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ABSTRACT: Hybrid materials that link light capture and conversion
technologies with the ability to drive reductive chemical transformations are
attractive as components in photoelectrosynthetic cells. We show that thin-
film polypyridine surface coatings provide a molecular interface to assemble
cobalt porphyrin catalysts for hydrogen evolution onto a visible-light-
absorbing p-type gallium phosphide semiconductor. Spectroscopic
techniques, including grazing angle attenuated total reflection Fourier
transform infrared spectroscopy, confirm that the cobalt centers of the
porphyrin macrocycles coordinate to pyridyl nitrogen sites of the organic
surface coating. The cobalt porphyrin surface concentration and fraction of
pyridyl sites coordinated to a cobalt center are quantified using
complementary methods of ellipsometry, inductively coupled plasma
mass spectrometry, and X-ray photoelectron spectroscopy. In aqueous

- GaP(100)

solutions under simulated solar illumination the modified cathode is photochemically active for hydrogen production, generating

the product gas with near-unity Faradaic efficiency at a rate of ~10 yL min~

1

cm™ when studied in a three-electrode

configuration and polarized at the equilibrium potential of the H'/H, couple. This equates to a photoelectrochemical hydrogen
evolution reaction activity of 17.6 H, molecules s~ Co™', the highest value reported to date for a molecular-modified
semiconductor. Key features of the functionalized photocathode include (1) the relative ease of synthetic preparation made
possible by application of an organic surface coating that provides molecular recognition sites for immobilizing the cobalt
porphyrin complexes at the semiconductor surface and (2) the use of visible light to drive cathodic fuel-forming reactions in

aqueous solutions with no added organic acids or sacrificial chemical reductants.

B INTRODUCTION

Future clean energy scenarios require development of effective
methods for converting and storing intermittent energy
sources.' In this context, the photoelectrochemical (PEC)
production of fuels using sunlight as an energy input has
emerged as a promising storage option that could be integrated
with our existing petroleum-based infrastructure.” An active
area of research in the field of solar fuels focuses on strategies to
interface light capture and conversion technologies with
appropriate electrocatalysts for generating fuels and industrially
relevant chemical feedstocks.” However, this approach is
constrained by the use of precious metal catalysts or relatively
high energy inputs.*

In biological catalysis, enzymes use soft material interactions,
including coordination to amino acid residues along a protein
scaffold, to provide appropriate three-dimensional environ-
ments for controlling the catalytic activity and selectivity of
metal centers composed of earth-abundant elements.” In a
similar vein, a focus on the role of secondary coordination
sphere interactions has emerged as a bioinspired design theme
in synthetic molecular catalysis, providing improved routes for
binding substrates, lowering transition state energies along a
reaction coordinate, and releasing products.6
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Herein, we report the use of a surface-grafted organic coating
to assemble molecular catalysts for hydrogen evolution to a
visible-light-absorbing semiconductor. This approach combines
features of solid-state light capture and conversion materials
with molecular components for enhancing photoelectrochem-
ical fuel production. The materials used to assemble the hybrid
photocathode include gallium phosphide (GaP) as the
underpinning semiconductor support, 4-vinylpyridine as the
monomeric unit used to form a polypyridine surface coating
(PPy), and $,10,15,20-tetra-p-tolylporphyrin cobalt(II)
(CoTTP) as a molecular component for enhancing photo-
electrochemical hydrogen production.

