyridine active sites assist in 
stabilizing [CoPc-CO2]– adducts through hydrogen bonding 

networks.87 In addition, the pyridinium species are postulated to 
serve as local sources of protons, and act as relays that shuttle 
protons from the bulk solution to CO2 bound at CoPcs within the 
polymer. 

It can be difficult to separate and study effects that are induced 
by axial coordination versus polymer encapsulation, and the 
enhanced electrocatalytic properties observed for CoPcs when 
embedded in a 4-polyvinylpyridine polymer likely result from a 
combination of complementary processes. Nonetheless, this work 
features a facile strategy for interfacing molecular electrocatalysts 
with solid-state materials and indicates an organic polymer can 
impart unique chemical environments for enhancing catalytic 
performance.  

3.2 Organic Polymers Containing Chromophore-Catalyst 
Assemblies 

Polymeric materials capable of encapsulating or linking to molecular 
components have also been utilized in developing dye-sensitized 
photoelectrosynthetic cells (DSPECs).88 Meyer and co-workers have 
shown that polymers can be used 1) strictly as an encapsulating 
medium, providing protection and stability of embedded dyes and 
molecular catalysts89,90 or 2) as a backbone scaffold that can be 
synthetically manipulated and covalently linked to molecular light-
absorbing and/or catalytic components.91,92  
 Chromophores, catalysts, and chromophore-catalyst tandems 
assembled onto metal-oxide substrates via phosphonate linkages 
often utilize over-layer coatings to avoid desorption under operating 
conditions.155–157 Such stabilizing layers are commonly applied using 
atomic layer deposition (ALD) techniques,41,158,159 which can require 
harsh conditions and use of precursors that, upon hydrolysis, result 
in decomposition of the catalysts and/or dye components.90 
Application of a poly-methyl methacrylate (PMMA) encapsulating 
layer is an alternative approach to protecting phosphonate linkages 
from hydrolysis. However, oxidation of the surface-bound film by 
added catalysts can limit the surface stabilization.89 In contrast to 
PMMA films, a fluorinated co-polymer (DuPont AF), consisting of 4,5-
difluoro-2,2-bis(trifluoromethyl)-1,3-dioxole and tetrafluoro-
ethylene, yields an encapsulating layer that remains gas permeable 
and protects phosphonate linkages to chromophores and catalysts. 
The coatings are also resistant to high-energy radiation as well as 
oxidative degradation90 and have been demonstrated using more 
than one type of chromophore-catalyst assembly. These results 
indicate the deposition method is not specific to a particular set of 
materials or chemical environments and is likely amenable to other 
molecular assemblies leveraging use of phosphonate linkers on 
oxide-terminated surfaces.90  
 Meyer and co-workers have also established a novel layer-by-
layer method for depositing chromophore-catalyst containing films 
onto a mesoporous sol-gel SnO2 thin film containing a titanium (IV) 
dioxide (TiO2) over-layer on FTO.92 The films are formed using 
poly(acrylic acid) and a polystyrene-based backbone modified with 
molecular ruthenium water oxidation catalysts (Ru-Cat) as well as 
ruthenium-based chromophores (Ru-C) (Figure 5) and the assembly 
method represents one of few approaches to preparing DSPECs with 
controllable variation of the dye to catalyst ratios.160–163 Controlled 
potential electrolysis measurements using working electrodes 

Figure 4. Relative energies of the cobalt d orbitals in the 1 e– 
reduced forms of CoPc and CoPc(py). As depicted, coordination of 
CoPc to an axial pyridine raises the energy of the cobalt dz2 orbital. 
[Ref. 87] - Published by the Royal Society of Chemistry. 
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prepared from these materials show the assemblies achieve an initial 
current density of 18.5 µA cm-2, which gradually decreases to 11.5 µA 
cm-2 upon multiple light/dark cycles, when polarized for 140 seconds 
at +0.2 V vs a silver/silver chloride (Ag/AgCl) electrode in 0.1 M 
phosphate buffer (pH 7) containing 0.5 M KNO3 under 1-sun 
illumination with a 400 nm cutoff filter.92 Control experiments under 
the same conditions, but using a chromophore-polymer 
functionalized electrode containing no Ru-Cat, yield a current density 
of 7.4 µA cm-2 that gradually decreases to 6.2 µA cm-2. The authors 
attribute the increased photocurrent density of the polymeric 
catalyst-containing assembly to water oxidation catalyzed by the 
molecular Ru-Cat.92 For comparison, 250 second controlled potential 
electrolysis measurements performed under the conditions 
previously listed but using a layered electrode assembly, containing 
a poly ruthenium-chromophore inner layer and molecular ruthenium 
catalyst-containing outer layer,91 show electrodes prepared using 
the polystyrene-based backbone containing both catalyst and light 
absorber units achieve nearly 30% higher photocurrent densities. 
The authors ascribe this enhanced performance metric to improved 
charge transfer dynamics resulting from the spatial positioning of 
catalysts and light absorbing components in the non-layered, co-
functionalized polymer morphology.  

