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ABSTRACT: Artiﬁcial photosynthesis by photoelectrocatalytic CO2 reduction
is dependent, as is natural photosynthesis, on interfacial electron transfer to
couple light excitation energy to reaction centers. For heterogeneous systems,
in the context of frontier orbital theory artiﬁcial reaction centers are deﬁned
through the interactions of ﬁlled and empty orbitals within a few electronvolts
of the Fermi energy of the adsorbate complex. Here we report a scanning
tunneling microscopy (STM) and density functional theory investigation of the
orbital-resolved adsorption state deﬁning the dative bonding interaction
between a III−V semiconductor surface [GaP(110)] and a N-containing
heteroaromatic (pyridine). This system was selected for its relevance to
photoelectrocatalysis utilizing heteroaromatic cocatalysts, which has been
reported to yield highly selective CO2 reduction to fuels. By examining the
distribution of unoccupied molecular orbitals, we show that STM images can be
used to positively identify the sites on pyridine susceptible to nucleophilic attack, consistent with frontier orbital theory. This
indicates that STM can be used to explore the local reaction centers of adsorbed ambidentate electrophiles and nucleophiles
relevant to artiﬁcial photosynthesis, and more broadly to generate critical mechanistic information for various heterogeneous
acid−base reactions.

■

INTRODUCTION
The chemical transformation of CO2 to fuels using water and
solar energy is associated with a number of competing reaction
pathways1 whose selection requires careful catalyst activation by
management of electron/proton transfers as well as control of
chemical sites.2 It is clear that achieving both high eﬃciency
and product selectivity in any artiﬁcial photosynthetic CO2
conversion process will require comprehensive knowledge of
the active sites, so that one can engineer charge transfers for
selective chemical bond formation.3,4 Heterogeneous processes
are attractive for this application because they can facilitate
control of active sites, drive selectivity in chemical bond
transformations, and stabilize electrode surfaces for eﬃcient
charge transfer.3 Here we use scanning probe techniques and
density functional theory (DFT) calculations to report the
orbital-resolved adsorption state of pyridine (C5H5N) on
GaP(110), constituents of a photoelectrocatalytic system
reported to yield near-100% Faradaic eﬃciency for solar-driven
methanol production by CO2 reduction.5 We show that it is
possible to experimentally probe the site specif icity of electrondonating and -accepting states directly at the interface between a
© 2015 American Chemical Society

relevant photoactive compound (III−V) semiconductor and an
aromatic heterocycle, an important class of molecules known to
facilitate CO2 reduction to fuels with low overpotentials and
high selectivity.6 Speciﬁcally, by experimentally and theoretically examining the spatial distributions of the lowest
unoccupied molecular orbitals, we determine that one can
identify the atomic sites of an organic catalyst adsorbed on a
semiconductor that are most susceptible to nucleophilic attack.
The implicit claim made above that N-heterocycle-catalyzed
CO2 electroreduction can be heterogeneous has been made
previously.7 The fact that both the existence of reduction
current and, where there is current, the selectivity of the
product yield are highly dependent on the nature of the
electrode material implies that the substrate is involved in some
aspect of the complete mechanism.8−11 Thus far, for pyridinebased catalysts high Faradaic yields for methanol (>96%) have
only been reported when p-GaP5 and p-CuInS211 are used as
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Figure 1. (a) (110) surface of GaP. (b) and (c) Empty-state constant-current STM images of the GaP(110) surface at 60 K. Tunneling parameters:
(b) 2.40 V, 0.1 nA, 35.8 × 35.8 Å; (c) 2.80 V, 0.1 nA, 35.8 × 35.8 Å. The rectangle in (b) and (c) corresponds to the Ga sublattice in (a). (d)
Diﬀerential tunneling conductance (dI/dV) of GaP(110). (e)−(i) Constant-current STM images of pyridine/GaP(110) at 5 K. Tunneling
parameters: (e) 2.35 V, 0.04 nA, 715.4 × 715.4 Å. The two diﬀuse crescent-shaped features are an unknown contaminant: (f) 2.35 V, 0.04 nA, 35.8 ×
35.8 Å; (g) 2.80 V, 0.04 nA, 35.8 × 35.8 Å; (h) −3.00 V, 0.04 nA, 35.8 × 35.8 Å; (i) 2.35 V, 0.04 nA, 15 × 15 Å. To suppress noise, the STM images
have been smoothedby a Gaussian with a two-pixel radius. (j) Simulated constant-current STM image based on the DFT-relaxed adsorption
geometry of pyridine on GaP(110) shown at the same length scale as the STM image in (i). (k) Front view of electron density diﬀerence plot (0.005
e/bohr3 isosurface level) of adsorbed pyridine, where increased density is yellow and decreased density is teal. (l) Side view of electron density
diﬀerence plot in (k).

