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ABSTRACT: The direct integration of electrocatalysts with photovoltaic
materials provides a strategy to photoelectrochemically power chemical trans-
formations and store intermittent solar energy as fuels. However, many
electrocatalytic components used or proposed for use in such assemblies also
absorb visible light. This prompts the questions: to what extent does a selected
electrocatalytic coating screen photons from reaching the underlying photovoltaic,
do excited-state species associated with coating layers contribute to photocurrent
production via mechanisms involving dye-sensitization processes, and are relatively
high or low loadings of catalytic sites advantageous. Herein, we highlight how
optical and electrochemical characterization techniques can be coupled with
structural information to address these questions. The experiments described in
this work make use of a p-type gallium phosphide semiconductor that is interfaced
with cobalt porphyrin hydrogen evolution reaction catalysts. However, the
experimental techniques and discussions presented in this work can likely be
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applied to other materials and chemical transformations, providing a general yet useful strategy for better understanding the origin of
photocurrents and fuel production activities in catalyst-modified semiconductor electrodes.
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1. INTRODUCTION

Photoelectrosynthesis provides an approach to capture,
convert, and store solar energy in the form of chemical
bonds.'* However, the ability to effectively interface electro-
catalysts for activating multielectron/multiproton chemical
transformations with materials that absorb sun light and
convert photons into charge carriers moving through a
potential remains challenging.*~® Additionally, most electro-
catalyst layers also absorb visible light, complicating analysis of
these composite materials and determination of the compo-
nents directly involved in energy harvesting,

We have previously reported synthetic methods for
interfacing molecular cobalt porphyrin catalysts with (semi)-
conducting materials.”™"* In one example, cobalt porphyrins
are immobilized onto gallium phosphide (GaP) semiconduc-
tors using a two-step strategy involving initial UV-induced
grafting of 4-vinylpyridine, to form polypyridyl coatings (PPy)
on GaP surfaces, followed by wet-chemical processing with a
solution of $,10,15,20-tetra-p-tolylporphyrin cobalt(II)
(CoTTP). This overall process yields samples where the
porphyrin cobalt centers are coordinated to pyridyl nitrogen
sites of the polymeric coating (Scheme 1).

Porphyrins are effective electrocatalysts, capable of trans-
forming protons to hydrogen or reducing carbon dioxide to
carbon monoxide and other reduced forms of carbon."*~"* For
this latter reason, they have been utilized as components in
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Scheme 1. Schematic Diagram Highlighting the Molecular
Structure of a Cobalt Porphyrin Coordinated to a Surface-
Grafted Polypyridyl Chain on a CoTTPIPPylGaP Working
Electrode Wired in a Three-Electrode Configuration under
Illumination Using a Broadband or Monochromatic Light
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Figure 1. Plots of the (a) probability of absorption (®,,; squares), (b) probability of reflection (@, circles), and (c) probability of transmission
(@ans; triangles) measured using GaP (black), PPylGaP (blue), and CoTTPIPPylGaP (purple) versus the wavelength of illumination. The dashed
and dotted black lines indicate energies associated with the direct and indirect band gaps of GaP, respectively.

electrocatalytic and photoelectrosynthetic assemblies.*">"*~*!

The relatively high extinction coefficients of tetrapyrrolic
macrocycles, including porphyrins (10° to 10° M™" cm™ across
the visible region of the electromagnetic spectrum), have also
made them useful as light-harvesting components in biological
and technological systems, including applications in dye-
sensitized solar cells.”” >’

GaP has also been explored as a light-absorbing material for
applications in photoelectrochemistry.”®~** Favorable aspects
of GaP semiconductors include conduction band energetics
(~—1 V vs NHE at pH 1)*” with sufficient redox poise for
driving reductive chemical transformations, including proton
and CO, reduction, but surface corrosion and ineffective
transfer of minority carriers across the semiconductorlliquid
interface limit its performance.”” Although chemical mod-
ification of semiconductor surfaces can improve rates of
photoelectrosynthetic fuel production (Supporting Informa-
tion Scheme Sla), the addition of colored materials, which
include myriad electrocatalysts, can also confer the undesirable
effect of reflecting or parasitically absorbing photons before
they can reach the underlying semiconductor (Scheme
Slb).9_11’19_21’41_43