 

3.3 Coordination of Molecular Catalysts to Surface-Grafted 
Polymers 

Interest in polymer brush materials, polymeric structures grafted to 
a surface, has motivated approaches for their synthesis, 
characterization, and application.163–167 In this section, we highlight 
efforts from our research group in developing synthetic 
methodologies to immobilize molecular catalysts onto surface-
grafted organic-polymer interfaces.93–102 The assemblies feature 1) 
polymeric coatings with appropriate functional groups to direct, 
template, and assemble molecular catalysts, 2) a protective layer for 
underpinning surfaces, as well as 3) stabilizing environments for 
catalysts attached along polymer chains that can be synthetically 
tailored to control the activity of the overall construct.   

The polymer grafting procedure exploits the UV−induced 
immobilization chemistry of olefins to hydroxyl and oxygen 
terminated surfaces.36 In this approach, the surface provides a solid 
support for synthesizing extended soft environments that house 
molecular catalysts installed in subsequent wet chemical processing 
steps. The modularity of this chemistry allows modification of the 
support material, polymeric interface, or catalysts used in 
assembling these hybrid architectures, and permits fabrication of 
electrode assemblies for subsequent electrochemical as well as 
photoelectrochemical characterization. Publications from our group 
have demonstrated: 1) these coatings can be prepared on 
semiconducting as well as conducting substrates,93–102 2) the 
polymer-catalyst grafting is not limited to a specific crystal face 
orientation,97 3) the polymer functional groups can be customized to 
control the activity of the overall assembly,98 4) molecular-level 
synthetic alterations to the ligand environment of attached 
molecular catalysts95,100,101 affect the photoelectrochemical 
responses observed at the construct level, and 5) the polymer 
immobilization strategy is not limited to a single class of molecular 
catalysts.102 

Achievements using this approach include reporting of 
5,10,15,20-tetra-p-tolylporphyrin cobalt(II)-polypyridyl thin-film 
coated gallium phosphide (GaP) photocathodes (Figures 6a and 6c) 
that use solar energy to power hydrogen production from pH neutral 
aqueous solutions at a rate of ~10 μL min-1 cm-2.102 This rate is 
obtained under simulated AM 1.5 G illumination using working 
electrodes polarized at 0 V vs RHE in a 0.1 M phosphate buffer (pH 7) 
and equates to a photocurrent density of 1.27 mA cm2 with a 
Faradaic efficiency of 93% . Given the measured per geometric area 
total loading of cobalt (0.39 x 10-9 molCo cm-2), this equates to a HER 
activity of 18 hydrogen molecules per second per cobalt porphyrin 
site, a value among the highest reported for a molecular-modified 
semiconductor operating at the reversible hydrogen electrode 
potential under simulated AM 1.5 G illumination. These results 
confirm that only light, and no electrochemical forward biasing or 
use of sacrificial redox reagents, supplies the energy input required 
to generate the fuel. Further, the measured per cobalt porphyrin 
activity is nearly identical to that achieved using a 
photoelectrochemical assembly containing directly attached cobalt 
porphyrins,100,102 indicating the intervening polymer does not 
diminish photoelectrosynthetic performance yet reduces the 
synthetic efforts required to immobilize the porphyrin units.  

 

Figure 5. (a) Chemical structure of a polymeric chromophore-
catalyst complex, containing a polystyrene backbone modified with 
a molecular ruthenium catalyst (Ru-Cat) and chromophore (Ru-C). 
(b) Schematic depiction showing energetics and sequence of steps 
for achieving light-activated oxidation using nanoTiO2 or SnO2/TiO2 
electrodes modified with the polymer shown in a. Adapted with 
permission from ref. 92. Copyright 2017, American Chemical 
Society.  
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Structural characterization of these samples includes use of 
surface sensitive x-ray-based techniques, grazing angle attenuated 
total reflectance Fourier transform infrared spectroscopy, 
ellipsometry, and ICP-MS, performed prior to and following 
photoelectrochemical studies. In addition to confirming the cobalt 
macrocycles remain intact and are indeed coordinated to pyridyl 
nitrogen sites along the polymer graft, these complimentary 
techniques yield quantitative information on the per geometric area 
cobalt porphyrin surface concentration and fraction of pyridyl sites 
coordinated to a cobalt porphyrin center. Further, these 
characterization methods are not limited to analysis of cobalt 
porphyrin-polypyridyl coated GaP samples and have been applied to 
constructs containing cobaloxime or difluoroborylcobaloxime type 
catalysts93–96,99 as well as assemblies constructed using 
polyvinylimidazole brushes.97,98 