hydride transfers to CO2 in electrochemical systems.17,18 It has
been theoretically19 and subsequently experimentally20 shown
that the interaction with water induces the formation of
negatively charged hydrides on GaP(110). Pyridine can
displace adsorbed H2O and adsorb on surfaces in electrochemical (including acidic) environments.21,22 Dihydropyridine
could form on the GaP(110) surface through transfer of two
electrons and two protons to adsorbed pyridine, which is
facilitated by adsorbed hydrides.17,18
Results from the available literature therefore suggest that the
pyridine/GaP adsorption state is involved in some way in the
overall process. The debate on the precise mechanism at play in
this system continues, and many more discoveries are likely to
emerge and reveal the origins of reaction selectivity. The results
presented herein apply more generally: we show that it is
possible to experimentally assess the real-space and energyresolved orbitals of systems composed of photoactive
compound semiconductors and molecular catalysts. The ability
to probe orbitals within an individual adsorbate complex is

photocathodes. Convincing electrochemical evidence has been
reported that on Pt10,12,13 and Ir10, pyridinium (protonated
pyridine, which exists in equilibrium with aqueous pyridine in
acidic solution) is the species that facilitates the ﬁrst
mechanistic step of CO2 reduction. However, Keith et al.14
have found that it is not energetically favorable for pyridinium
to bind on GaP(110); were it to bind temporarily, it would not
accept an additional electron. This ﬁnding on the interaction of
pyridinium with GaP(110) is supported by a more recent
publication by Lessio and Carter,15 which includes consideration of a negatively charged surface. This study also reported
that on GaP(110), following a one-electron reduction of
pyridinium to adsorbed H, it is more energetically favorable for
the resulting pyridine to adsorb on the surface than to exist in
solution.15 Keith and Carter16 have shown that the potential
required for two-electron reduction of pyridine to dihydropyridine is much lower than the computed reduction potential of
pyridinium to pyridinyl and have stated that adsorbed
dihydropyridine possesses structural properties that facilitate
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darker features in Figure 1e, also present on the clean surface,
are assigned to Zn dopants (Figure S1). Segregation of Zn
dopants to the surface was predicted by prior DFT
calculations.19
Figures 1f and 1g show magniﬁed images of two pyridine
molecules imaged at 2.35 and 2.8 V sample bias (additional
images at diﬀerent biases are shown in Figure S2). Pyridine
molecules are found to adsorb directly onto Ga rows and are
symmetric about the [11̅0] axis. After heating the pyridine/
GaP(110) sample to 300 K then cooling to 5 K, no change in
the adsorption geometry was observable in STM (Figure 1i).
In the experiments presented herein, the tunneling current−
voltage characteristics were nonlinear, perhaps due to a
Schottky barrier between the GaP wafer and the metallic
sample holder. Hence, in reverse bias, tunneling currents
suﬃcient for STM imaging could only be established at large
negative voltage. Figure 1d illustrates the low conductance at
negative bias through a dI/dV measurement. Alternatively, the
much smaller tunneling currents at negative applied potentials
could result from the particular tip−sample distance used.30
More work beyond the scope of this study would be required to
understand the dependence of the dI/dV curve on tip−sample
distance. At positive bias, the dI/dV signal, which is
proportional to the local density-of-states (LDOS) for small
potentials, reveals the presence of an electronic state at 2.2 V
that corresponds to an unoccupied surface state band on
GaP(110),30 labeled C3 following previous convention.32 The
voltage at which the C3 state is found corresponds well to its
resonance energy calculated by DFT.30 This feature therefore
provides a ﬁngerprint of the energy scale of the LDOS and thus
conﬁrms that the energies in this study correspond to those of
the real system LDOS, with the Fermi energy (EF) at V = 0.
This assessment assumes that the voltage drops across the
vacuum gap. However, given the unexpected behavior of the
tunneling behavior at low negative applied bias, additional
comments on our system are warranted. Later in this article, we
present simulations for STM images obtained at both positive
and negative biases that agree very well with our experimental
STM images. This correspondence between experiment and
ﬁrst-principles theory provides further evidence for the validity
of our energy scale. Our explanations above addressing our
observed low tunneling current at low applied negative bias
may ultimately prove inadequate, and this feature deserves
additional future experimental investigation. However, given
the conﬁrming theoretical support, all interpretations in this
article relying on the energy scale are consistent.
The electrical characteristics did permit STM imaging of the
pyridine molecules at −3.00 V (Figure 1h). At this bias, the
images of GaP(110) are dominated by the lone pair of
electrons associated with surface P atoms.31 Pyridine molecules
are found to sit between P rows, which is consistent with their
adsorption on Ga sites observed in Figure 1e−g. We measured
dI/dV spectra over the pyridine molecule but found no
signiﬁcant diﬀerence and no additional states below the
conduction band minimum of GaP(110). Prior work on
ethylene adsorption on this system showed that dI/dV spectra
recorded over the adsorbed molecule simply show suppression
of the GaP(110) C3 surface state.30
DFT was used to determine the most stable adsorption
conﬁguration of pyridine on GaP(110). Details on the
computational method can be found in the Supporting
Information. Figures 1j−l were generated from the DFTrelaxed structure. Figure 1j shows a simulated constant-current