GaP is a III-V semiconductor with an indirect band gap of
2.26 eV. The energetic positioning of the conduction band
(~—1 V vs normal hydrogen electrode (NHE)) more than
satisfies the thermodynamic requirement for driving the
hydrogen evolution reaction (HER), prompting researchers
to investigate this material for PEC applications since the
1970s.” However, its performance is limited by photocorrosion
in aqueous conditions and surface defect sites that hinder
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efficient transfer of photogenerated minority carriers at the
semiconductorlliquid junction.”* Molecular modification of
semiconductors, including GaP, has been used as a strategy
to confer chemical stability to surfaces, provide nanoscale
control over interface properties, and improve rates of PEC fuel
production.® Although some progress has been made in
development of such assemblies, finding new and more
effective ways to interface molecular components to semi-
conductor surfaces remains a major challenge.** In this report,
GaP(100) substrates serve as commercially available materials
for developing a metalloporphyrin attachment chemistry that
will likely be extensible to other semiconductor crystal faces™
as well as conductive oxide-terminated surfaces.*®

Metalloporphyrins serve important roles in biology as
reactive sites for driving enzymatic reactions and as
components in emerging molecular-based materials with
applications to energy transduction.” As electrocatalysts, they
are capable of chemically transforming protons into hydrogen
as well as converting carbon dioxide into carbon monoxide
and/or hydrocarbons such as methane and ethylene when
electrochemically activated in solution or immobilized at a
conductive substrate polarized at an appropriate potential. We
have previously reported a synthetic methodology for directly
grafting metalloporphyrins onto GaP using precursor com-
plexes bearing a 4-vinylphenyl surface attachment group at the
beta position of the porphyrin macrocycle.* The cobalt
porphyrin modified photocathodes are active for hydrogen
production, evolving the product gas at a rate of 210 yL min™"
cm™2 Comparison of the total surface cobalt porphyrin
concentrations with the amount of hydrogen produced
indicates that the HER activity per metal site is among the
highest reported for a molecular-modified semiconductor
photocathode operating at the H'/H, equilibrium potential
under 1-sun illumination.

We now show that an initially deposited organic interface
consisting of repeating pyridyl units can provide molecular
recognition sites that self-assemble cobalt porphyrins onto the
polypyridine-modified GaP surface. This provides an alternate
and streamlined method for interfacing cobalt porphyrins to a
semiconductor that does not require synthetic modifications to
the porphyrin macrocycle to install a surface-grafting functional
group. Thus, the attachment strategy also enables application of
porphyrins bearing substituents that are chemically incompat-
ible or complicated by installment of the vinylphenyl
functionality.

B EXPERIMENTAL SECTION

Materials. All reagents were purchased from Sigma-Aldrich.
Dichloromethane, hexanes, methanol, and toluene were freshly
distilled before use. Milli-Q water (18.2 MQ-cm) was used to prepare
all aqueous solutions. Single crystalline p-type Zn-doped gallium
phosphide (100) wafers (University Wafers) were single side polished
to an epi-ready finish. The GaP(100) wafers have a resistivity of 0.16
Q-cm, a mobility of 69 cm? V™! s} and a carrier concentration of 4.5
X 10" cm™>, with an etch pit density of less than § X 10* em™

Synthesis. The compounds §,10,15,20-tetra-p-tolylporphyrin
(TTP) and $5,10,15,20-tetra-p-tolylporphyrin cobalt(II) (CoTTP)
were synthesized using modified versions of previously reported
procedures.'® Further details are available as Supporting Information.

Wafer Preparation. The use of 4-vinylpyridine as a precursor for
surface functionalization of GaP has been previously reported.>"¥"*
Briefly, diced semiconductor samples were etched with buffered
hydrofluoric acid before exposure to an argon-sparged solution of the
neat monomer 4-vinylpyridine under 254 nm UV light for 2 h (see the

Supporting Information for details). The PPy-functionalized samples
were then soaked for 18 h in a CoTTP solution (1 mM) in toluene.

Wafer Characterization. Surface characterization of the wafers
was carried out using ellipsometry, grazing angle attenuated total
reflection Fourier transform infrared spectroscopy (GATR-FTIR), X-
ray photoelectron (XP) spectroscopy, and inductively coupled plasma
mass spectrometry (ICP-MS) (see the Supporting Information for
details).