In addition to modification of semiconducting surfaces, we have 
reported the use of transparent conductive oxide (TCO) substrates to 
prepare polymeric catalysts containing assemblies for 
electrocatalytic applications.99 In an example using a cobaloxime-
polypyridyl coated electrode composed from nanostructured indium 
tin oxide (ITO) (Figures 6b and 6d), we have shown: 1) 
electrochemical and spectroscopic evidence that a polypyridyl-
cobaloxime attachment chemistry initially developed for use on 
semiconductor surfaces can also be used to functionalize TCO 
substrates, 2) direct electrochemical measurements of redox 
features assigned to polymer-immobilized catalysts at potentials that 
are insulating using semiconducting substrates, 3) comparisons of 
the catalyst−polymer redox features observed in organic versus 
aqueous solvents, 4) a comparison of the electrochemically active 

cobaloxime loading versus total cobalt loading on the polymer, 5) the 
difference in applied potentials required to achieve a similar per 
cobalt hydrogen production activity when using the cobaloxime-
polypyridine-nanoITO cathode versus a cobaloxime-polypyridine-
GaP photocathode is approximately equal to the open circuit voltage 
of the semiconductor assembly, 6) direct spectroscopic evidence of 
reduced catalysts within the confines of the surface-grafted polymer, 
and 7) potential extension of cobaloxime-polymer constructs to 
photovoltaic-electrolysis approaches for producing solar fuels. 

Electrochemical studies using these polypyridyl-cobaloxime 
modified ITO electrodes in an organic electrolyte solution (0.1 M 
tetrabutylammonium perchlorate in propylene carbonate) show 
~20% of the cobalt centers within these films are electroactive under 
these conditions (total cobalt loading = 31 x 10-9 molCo cm-2; 
electroactive cobalt loading = 6 x 10-9 molCo cm-2). These results 
suggest exploration of alternative polymeric architectures, solvation 
environments, or design of scaffolds with embedded redox 
mediators could increase the percentage of electroactive metal 
centers in surface-grafted polymeric assemblies, resulting in further 
catalytic activity gains. 

4. Conclusions and Outlook 
Managing interfacial chemistry using polymeric coatings offers new 
opportunities to control matter and energy at the nano-, meso-, and 
macro-scales. The strategies highlighted in this article feature the 
ability to chemically tailor materials for driving chemical 
transformations that address energy needs and societal demands. 
While structurally more complex than their components, these 

Figure 6. Schematic depictions of (a) a cobalt porphyrin immobilized onto a gallium phosphide semiconductor via coordination to a surface-
grafted polyvinylpyridine chain and (b) a cobaloxime immobilized onto a nanostructured indium tin oxide electrode via coordination to a 
surface-grafted polyvinylpyridine chain. Images of (c) a cobalt porphyrin-polypyridyl coated electrode under 100 mW cm-2 simulated solar 
illumination in a neutral aqueous 0.1 M phosphate buffer solution and (d) a cobaloxime-polypyridyl coated electrode polarized in a 0.1 M 
tetrabutylammonium perchlorate/propylene carbonate solution at a potential required to generate reduced Co(I) species within the 
surface-grafted polymer. Adapted with permission from refs. 99 and 102. Copyright 2016 and 2017, American Chemical Society. 
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hierarchical materials move beyond the use of traditional model 
systems and towards studying the basic energy science of catalysis in 
chemical environments approaching complexities encountered in 
real-world applications. Despite the promise of these approaches, 
finding new and more effective ways to interface soft materials onto 
electrode surfaces and characterize the resulting hybrid materials 
remains a challenge, requiring discoveries and innovations in the 
areas of surface chemistry, electrocatalysis, and 
photoelectrochemical energy transduction. We imagine advances in 
physical measurement capabilities coupled with progress in 
computational and theoretical modeling will continue to provide 
improved understandings of the structure-function relationships 
governing these assemblies, further accelerating synthetic efforts 
aimed at improving their electrocatalytic and photoelectrosynthetic 
performance. 
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