Juxtaposed with more traditional approaches of maximizing
the per geometric area loading of catalysts to achieve higher
activities, design strategies can be more nuanced in the case of
photoelectrosynthetic assemblies and relatively thick catalyst
layers can hamper performance by screening light and/or
disfavoring accumulation of redox equivalents at individual
catalytic sites. For example, studies involving photoactivation
of a semiconductor co-modified with a molecular dye and a
proxy for a molecular catalyst indicate relatively low loadings of
catalytic sites could be propitious in photoelectrosynthetic
applications.”* Conversely, dye-sensitization processes in-
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volving the transfer of charge carriers between excited dyes and
semiconductors (Scheme S1c) have been reported as a strategy
for extending the absorption range of semiconducting
materials, including GaP, and thereby improving their
photoelectrochemical performance.**™"

Previous work from our group shows that when wired in a
three-electrode configuration with appropriate counter and
reference electrodes (Scheme 1), cobalt porphyrin—polypyr-
idyl-modified GaP electrodes (CoTTPIPPylGaP) use light to
power the production of hydrogen gas from pH neutral
aqueous solutions in the absence of sacrificial chemical
reductants, and with no electrochemical forward biasing, at a
rate of ~10 L of H, min™' cm™.” Complementary methods
of ellipsometry, inductively coupled plasma mass spectrometry,
and X-ray photoelectron spectroscopy were used to quantify
the thickness of the polypyridyl films, the per geometric area
loading of cobalt porphyrins, and the fraction of pyridyl sites
coordinated to cobalt porphyrin centers.” Given this structural
information and the near-unity faradaic efficiency determined
by product analysis, the hydrogen production rate of 10 uL of
H, min~' cm ™ equates to a per-cobalt-site hydrogen evolution
reaction (HER) activity of 17.6 H, molecules s Co™".” More
recently, we developed kinetic models relating the HER
activity of these photoelectrodes to the fraction of catalysts
present in their activated form under varying intensities of
steady-state illumination.'’ Herein, we now show that
quantification of the per geometric area loading of molecular
components can be coupled with information on their light
harvesting efficiency (LHE)>* and overall external quantum
efficiency (EQE)**™° to quantify the fraction of photons
absorbed by surface-grafted molecular coatings and address the
effects this can have on overall photocurrent production and
associated rates of photoelectrosynthetic fuel production.
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2. EXPERIMENTAL SECTION

2.1. Sample Preparation. Functionalization of GaP surfaces with
polypyridyl coatings containing cobalt porphyrin units has been
previously reported (see the Supporting Information for further
details).”

2.2. UV-Vis—Near-IR. All ultraviolet—visible—near-infrared
(UV—vis—NIR) optical spectra were recorded using a SolidSpec-
3700 UV-vis—NIR spectrophotometer (Shimadzu, Kyoto, Japan)
with a D, (deuterium) lamp for the ultraviolet range and a WI
(halogen) lamp for the visible and near-infrared ranges. All solution-
based measurements were performed using a quartz cuvette sealed
under air and chloroform as a solvent. The data were collected at 0.5
nm intervals (see the Supporting Information for further details). All
solid-state optical measurements, including those involving samples
prior to and following chemical-modification steps, were performed
using 400 um thick GaP wafers (see the Supporting Information for
further details). All measurements were performed using three
samples of GaP (cut from the same wafer) that were characterized
at each step of the surface-modification procedure, and the reported
values are the averaged values.

2.3. Photoelectrochemistry. All photoelectrochemical measure-
ments were performed using a three-electrode configuration as
previouslzr described (see the Supporting Information for further
details)."’ At least three electrodes were characterized for each
construct, and the reported values are the averaged values.

2.4. External Quantum Efficiency Measurements. External
quantum efficiencies were measured following a previously reported
procedure (see the Supporting Information for further details)."" At
least three electrodes were characterized for each construct, and the
reported values are the averaged values.

2.5. Internal Quantum Efficiency Measurements. Internal
quantum efficiencies (IQEs)>® were calculated by dividing the EQE at
each wavelength by the LHE at each wavelength.”” The LHE at each
wavelength was determined using a previously reported method (see
the Supporting Information for further details)."' At least three
electrodes were characterized for each construct, and the reported
values are the averaged values.