Loading Efficiency. The reported cobalt surface concentration
takes into account that the synthetic method (UV-induced grafting of
4-vinylpyridine followed by wet chemical treatment with a CoTTP
solution) and the reaction vessel geometry used in this report yield
samples with cobalt porphyrin assembled on both sides of the single
side polished GaP wafers. The total cobalt, including contributions
from the front and back sides of the GaP wafer and as measured by
ICP-MS following acid digestion of CoTTPIPPylGaP samples, is 0.59
+ 0.12 nmol cm™ Thus, the total cobalt contribution of CoTTPIPPyl
GaP samples is nearly identical to that estimated and previously
reported®® for CoP-GaP samples (0.59 nmol cm™) in which no
attempt was made to distinguish contributions from the front and back
sides of the GaP wafer and thus represents an upper limit. However,
XP spectroscopic analysis of the polished and unpolished faces of
CoTTPIPPylGaP samples prepared via UV illumination from the
polished side of the wafer indicates that the surface cobalt
concentration on the unpolished (nondirectly illuminated) side of
the wafer is 33% lower than that of the polished (directly illuminated)
side of the wafer, yielding a cobalt concentration of 0.39 + 0.08 nmol
cm™ on the polished face. We note that the ratio of front to back side
cobalt contributions is particularly useful when considering the per
cobalt center PEC activity for hydrogen production given that the back
side of the wafer is encased in epoxy and is not in contact with the
electrolyte solution.

Photoelectrochemistry. Photoelectrochemical (PEC) experi-
ments were performed in 0.1 M phosphate buffer (pH 7) under air
mass (AM) 1.5 irradiation. A three-electrode configuration with GaP
working electrodes (including GaP following buffered hydrofluoric
acid treatment, polypyridine-modified GaP, and cobalt porphyrin
modified GaP) was used in a cell containing a quartz window (Figure
S17, see the Supporting Information for details). HER activity was
calculated assuming unity Faradaic efficiency, although this was
confirmed at only one point (0 V vs reversible hydrogen electrode
(RHE)). Samples for post-PEC analysis were prepared using a
customized three-electrode cell equipped with a quartz window and
spring-loaded copper support to secure the GaP wafer, thus negating
the need to encase the sample in epoxy (Figure S18). An indium—
gallium eutectic was applied between the copper support and GaP
sample. The electrodes were polarized at 0 V vs RHE for a minimum
of 3 min under 1-sun illumination. Samples were rinsed with Mill-Q
water and dried under vacuum before GATR-FTIR measurements. All
PEC experiments were conducted under a continuous flow of 5%
hydrogen in nitrogen.

Gas Chromatography. Gas chromatography (GC) was used to
analyze aliquots of headspace gas taken from a sealed PEC cell both
prior to and following 30 min of bulk electrolysis at 0 V vs RHE (see
the Supporting Information for details). We note that the 93%
Faradaic efficiency reported is likely a lower limit and does not correct
for loss of hydrogen from the cell or during the sampling procedure.

B RESULTS AND DISCUSSION

The cobalt porphyrin—polypyridine modified GaP semi-
conductors (CoTTPIPPylGaP) described in this report are
prepared using a two-step method (Figure 1) leveraging the
UV-induced surface grafting chemistry of alkenes'" to apply an
initial thin-film polypyridine surface coating, followed by wet-
chemical treatment to assemble the cobalt porphyrin units.
During this process, freshly cleaned and etched GaP(100)
wafers are placed in an argon-sparged solution of 4-vinyl-
pyridine under shortwave UV illumination for 2 h before
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Figure 1. (left) Schematic representation of the synthetic method used to prepare the PPylGaP and CoTTPIPPylGaP samples. (right) GATR-FTIR
absorbance spectra of (a) the 1700—950 cm™ region of unfunctionalized GaP (black), PPylGaP (blue), and CoTTPIPPylGaP (purple), including an
expanded plot of (b) the CoTTPIPPylGaP spectrum, showing the in-plane porphyrin deformation mode labeled as v,_y (where v is the vibrational

frequency).

removing and cleaning the functionalized wafers with successive
solvent washes followed by drying under a stream of nitrogen
(see the Experimental Section for details). The resulting
polypyridine-modified substrates (PPylGaP) are then exposed
to a solution of CoTTP in toluene under an argon atmosphere
for 18 h, forming CoTTPIPPylGaP.

