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ABSTRACT: Understanding and controlling factors that restrict the rates of fuel-forming [Photon Limited  Proton Limited
reactions are essential to designing effective catalyst-modified semiconductors for applications o SRR E el At ow polarization
in solar-to-fuel technologies. Herein, we describe GaAs semiconductors featuring a polymeric | 2H,0 +2e- 2H* + 2¢°

coating that contains cobaloxime-type catalysts for photoelectrochemically powering
hydrogen production. The activities of these electrodes (limiting current densities >20 mA
cm™? under l-sun illumination) enable identification of fundamental performance-limiting
bottlenecks encountered at relatively high rates of fuel formation. Experiments conducted
under varying bias potential, pH, illumination intensity, and scan rate reveal two distinct ‘
mechanisms of photoelectrochemical hydrogen production. At relatively low polarization and 20—
pH, the limiting photoactivity is independent of illumination conditions and is attributed to a

mechanism involving reduction of substrate protons. At relatively high polarization or pH, the 10 08 06 54 02 0D 02 04
limiting photoactivity shows a linear response to increasing photon flux and is attributed to a E (V vs RHE)
mechanism involving reduction of substrate water. This work illustrates the complex interplay

between transport of photons, electrons, and chemical substrates in photoelectrosynthetic

reactions and highlights diagnostic tools for better understanding these processes.
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dvances in interfacial chemistry and rational synthetic (including applications of varying electrochemical polarization,
design have accelerated development of catalyst-modified pH, illumination intensity, and scan rate) provide a general yet
semiconductors that convert energy between photonic, useful strategy for better understanding, and ultimately
electronic, and chemical forms.'™'" These constructs hold controlling, the performance of catalyst-modified semiconduc-
promise for unleashing renewable-energy technologies that tors.
convert sunlight to fuels and other value-added chemical Our use of GaAs semiconductors in this current work was
products. However, the ability to effectively interface the prompted by studies of related molecular-catalyst-modified
required light harvesting and catalytic components remains GaP electrodes.” > When these GaP-based constructs were
challenging as there is an incomplete understanding of how illuminated at 1-sun intensity, the hydrogen evolution reaction
charges move through these materials and what the bottleneck (HER) activities were not limited by a chemical step (ie.,
rate-limiting steps are that restrict their performance. chemical catalysis/energy storage) but instead were limited by
In this report, we describe the synthesis, structural the incident photon flux and kinetics associated with charge

characterization, and photoelectrosynthetic properties of
cobaloxime-polypyridyl-modified GaAs semiconductors (coba-
loximelPPylGaAs). The assemblies photoelectrochemically
power hydrogen production at current densities that are
among the highest reported for a molecular-catalyst-modified
semiconductor,' ™'¢ achieving limiting current densities in
excess of 20 mA cm™?> when under simulated I-sun
illumination, and related rates of fuel production greater than
100 nmol H, cm™ s™'. These activities enable experiments
that provide physical insights regarding reaction mechanisms
and fundamental performance-limiting factors encountered at
accelerated fuel-formation rates. Although these studies make
specific use of GaAs semiconductors interfaced with
cobaloxime-type catalysts, the key findings and discussions
are likely relevant to other materials and chemical trans-
formations involving proton-transfer reactions. Thus, the
photoelectrochemical techniques highlighted in this report