3. RESULTS AND DISCUSSION

3.1. Optical Characterization. Measurements of the
wavelength-resolved probability of absorption (), prob-
ability of reflection (®,), and probability of transmission
(Dgans) collected using samples of GaP, polypyridyl-modified
GaP (PPylGaP), or CoTTPIPPylGaP, are indicated in Figure
1. For all three constructs, the transmittance at wavelengths
with corresponding energies greater than the indirect band gap
of GaP (<549 nm, >2.26 eV) is ~0. Further, the reflection and
absorption spectra recorded in this spectral region are nearly
identical (that is, with values that overlap within the error of
the measurements), except for relatively small differences in
@, and @, recorded at 440 nm (where the respective values
are as follows: 0.336 + 0.007 and 0.664 + 0.007 for samples of
GaP, 0.342 + 0.001 and 0.658 + 0.001 for samples of PPyl
GaP, and 0.347 + 0.001 and 0.653 + 0.001 for samples of
CoTTPIPPylGaP; Figure S1). These results indicate the
differences in both @, and @, at 440 nm is <1% between
samples of CoTTPIPPylGaP, PPylGaP, and GaP.

Optical measurements performed at wavelengths from 549
nm up to 800 nm show the @, values recorded using all
three constructs approach 11% at relatively longer wavelengths
(Figure 1). Further, the @, values recorded in this spectral
region are nonzero, even though photons at these wavelengths
have corresponding energies less than the indirect band gap of
GaP. Absorption at these longer wavelengths is attributed to
free-carrier (holes in the case of this p-type semiconductor)
absorption in GaP.’® Related to this, the absorption
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coefficients of CoTTPIPPylGaP samples at wavelengths >549
nm are significantly lower than those measured using samples
of GaP or PPylGaP (Figure 2), indicating there is a reduction
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Figure 2. Plots of the absorption coefficients measured using GaP
(black), PPylGaP (blue), and CoTTPIPPylGaP (purple) versus the
wavelength of illumination. Error bars are included for each data point
shown.

in the free-carrier population following immobilization of the
porphyrins. Because porphyrins are redox active and p-type
doping of a semiconductor introduces free-carrier holes that
are associated with an increase in the potential of the
semiconductor Fermi level, we postulate this decrease in sub-
band gap absorption coefficients results in part from an
equilibration of the potentials associated with the isolated p-
type semiconductor and cobalt porphyrin layer. During this
equilibration, carriers flow between the semiconductor and
porphyrin layer until equilibrium is established and there is no
potential difference across the interface.

3.2. Photoelectrochemical Characterization. Linear
sweep voltammograms recorded under broadband simulated
solar illumination using working electrodes immersed in pH
neutral aqueous conditions (0.1 M phosphate buffer) are
shown in Figure 3. Under these experimental conditions,
electrodes constructed from samples of GaP, PPylGaP, and
CoTTPIPPylGaP yield current densities of 0.50 + 0.07, 0.68 +
0.06, and 0.84 + 0.04 mA cm™?, respectively, when operating
at the equilibrium potential of the H*/H, couple (0 V vs the
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Figure 3. Linear sweep voltammograms recorded using a GaP (black
solid), PPylGaP (blue solid), or CoTTPIPPylGaP (purple solid)
electrode in 0.1 M phosphate buffer (pH 7) under simulated 1-sun
illumination. The vertical dashed line at 0 V vs RHE indicates the
equilibrium potential of the H*/H, couple.
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reversible hydrogen electrode [RHE]). Additional metrics,
including open-circuit potentials and associated fill factors, are
included in Table S1.