Analysis of CoTTPIPPylGaP surfaces using grazing angle
attenuated total reflection Fourier transform infrared (GATR-
FTIR) spectroscopy confirms that cobalt centers of the
porphyrin macrocycles coordinate to pyridyl nitrogen sites of
the PPy graft (Figure 1). In addition to characteristic vibrational
features associated with C—H and C—N vibrations of surface-
grafted pyridyl units as well as the C4—H, C,—N, and C=C
vibrations of the porphyrin macrocycle, a prominent absorption
band is measured at 1009 cm™'. Absorption bands appearing in
the region from 1019 to 1004 cm™' in the IR spectra of
metalloporphyrins are ascribed to in-plane porphyrin deforma-
tions. This region is sensitive to both the elemental nature of
the metal center and local coordination environment due to
inductive and mesomeric effects.'” The feature at 1009 cm™ on
CoTTPIPPylGaP surfaces, labeled as v¢,_ (Figure 1b), is
particularly diagnostic of cobalt porphyrin complexes coordi-
nated to an axial pyridyl unit'> and thus provides structural
information on the bonding motif of the surface-immobilized
cobalt porphyrins.

Further information on the composition and structure of the
modified surface, including film thickness, pyridyl site density,
loading efficiency (defined here as the fraction of pyridyl sites
coordinated to a cobalt center), and associated cobalt
concentration per geometric area, is gained using comple-
mentary methods of ellipsometry, inductively coupled plasma

mass spectrometry (ICP-MS), and X-ray photoelectron (XP)
spectroscopy. Spectroscopic ellipsometry measurements of
PPylGaP surfaces are used to determine the film thickness
and provide an estimate of the pyridyl site density. For the
samples in this report, the obtained film thickness is 1.45 =+
0.17 nm. Given that the bulk polyvinylpyridine density (1.15 g
cm™) is representative of the solvent-free film, the calculated
pyridyl site density is 1.57 + 0.18 nmol cm™.

ICP-MS measurements following acid digestion of PPylGaP
samples indicate that no significant cobalt is present. However,
following attachment of cobalt porphyrin complexes, the Co
surface concentration is estimated to be 0.39 + 0.08 nmol cm™
(see the Experimental Section for details). These measurements
indicate that 25 + 5% of the pyridyl units on the CoTTPIPPyl
GaP surface are coordinated to a porphyrin cobalt center,
equating to a total N/Co ratio of 4.1 + 0.8. This ratio, as
measured by ICP-MS and ellipsometry, is used to establish the
N 1s background in XP spectra and assists in guiding the
component fitting. We note that this method of combining
information obtained from ICP-MS, ellipsometry, and XP
spectroscopy is particularly useful in analyzing thin-film surface
coatings on GaP as the N 1s spectrum contains background
c0m1p40nents arising from Ga 3d (Auger) LMM lines (Figure
S8).

As compared to XP spectra of unfunctionalized GaP or PPyl
GaP samples, spectra of the CoTTPIPPylGaP samples show
additional Co and N contributions (Figures S7—S9). After
applying the appropriate relative sensitivity factors, the N 1s to
Co 2p spectral intensity ratio of 8.0 + 0.8 yields a loading
efficiency of 26 + 6%, a value consistent with that determined
by the ellipsometry and ICP-MS analysis. In addition, unlike
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the single component observed in the high-energy resolution N
1s spectra of PPylGaP samples (Figure S8), spectra obtained
using CoTTPIPPylGaP samples can be deconvoluted into three
components (Figure 2b). Based on the relative signal intensities
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Figure 2. (a) Molecular structure of a CoTTP unit coordinated to
polypyridine. (b) High-energy resolution XP spectrum of the N 1s
region of CoTTPIPPylGaP. Solid lines represent the background
(gray), component (blue, green, and red), and overall (black) fits to
the experimental data (circles). Shading indicates the component area
assigned to remnant pyridinic nitrogens (blue), porphyrin pyrrolic
nitrogens bound to cobalt centers (green), and pyridinic nitrogens
bound to cobalt centers (red). (c) High-energy resolution XP
spectrum of the Co 2p;, region of CoTTPIPPylGaP.