critical to establish the site speciﬁcity of reaction centers for
acid−base interactions occurring at surfaces. Furthermore, the
observed correspondence between experiment and theory can
serve the essential purpose of validating electronic structures of
catalyst−semiconductor interfaces obtained by DFT, which
highlights the important collaborative role of these methods in
generating mechanistic information for more complex schemes
for artiﬁcial photosynthesis going forward.
In addition to the interest in pyridine for artiﬁcial
photosynthesis, pyridine is universally used as a probe molecule
for determining the strength and number of coordinately
unsaturated (Lewis acid) sites on surfaces.23 Here we
contribute to a submolecular understanding of the dative
bonding used to identify electron acceptor centers. This
fundamental information is important because, for example,
interactions between adsorbates on adjacent sites could
inﬂuence the energies of vibrational modes used to assess the
strength of the acidic sites.24

■

RESULTS AND DISCUSSION
The (110) surface is the most stable surface of GaP:25,26 it is
nonpolar, stoichiometric, not reconstructed, and only associated with a relaxation from the ideal termination of the bulk
structure. On GaP(110) there is a lone pair of electrons on
each P atom and an empty orbital on each Ga atom. Figure 1a
shows the ideal (110)-projection of GaP. We cleaved
Zn:GaP(100) wafers [ρ = 4.40 × 10−2 Ω-cm, Nc = 3.10 ×
1018 cm−3, μ = 50 cm2 (V·s)−1] in 10−10 Torr vacuum and at
sample temperatures between 200 and 250 K to produce the
clean (110) surface. Scanning tunneling microscopy (STM)
measurements were taken on a cryogenic ultrahigh vacuum
(UHV) system typically operating at 5 K. The instrument was
controlled with the GXSM SPM Control system with the MK2A810 (for imaging, advanced spectroscopic mapping, and
spectroscopy).27−29 Details of the STM experiments are
included in the Supporting Information. After cleaving,
atomically ﬂat terraces were typically several hundreds of
nanometers in size. At cryogenic temperatures, the free carriers
of the doped semiconductor are frozen, and an insulating
sample was expected. However, we were able to achieve
tunneling at 5 K, consistent with prior studies reporting
tunneling at 8 K.30 We are exploring the origin of this
unexpected conductive state.
Figure 1 provides empty-state constant-current STM images
of GaP(110) at 2.4 V (b) and 2.8 V (c) sample bias. Emptystate images of (110) surfaces of III−V semiconductors relate
to the unoccupied dangling bond states associated with
cations.30 At higher positive sample bias, tunneling is coupled
to surface states with slight anionic character.31 This character
manifests itself as an apparent 90° rotation of the surface-atom
rows31 and was observed in this system when tunneling at 3.4 V
(Figure S1). The 5.50 × 3.89 Å rectangles in Figures 1b and 1c
indicate the positions of Ga cations on the surface, as drawn on
the theoretical surface schematic in Figure 1a.
Pyridine was dosed onto the clean GaP(110) surface through
a shutter on the STM cryostat, which leads to temporary IR
radiation heating and causes the sample temperature to rise
from 5 K to 15−20 K. After closing the shutter, the
temperature recovered to 5 K and the surface was imaged.
An overview of the surface after a 12-Langmuir (L) pyridine
exposure is shown in Figure 1e, where pyridine molecules are
the brightest features. At this coverage, the individual pyridine
adsorbates are electronically isolated from one another. The
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Figure 2. (a) Constant-height STM images of a single pyridine molecule with the same orientation as in Figure 1. 19.4 × 19.4 Å. The color scale is
linear, and the images reﬂect tunneling currents from 0 nA to about 1 nA. (b) Line scans of the images in (a), as shown in the inset.