In addition to measurements performed under broadband
illumination, wavelength-resolved external quantum efficiencies
were recorded using either PPylGaP or CoTTPIPPylGaP
working electrodes (Figure 4a) polarized at 0 V vs RHE in pH
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Figure 4. (a) External and (b) internal quantum efficiency action
spectra recorded using PPylGaP (blue) or CoTTPIPPylGaP (purple)
electrodes polarized at 0 V vs RHE in 0.1 M phosphate buffer (pH 7).
The dashed and dotted black lines indicate energies associated with
the direct and indirect band gaps of GaP, respectively.

neutral aqueous conditions (EQE action spectra of unmodified
GaP samples are not included due to the instability of these
samples on the time scales required to conduct EQE
measurements). Under these experimental conditions, the
photocurrents recorded when illuminating either PPylGaP or
CoTTPIPPylGaP electrodes at wavelengths <549 nm are
nonzero (consistent with the 2.26 eV indirect band gap of
GaP) and rise sharply when illuminating at wavelengths <446
nm, where the transition from the indirect to the direct band
gap occurs (2.78 eV). Further, the EQE action spectra of both
PPylGaP and CoTTPIPPylGaP reach maxima at 300 nm, albeit
with values of 50% and 59%, respectively. The EQEs and LHEs
measured using PPylGaP and CoTTPIPPylGaP electrodes
enable construction of IQE plots (Figure 4b) that both display
maxima at 330 nm, with values of 88% for PPylGaP and 100%
for CoTTPIPPylGaP.

To confirm that current densities recorded under mono-
chromatic lighting conditions and constant potential polar-
ization (0 V vs RHE) are consistent with those measured
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under broadband illumination when sweeping the applied
potential, wavelength-resolved electron flux plots (Figure S)
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Figure S. Electron flux spectra associated with PPylGaP (blue) or
CoTTPIPPylIGaP (purple) electrodes polarized at 0 V vs RHE in 0.1
M phosphate buffer (pH 7). All plots were generated using the related
external quantum efliciency data and considering illumination under
air mass 1.5 global tilt solar flux. At the equilibrium potential (0 V vs
RHE) the activities associated with both the PPylGaP and CoTTPI
PPylGaP electrodes are approaching their limiting values (see Figure
3).

were generated using the EQE data shown in Figure 4a and
either the photon flux associated with the air mass 1.5 global
tilt (AM 1.5 G) spectrum (Figure $10)*” or the photon flux
associated with the spectral profile of the solar simulator used
in our experiments (Figure S10). Integration of the electron
flux plots associated with AM 1.5 G illumination conditions
yield values of 0.71 + 0.06 mA cm™> for the PPylGaP
electrodes and 0.83 + 0.05 mA cm™? for the CoTTPIPPylGaP
electrodes. Integration of the electron flux plots associated with
the simulated solar conditions yield values of 0.77 + 0.06 mA
cm™? for the PPylGaP electrodes and 0.90 + 0.05 mA cm™ for
the CoTTPIPPylGaP electrodes. Thus, the current densities
obtained from integration of the electron flux plots are
consistent when using either AM 1.5 G conditions or the lamp
spectrum of the solar simulator used in our experiments (Table
S2). Further, within the experimental error of these measure-
ments, the current densities determined by integration of the
wavelength-resolved electron flux plots are consistent with
those measured in linear sweep voltammograms recorded using
broadband simulated solar illumination.

3.3. Comparisons between Heterogeneous—Homo-
geneous Semiconductor Electrodes and Homogeneous
Solutions Containing the Molecular Electrocatalyst. The
LHE and EQE action spectra of PPylGaP prior to and
following porphyrin modification were also compared with
absorption spectra recorded using solutions of CoTTP in
chloroform in the absence and presence of pyridine (Figures 6,
S3, and SS). These comparisons yield insights regarding to
what extent and at what wavelengths the presence of cobalt
porphyrin units immobilized on GaP surfaces could attenuate
the photon flux reaching the underlying GaP semiconductor
and possibly contribute to photocurrent densities at wave-
lengths with corresponding energies that are lower than the
2.26 eV band gap of GaP.