and binding energies associated with these components, the
contributions centered at 398.5, 399.0, and 399.7 eV are
assigned to remnant pyridinic nitrogens of the surface graft,
porphyrin pyrrolic nitrogens bound to cobalt centers, and
pyridinic nitrogens bound to cobalt centers, respectively.
Further, the =3:4:1 spectral intensity ratios associated with
the three components are consistent with both the 4:1 ratio of
cobalt-pyrollic to cobalt-pyridinic nitrogen centers anticipated
for a cobalt porphyrin coordinated to a pyridyl unit and the 26
+ 6% loading efficiency determined by comparison of the total
N 1s and Co 2p spectral intensity contributions. Finally, high-
energy resolution XP spectra of the Co 2p region (Figure 2c
and S9) show peaks centered at 780.1 eV (2p3,,) and 795.3 eV
(2py,) with the anticipated 2:1 branching ratio and 15.2 eV
splitting."> The Co 2p,,, signal also shows satellite peaks at
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higher binding energies, consistent with the presence of cobalt
species in the +2 oxidation state and the unpaired spin of the
porphyrin cobalt center resting state.'®

The PEC performance of custom-built working electrodes
composed of CoTTPIPPylGaP is assessed using three-electrode
electrochemical techniques, including chronoamperometry
(Figure 3a) and linear sweep voltammetry (Figure 3b),
performed in buffered pH neutral aqueous conditions in the
dark and under air mass 1.5 simulated solar illumination.
Modification of GaP photocathodes with a cobalt porphyrin—
polypyridyl surface coating results in a significant anodic shift of
the open-circuit photovoltage (V,.), moving from +0.57 + 0.02
V vs RHE for the unmodified GaP electrodes to +0.65 + 0.02 V
vs RHE. We note that within the experimental error of the
measurements the current density of —1.27 + 0.04 mA cm™>
achieved for CoTTPIPPylGaP samples polarized at 0 V vs RHE
(ie, at the H'/H, equilibrium potential) is identical to that
previously reported using GaP samples modified with a directly
attached cobalt porphyrin monolayer (Figure S11).* Thus, the
intervening polypyridyl surface coating does not diminish the
performance gains afforded by cobalt porphyrin surface
modification yet reduces the synthetic efforts required for
assembly. In addition, the saturating photocurrent shows a
linear increase upon increasing illumination intensity, indicating
that the PEC activity at 0 V vs RHE is in part limited by the
photon flux (Figure S12). Characteristic of a photosynthetic
assembly,'” these results confirm that light, and no electro-
chemical forward biasing or use of sacrificial redox reagents, is
the energy input required to generate the photocurrent.

Production of hydrogen is confirmed via gas chromatography
analysis of headspace samples taken from a sealed PEC cell
containing a CoTTPIPPylGaP working electrode polarized at 0
V vs RHE under simulated solar illumination (Figure 3c).
Under these conditions, hydrogen is produced at a rate of 10
uL min~" cm™* with a Faradaic efficiency of 93 =+ 3%. Given the
cobalt porphyrin surface concentration (0.39 + 0.08 nmol
cm™?) determined by XP spectroscopy, ellipsometry, and ICP-
MS, this equates to a HER activity per cobalt center of 17.6 H,
molecules s™! Co™" (see the Experimental Section for details).
During bulk electrolysis measurements, hydrogen bubbles
accumulate on the electrode surface and diminish the surface
area of the working electrode exposed to electrolyte, resulting
in a decrease of current density over time (Figure S13).
Removal of bubbles during or following PEC testing restores
the current density to a value nearly identical to that achieved
for a freshly prepared electrode. In addition, the observation of
a prominent Vg, y in-plane porphyrin deformation mode in
GATR-FTIR spectra of samples following bulk electrolysis (see
the Experimental Section for details) indicates that cobalt
porphyrins maintain their molecular integrity and coordination
to pyridyl sites (Figure S14).