STM images of pyridine/GaP(110) obtained in constantheight mode (i.e., mapping the lateral position-dependent
tunneling current) diﬀer dramatically from the constant-current
images discussed so far. Figure 2 shows images of a single
adsorbed pyridine molecule after the system was heated to 300
K, followed by cooling to 5 K. The distribution of the tunneling
current shows a marked dependence on the applied bias. Most
notably, empty-state images closest to EF (2.00−2.60 V) show
two distinct lobes of diﬀerent magnitude and spatial extent
aligned with the Ga rows of the substrate (along [001]). At
higher energies above EF (2.60−3.00 V), an additional
tunneling channel opens between these lobes, and they are
no longer spatially diﬀerentiated. Another distinct distribution
of the current is observed in ﬁlled-state images (−2.50 and
−3.00 V, below EF).
In a planar tunneling model within the Wentzel−Kramers−
Brillouin (WKB) approximation, the tunneling current scales
exponentially with the tip−molecule distance,33 which enables
high spatial resolution in constant-current imaging. In constantheight imaging, however, the results for ﬂat samples are less
inﬂuenced by the sample topography. In the present case, the
orientation of the molecule will still inﬂuence results: the sites
closer to the apex of the molecule have a shorter distance to the
tip than those closer to the bonding site at the substrate.
We interpret the images in Figure 2 to represent the orbitalresolved adsorption state of pyridine molecules on GaP(110),
vide inf ra. Extensive literature exists on orbital-resolved STM

STM image at 2.35 V at the same length scale as the STM
image in Figure 1i for comparison (see Supporting Information
for details on the simulation and Figure S3 for the relationship
between the simulation and the underlying lattice). All major
features of the experimental image are reproduced by the
simulation. This reproduction conﬁrms that the LDOS data
generated by the DFT calculations comprehensively describe
the electronic structure of our experimental model system and
can be used directly to interpret the results presented herein.
Through the N lone pair orbital, pyridine forms a dative bond
with the empty orbital of a surface Ga atom. The most stable
adsorption geometry consists of the pyridine molecule tilted
away from the direction of outwardly relaxed surface P atoms.
This conﬁguration maintains the desired tetrahedral coordination of Ga in the zinc-blende structure. The computed
adsorption energy at room temperature for this conﬁguration
is −0.72 eV (−1.40 eV at 0 K) indicating a strong adsorption of
the molecule on the surface. Figures 1k and 1l show density
diﬀerence plots (0.005 e/bohr3 isosurface level), which describe
the eﬀect of adsorbing the free pyridine molecule on GaP(110).
The density diﬀerence plots show that there is a shift of
electrons from the site of the N lone pair toward the Ga atom, a
feature that is characteristic of a dative bond. This observation
is conﬁrmed by the computed Bader charges for the adsorbed
pyridine (q = +0.11) and the slab (q = −0.11) indicating a net
transfer of electrons from the molecule to the surface.
28920
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Figure 3. Isosurfaces of electron density plotted for three energy ranges: EF to CBM + 1.0 eV (top), EF to CBM + 0.6 eV (middle), and VBM − 3.0
eV to EF (bottom). The electron density associated with the GaP slab is not displayed so that the electron density associated with the adsorbed
pyridine molecule is more visible. Corresponding constant-height STM images shown at left.