Absorption spectra of CoTTP in chloroform are charac-
terized by a relatively strong Soret absorption at 412 nm ((2.2
+ 0.1) X 10° M~ cm™') and a weaker Q-type absorption at
530 nm ((1.6 + 0.1) X 10* M~! ecm™) with both absorption
features appearing at wavelengths where the underlying GaP is
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Figure 6. External quantum efficiency action spectra recorded using PPylGaP (blue) or CoTTPIPPylGaP (purple) electrodes polarized at 0 V vs
RHE in 0.1 M phosphate buffer (pH 7) normalized at 300 nm as well as absorption spectra of 5,10,15,20-tetra-p-tolylporphyrin cobalt(II)
(CoTTP) recorded in chloroform in the absence (solid green) and presence of ~1 equiv of pyridine (dashed green) in the wavelength ranges
where the porphyrin (a) Soret absorption (300—500 nm) and (b) Q-type absorptions (500—650 nm) occur.

photoactive (Figure S3 and Table S4). In contrast, spectra of
CoTTP recorded in chloroform following the addition of ~1
equiv of pyridine show two Q-type absorption maxima at 554
nm ((1.3 £ 0.1) X 10* M~ cm™') and 592 nm ((7.2 + 0.5) X
10° M~ cm™) (i.e., wavelengths with corresponding energies
that are lower than the 2.26 eV band gap of GaP) and a Soret
absorption maximum centered at 441 nm ((2.1 + 0.2) X 10°
M~ cm™) (Scheme S2, Figure S3, and Table $4).°° The Soret
absorption in the presence of pyridine occurs at a wavelength
where there is a relatively small difference (0.5 + 0.1%) in
LHEs recorded at 440 nm using samples of PPylGaP or
CoTTPIPPylGaP (Figure $5).°" In addition to the optical data
presented in this article, obtained using either heterogeneous—
homogeneous samples of cobalt porphyrin-modified GaP
semiconductors or homogeneous solutions of cobalt porphyr-
ins, we have previously reported on the optical and
electrochemical properties of heterogeneous—homogeneous
samples of cobalt porphyrins immobilized on nanostructured
transparent conducting oxide materials.'"> These previous
studies indicate the optical properties of the CoTTPIPPy
layer (including wavelengths of the Soret and Q-type
absorption features and their corresponding extinction
coefficients) track closely with those recorded using homoge-
neous solutions containing cobalt porphyrin and pyridine
(Figure S4 and Table SS).

The fraction of light absorbed by surface-grafted cobalt
porphyrins in samples of CoTTPIPPylGaP was approximated
using the extinction coefficients recorded for homogeneous
solutions of CoTTP in chloroform following the addition of
~1 equiv of pyridine ((2.1 + 0.2) X 10° M~ cm™" for the
Soret absorption maximum and (1.3 + 0.1) X 10* M~ em™
and (7.2 £+ 0.5) X 10* M~ cm™ for the Q-type absorption
maxima), the per geometric area loading of cobalt porphyrin in
samples of CoTTPIPPylGaP (~1 nmol cm™), and the
polypyridyl film thickness (4 + 1 nm). Analyses of these
approximated LHEs indicate the immobilized porphyrins
attenuate ~39% of the light at the Soret absorption maximum
(441 nm), ~3% of the light at the most intense Q-type
absorption maximum (554 nm), and ~2% of the light at the
lower intensity Q-type absorption maximum (592 nm) (Figure
S6; see the Supporting Information for further details).
However, despite any attenuation of light by the porphyrins,
the overall photocurrents and related EQEs measured using
CoTTPIPPylGaP working electrodes are higher than those
measured using PPylGaP electrodes.
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Comparisons of the spectral profiles associated with the
EQE action spectra recorded using PPylGaP or CoTTPIPPyl
GaP electrodes address to what extent the porphyrin coating
may enhance photoelectrosynthetic performance by mecha-
nisms involving dye sensitization. Following normalization at
300 nm, a wavelength that is well resolved from the cobalt
porphyrin Soret and Q-type absorptions, and where EQEs of
PPylGaP and CoTTPIPPylGaP are at maximum values, these
plots show no significant differences (i.e., outside the error of
the measurements) in spectral intensities at wavelengths
associated with cobalt porphyrin Soret absorption (Figure
6a) as well as the Q-type absorptions (Figure 6b). Although
cobalt porphyrin complexes featuring coordination to axial
pyridyl moieties display Q-type absorptions at wavelengths
with energies lower than the band gap of GaP (>549 nm, <2.26
eV),'>*>=** there is an absence of prominent sub-band gap
features in EQE action spectra recorded using CoTTPIPPyl
GaP samples. Analysis of EQEs recorded in the 570—610 nm
range does indicate a slight (ie., outside the error of the
measurements) increase of the normalized signal intensity
associated with the porphyrin-modified GaP electrodes (Figure
6b), but this difference in signal accounts for only 0.05% of the
total current density measured under broadband illumination
conditions. Although the electronic spectra of porphyrins
recorded in the absence of polarization may not be indicative
of the steady-state concentration of porphyrin species present
on GaP surfaces under the conditions in which EQEs are
measured (i.e., steady-state illumination and polarization at 0 V
vs RHE in the presence of chemical substrates), these results
confirm the immobilized porphyrins serve relatively little role
in extending the photoactivity of the hybrid assemblies to
wavelengths outside the actinic range of GaP.