transport (i.e., light capture and conversion steps).'® These
findings indicate that increasing the illumination intensity, or
utilizing a semiconductor component that can harvest a larger
portion of the solar spectrum, could enhance fuel-forming
reaction rates. Based on their respective band gaps, GaAs can
harvest photons with wavelengths up to 870 nm, while GaP
can only absorb photons with wavelengths up to 549 nm
(Figure la). Thus, if the overall incident photon-to-current
efficiencies are similar, we hypothesize that GaAs-based
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Figure 1. (a) The air mass 1.5 global tilt solar flux spectrum (black solid) as well as transmission spectra of the GaP (bandgap = 2.26 eV) (blue
dash) and GaAs (bandgap = 1.43 eV) (red dash) semiconductors used in this work. (b) Linear sweep voltammograms recorded at a scan rate of
100 mV s~ using cobaloxime-polypyridyl-modified GaAs (cobaloximelPPylGaAs) electrodes in pH 7 (dash traces) or pH 13 (solid traces)
solutions under simulated 1-sun illumination (red traces) or in the dark (black traces). (c) Linear sweep voltammograms recorded at a scan rate of
100 mV s~ using cobaloxime-polypyridyl-modified GaP (cobaloximelPPylGaP) electrodes in pH 7 (dash traces) or pH 13 (solid traces) solutions
under simulated 1-sun illumination (blue traces) or in the dark (black traces).
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Figure 2. (a) Linear sweep voltammograms recorded at 100 mV s™'
using cobaloximelPPylGaAs electrodes in 0.1 M phosphate buffer (pH
7) and the following illumination intensities: 0 (black dash), 75 (red),
125 (olive), 175 (blue), and 200 (violet) mW cm™2 (b) Plots of the
limiting current densities recorded in the low polarization region
(squares) and high polarization region (circles) versus the
illumination intensity. (c) Linear sweep voltammograms recorded
under 100 mW cm™ illumination using cobaloximelPPylGaAs
electrodes in 0.1 M phosphate buffer (pH 7) and the following
scan rates: 10 (red), SO (orange), 100 (green), 200 (olive), SO0
(cyan), 700 (blue), 1000 (violet), 1200 (gray), and 1500 (black) mV
s'. (d) Plots of the limiting current densities recorded in the low
polarization region (squares) and high polarization region (circles)
versus the scan rate.

constructs should achieve higher current densities and deliver
charge carriers required for activating surface-immobilized
catalysts at faster rates.

Synthesis of cobaloximelPPylGaAs assemblies was achieved
via modification of a method previously developed for
functionalizing GaP,'”?%?! and structural characterization
(including contact angle measurements, ellipsometry, induc-
tively coupled plasma mass spectrometry, X-ray photoelectron
spectroscopy, and grazing angle attenuated total reflectance
Fourier transform infrared spectroscopy) provides converging
lines of evidence for successful functionalization of the GaAs
substrates (see Supporting Information). Voltammograms
recorded using cobaloximelPPylGaAs, polypyridyl-modified
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Figure 3. (a) EQE action spectra recorded at pH 7 using either
cobaloximelPPylGaAs (red) or cobaloximelPPylGaP (blue) working
electrodes polarized at 0 V vs RHE. (b) Electron flux spectra for
cobaloximelPPylGaAs (red) and cobaloximelPPylGaP (blue) calcu-
lated using the EQE action spectra shown in Figure 3a and the solar
flux spectrum shown in Figure la. (c) EQE action spectra recorded at
pH 13 using either cobaloximelPPylGaAs (red) or cobaloximelPPyl
GaP (blue) working electrodes polarized at 0 V vs RHE. (d) Electron
flux spectra for cobaloximelPPylGaAs (red) and cobaloximelPPylGaP
(blue) calculated using the EQE action spectra shown in Figure 3c
and the solar flux spectrum shown in Figure la.

GaAs (PPylGaAs), and GaAs working electrodes immersed
in 0.1 M phosphate buffered aqueous solutions (pH 7) are
shown in Figures 1b and S$22. Under simulated 1-sun
illumination (100 mW cm™2), the cobaloximelPPylGaAs
electrodes produce a current density of 1.0 + 0.4 mA cm™
when polarized at the H'/H, equilibrium potential, and
achieve a limiting current density of ~20 mA cm™> when
polarized at more negative potentials. For comparison, when
studied under otherwise identical experimental conditions, the
analogous GaP-based constructs (cobaloximelPPylGaP)
achieve a current density of 1.08 + 0.03 mA cm > when
polarized at the H/H, equilibrium potential, and approach a

https://dx.doi.org/10.1021/acs.jpclett.0c02386
J. Phys. Chem. Lett. 2021, 12, 199—203


http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c02386/suppl_file/jz0c02386_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c02386/suppl_file/jz0c02386_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c02386?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c02386?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c02386?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c02386?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c02386?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c02386?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c02386?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c02386?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c02386?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c02386?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c02386?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c02386?fig=fig3&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://dx.doi.org/10.1021/acs.jpclett.0c02386?ref=pdf

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

limiting current density that remains at ~1 mA cm > when
polarizing to more negative potentials (Figure Ic).