Additional insights regarding the performance gains afforded
by cobalt porphyrin—polypyridyl surface modification come
from analysis of the photovoltaic performance parameters
derived from the voltammetry measurements, including those
performed on control samples of working electrodes composed
of unfunctionalized GaP and PPylGaP (Table S2). Although
CoTTPIPPylGaP shows an enhanced V,.  compared to
unmodified GaP, similar V. gains are obtained following only
application of the thin-film polypyridyl surface coating (Figure
S15). These results contrast to those reported using GaP
semiconductors with thicker polymer coatings (on the order of
~10 nm)®**"¥"* where the V,_ instead decreases following
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Figure 3. (a) Chronoamperogram of a CoTTPIPPylGaP working electrode polarized at 0 V vs RHE under alternating (200 mHz) nonilluminated
and illuminated (simulated AM 1.5) conditions. The gray shaded portions of the graph represent intervals under dark conditions. (b) Linear sweep
voltammograms of CoTTPIPPylGaP working electrodes recorded in the dark (dashed line) and under simulated 1-sun illumination (solid line). The
dotted vertical line at 0 V vs RHE represents the equilibrium potential of the H"/H, couple. The calculated HER activity per cobalt center is
included on the right ordinate axis. (c) Gas chromatograms of a S mL aliquot of the headspace drawn from a sealed photoelectrochemical cell using a
CoTTPIPPylGaP working electrode polarized at 0 V vs RHE before (dashed line) and after (solid line) 30 min of illumination at 100 mW cm™2. All
measurements were performed using a three-electrode configuration in 0.1 M phosphate buffer (pH 7).

pyridyl group modification of the GaP surface. We speculate
that this is in part due to a larger resistance and poorer ion
conductivity associated with the thicker organic coatings.'®
Nonetheless, although the V. of the PPylGaP and CoTTPIPPyl
GaP electrodes is similar, the fill factor (ff) of the JV response
under illumination nearly doubles following treatment with
CoTTP, moving from 0.21 + 0.08 for unfunctionalized GaP to
0.23 + 0.07 for PPylGaP, and further increasing to 0.39 + 0.07
for CoTTPIPPylGaP (Figure S15 and Table S2). Due to the
steep increase in operating photocurrent densities that are
produced by changes in ff, this can have a si%niﬁcant effect on
performance in a photoelectrosynthetic cell.’

H CONCLUSION

In summary, surface-sensitive spectroscopic methods verify our
synthetic efforts dedicated to construction of a hybrid
composite material that structurally interfaces a cobalt
porphyrin hydrogen evolution catalyst to a visible light-
absorbing semiconductor using surface-attached pyridyl groups
as molecular recognition sites. Complementary methods of
ellipsometry, ICP-MS, and XP spectroscopy are used to
quantify the surface cobalt concentrations and the fraction of
pyridyl sites coordinated to cobalt centers. The synthetic
methods used to obtain these assemblies demonstrate design
principles for furthering hard-to-soft matter interface chemistry
and set the stage to better understand the structure and
function relationships of molecular-modified semiconductors.
Key features of the construct reported here include the relative
ease of synthetic preparation made possible by application of a
thin-film organic coating that uses pyridyl groups to assemble
cobalt porphyrins on a GaP semiconductor surface, yielding a
hybrid photocathode that uses solar energy to drive reductive
fuel-forming reactions in aqueous solutions without the use of
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organic acids or sacrificial chemical reductants. Thus, this work
introduces a highly useful, yet easily accessible, motif for
preparing and studying molecular-modified semiconductors. In
order to elucidate the effect of the polymeric interface, studies
using different bases and polymeric architectures to assemble
CoTTP as well as other catalysts are underway.
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