3.4. Apparent Dye-Contribution Efficiencies. The
LHEs associated with the cobalt porphyrin—polypyridyl
surface coating were also used to generate hypothetical EQE
plots. These plots are constructed assuming the immobilized
porphyrins serve strictly as light-screening pigments or dye
sensitizers (not catalysts). The hypothetical EQE plots thus
represent extreme conditions where all cobalt porphyrins
screen the flux of photons reaching the underlying GaP (i.e.,
when the absorbed photon-to-current dye-contribution
efficiency® is 0%) or where all excited-state cobalt porphyrins
transfer carriers to the underlying GaP via a dye-sensitization
mechanism (i.e, when the absorbed photon-to-current dye-
contribution efficiency is 100%) (Figures 7, S7, and S8). These
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Figure 7. (a) Hypothetical external quantum efficiency action spectrum of a cobalt porphyrin—polypyridyl-modified GaP electrode constructed
with the assumption that all immobilized porphyrins serve strictly as light-screening pigments (not catalysts) and all photons absorbed by the
porphyrin layer are screened from the underlying GaP semiconductor (red). (b) Hypothetical external quantum efficiency action spectrum of a
cobalt porphyrin—polypyridyl-modified GaP electrode constructed with the assumption that all immobilized porphyrins serve strictly as dye
sensitizers (not catalysts) and all photons absorbed by the porphyrin layer contribute to production of photocurrent via a dye-sensitization
mechanism (teal). For comparison, the external quantum efficiency action spectrum recorded using PPylGaP electrodes polarized at 0 V vs RHE in

0.1 M phosphate buffer (blue) is included in both panels a and b.

hypothetical plots further demonstrate the measured enhance-
ments in EQE following porphyrin modification cannot be
accounted for by porphyrin dye sensitization. For example, the
apparent absorbed photon-to-current dye-contribution effi-
ciencies required to achieve the EQEs shown in Figure 4a
exceed 250% (Figure S9; see the Supporting Information for
further details). Although there is a clear increase in the ratio of
electron flux (measured as current) to incident photon flux
following porphyrin modification of the PPylGaP electrodes
that cannot be accounted for via mechanisms involving dye
sensitization, the current data do not permit a further
deconvolution of enhancements arising from chemical catalysis
and/or changes in surface energetics.éé_70 In principle, the
analysis described in this work can be applied to other
molecular-modified semiconductor assemblies if information is
available regarding their EQEs and LHEs as well as the surface
loadings and extinction coeflicients of the molecular
components.

4. CONCLUSION

In conclusion, optical and photoelectrochemical measure-
ments, including determination of light harvesting efficiencies
and in operando quantum efficiencies associated with hydro-
gen production, were performed using chemically modified
GaP working electrodes. Our results indicate the immobilized
porphyrins contribute relatively little to extending the
photoactivity of these assemblies to wavelengths outside the
actinic range of GaP yet are essential to improving the overall
photocurrent density. Although this report focuses on better
understanding the HER activity of metalloporphyrin-modified
GaP semiconductors, the analysis techniques (including
quantification of catalyst loading coupled with determination
of the LHEs, EQEs, and IQEs obtained from measurements
performed prior to and following catalyst-modification
chemistry) can likely be applied to other photoelectrosynthetic
assemblies and chemical transformations. Thus, this approach
highlights a general yet useful strategy for better understanding
the activity of photoelectrosynthetic assemblies containing
catalysts that absorb visible light.
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