Unlike the voltammograms recorded using cobaloximelPPyl
GaP electrodes, which display single S-shaped waveforms, the
voltammograms recorded using cobaloximelPPylGaAs electro-
des in pH neutral aqueous solutions display two distinct
regions of photoelectrosynthetic performance (ie., dual-
waveform voltammograms featuring two limiting current
features). We term the region of photoelectrosynthetic
performance at less negative bias potentials the low polarization
region, and the region of photoelectrosynthetic performance at
more negative bias potentials the high polarization region. The
low polarization region spans from approximately —0.3 V vs
RHE to more positive potentials and includes a limiting
current peak feature centered at —0.2 V vs RHE, with an
intensity of ~10 mA cm ™, in voltammograms recorded at pH
7 under 100 mW cm ™ illumination. Sweeping the polarization
to potentials negative of this peak feature results in decreasing
currents (i, rates of charge transfer) despite the increasing
applied bias potential. This result indicates that transport, and
thus local concentration, of substrates other than electrons
begins to limit the HER activity.”* Conversely, in the high
polarization region, which spans from approximately —0.3 V vs
RHE to more negative potentials, the current response
switches back to increasing with further negative polarization
until reaching a limiting value that approaches ~20 mA cm™2.

To further explore the dual-waveform nature associated with
the GaAs-based assemblies, photoelectrochemical experiments
were also performed at elevated pH. Voltammograms recorded
using cobaloximelPPylGaAs electrodes immersed in 0.1 M
NaOH aqueous solutions (pH 13) are shown in Figures 1b
and S22. Under these conditions, the cobaloximelPPylGaAs
electrodes produce a current density of 10 + 1 mA cm™> when
polarized at the H*/H, equilibrium potential, and the current
density steadily increases upon polarizing to more negative
potentials until reaching a limiting value that again approaches
~20 mA cm™2 In addition, the voltammograms recorded
under basic conditions display a single S-shaped waveform
(Figures 1b, S22b, and S2S5) and not the dual waveform
observed in experiments performed at pH 7 (Figures 2 and
$26). For comparison, at pH 13 and otherwise identical
experimental conditions, the analogous cobaloximelPPylGaP
assemblies achieve a current density of only 1.08 + 0.03 mA
cm ™2 when polarized at the H*/H, equilibrium potential, and
display a limiting current density that remains at ~1 mA cm™>
when polarizing to more negative potentials (Figure 1c). Thus,
unlike cobaloximelPPylGaAs, the current response versus the
RHE potential (which adjusts for the nernstian pH response of
the HER) shows relatively little to no difference in experiments
performed at pH 7 versus 13 when using cobaloximelPPylGaP
working electrodes.*"***°

The observation of dual-waveform voltammograms and
changes in waveforms as a function of pH have been reported
by Gerischer et al. in experiments involving unmodified-GaAs
electrodes interfaced with a liquid electrolyte.”” The authors
proposed that currents at lower bias potentials are restricted by
diffusion of solvated protons to the electrode surface, and at
higher bias potentials the reduction of water becomes limited
by the number of electron—hole pairs generated via
illumination of the semiconductor.”” To investigate if similar
mechanisms are at play when using cobaloximelPPylGaAs, we
analyzed their photoelectrosynthetic performance under
varying illumination intensity and scan rate.

201

At pH 7, the limiting current at lower polarization is
independent of illumination conditions when modifying them
from 75 up to 200 mW cm™* (Figures 2a and b). However, the
position of the peak feature shifts toward more positive
potentials when increasing the light intensity. Juxtaposed to
this invariance of the limiting current intensity in the low
polarization region when modifying the illumination con-
ditions, its value does increase when modifying the scan rate
from 10 up to S00 mV s~ (Figure 2c and d), whereupon the
limiting current becomes scan rate independent and saturates
at a current density similar to that recorded at higher
polarization (~20 mA cm™) (Figure S23). These results are
consistent with limitations of the HER activity in the low
polarization region due to diffusion of substrate protons (the
second step in eq 1). The apparent shift of the current limiting
peak feature to more positive potentials when increasing the
illumination intensity is attributed to a more rapid con-
sumption of substrate protons at higher light fluxes. In other
words, the catalytic turnover frequency increases at higher
illumination intensities and the concentration of protons at the
electrode surface becomes depleted earlier in the voltammo-
gram scan, causing the peak feature to appear at more positive
potentials. Conversely, the relative thickness of the diffusion
layer, which is the region in the vicinity of an electrode where
concentrations of chemical substrates are different from their
values in the bulk solution,”® depends on the time scale of the
voltammogram scan. At faster scan rates, the thickness of the
diffusion layer is narrower, enabling higher fluxes of chemical
substrate to the electrode surface and hence higher
currents.””*’

In the high polarization region, the response of the limiting
current to increasing light intensity and scan rate is counter to
that observed in the low polarization region (Figure 2b and d),
and the limiting current is instead proportional to the
illumination intensity yet invariant to increasing scan rate.
These results are consistent with limitations of the HER
activity related to the availability of photons at the electrode
surface (the first step in eq 2). Under simulated 1-sun
illumination, increasing the scan rate to improve mass
transport, and thereby increase the availability of protons at
the electrode surface, does not increase the limiting current
and HER activity at high polarization because the electrode is
photon starved. Further, at relatively high polarization, or high
pH (Figures S24 and S25), the concentration of protons at the
electrode surface is relatively low and water serves as a weak
acid and reactant (the second step in eq 2).

Reduction of protons at relatively low polarization and
low pH:

Step 1: hv + semiconductor — e~ + h"

Step2: 2H" + 2¢” — H, (1)
Reduction of water at relatively high polarization or high
pH:

Step 1: hv + semiconductor — e~ + h

Step 2: 2H,O + 2¢” — H, + 20H™ (2)

External quantum efficiency (EQE) action spectra provide
information on the number of charge carriers collected as
current versus the number of photons incident on the working
electrode surfaces. Analyses of the EQE action spectra
recorded using cobaloximelPPylGaAs electrodes polarized at
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0 V vs RHE (Figures 3a—d and S22) confirm these constructs
are photoactive over wavelengths ranging from 300 to 870 nm.
Conversely, cobaloximelPPylGaP electrodes are only photo-
active over wavelengths ranging from 300 to 549 nm (Figure
3a—d). In addition, gas chromatography analyses of headspace
gas samples taken from photoelectrochemical cells equipped
with cobaloximelPPylGaAs working electrodes polarized for 20
min at potentials in the high polarization region or low
polarization region, and at pH 7 or 13, all confirm the
production of hydrogen gas with near unity faradaic efficiency
(Figure S29). These results corroborate our hypothesis that in
comparison with the analogous GaP-based constructs, the
GaAs-based constructs should be capable of delivering charge
carriers required for activating surface-immobilized catalysts at
significantly faster rates and thereby facilitate mechanistic
studies at relatively high rates of fuel formation.

In conclusion, the higher activities achieved using the GaAs-
based assemblies enable identification of the performance-
limiting factors encountered at accelerated fuel-formation rates
and reveal a hitherto unexplored switching of the rate-limiting
steps and reagents required for driving photoelectrosynthetic
reactions. In a longer-term view, a viable photoelectrosynthetic
device must be efficient, durable, and ultimately cost-effective.
To date, no assembly effectively achieves this. Thus, there is a
need for ongoing research addressing all of these aspects. The
results described in this Letter highlight the modularity of a
polymeric-attachment strategy and provide insights for better
understanding and controlling the rate-limiting steps of fuel-
forming reactions at catalyst-modified semiconductors where
photons, electrons, and protons are all required reagents.
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