imaging of molecules,34−39 much of which has been achieved by
adsorption of the molecule on a thin insulating ﬁlm to suppress
the hybridization with an underlying metal substrate.40 It was
recently shown that orbital-resolved images are obtainable for
molecules directly adsorbed on the surface of elemental
Ge(001).41
The line scans shown in Figure 2b (with labeled orbital
assignments) provide an opportunity to discuss the spatial
distribution of the system’s molecular orbitals. For reference,
Figure 2 shows a diagram of the adsorbed pyridine molecule in
the same orientation as in the experiment. The lowest
unoccupied molecular orbital (LUMO) of a free pyridine
molecule is comprised of π* orbitals of the aromatic ring
localized at the N, C2, C4, and C6 sites.42 As discussed above,
in the adsorbed state on GaP(110), the N interacts with surface
Ga through a σ bond. Therefore, we can expect that the LUMO
of the adsorbed molecule is comprised of a linear combination
of ring π* and σ* orbitals, the latter of which is localized near
the N−Ga bonding site. For images taken between 2.00 and
2.60 eV, there is a clear diﬀerentiation of states across the
molecule, which we attribute to diﬀerentiation of the π*
orbitals at C4 and the combination of π* and σ* at N, C2, and
C6 sites. The spatial diﬀerentiation of these states across the
molecule is lost at higher energies above EF (2.80−3.00 eV)
because additional unoccupied density on the C3 and C5 sites
introduces new tunneling channels.42 The highest occupied
molecular orbital (HOMO) of free pyridine is associated with
the lone pair of electrons on the N.43 At the energies below EF
probed experimentally (−2.50 and −3.00 eV), the HOMO is
comprised of the N−Ga σ bond and has a signiﬁcant additional
contribution of the π orbitals of the ring. There is an absence of
occupied state density on the C4 position.

The interpretation that we are visualizing the occupied and
unoccupied states of the system is conﬁrmed by constantheight STM simulations, which reproduce the major features in
the experimental images, including the notable double-lobed
structure of the low-lying empty-state images (see Figure S4).
Given the correspondence between experimental and simulated
images, it is possible to further interpret the system qualitatively
through isosurfaces of electron densities in the same energy
ranges close to EF probed by STM. We use the isosurfaces here
to further understand the spatial organization of occupied and
unoccupied states within the pyridine−GaP surface complex, as
has been done previously in the literature on other systems.44 A
detailed explanation on the computational methodology is
available in the Supporting Information. Adjacent to the
corresponding constant-height STM images, Figure 3 shows
three perspectives of the isosurfaces of electron density when
integrated over the energy ranges corresponding to those
probed by experiment. The images visualize the electron
density in the system and are consistent with the orbital
assignments discussed above in the context of Figure 2. The
LUMO states, represented by the density integrated from EF to
0.6 above the CBM, clearly show the diﬀerentiation of orbital
lobes probed by experiment in this energy range. This image
also highlights the inﬂuence of the σ* contribution to
unoccupied state density: the π* orbitals of pyridine are
symmetric about the molecular plane,42 but in the adsorbed
state an asymmetry in the unoccupied state density is observed
near the bonding site (middle of Figure 3). Here the σ* orbital
shifts the electron density toward the semiconductor surface.
Keith and Carter16−18 and later Marjolin and Keith6 have
argued that the essential property enabling aromatic Nheterocycles to serve as catalysts for CO2 electroreduction is
their associated ability to eﬃciently shuttle hydrides to CO2. If
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destabilizes the ring and as a consequence lowers the energy of
the LUMO. The experimental results in Figures 1 and 2, in
conjunction with the electron density plots in Figure 3, identify
the sites on the molecule where the LUMO is concentrated.
These results indicate the sites with the largest contribution to
the LUMO are the N and C2, C4, and C6 sites. In the adsorbed
state, from a mechanistic point of view the sites susceptible to
nucleophilic attack are the C2, C4, and C6 sites. The
experiments clearly show diﬀerentiation of the LUMO sites
across the molecule along the [001] direction of GaP(110),
implying diﬀerentiation of the chemically identical C2 and C6
sites from the C4 site (Figure 4). The size of the lobes for the
LUMO states is a function of the ability of the orbitals probed
to couple with the ﬁlled orbitals of the STM tip and is therefore
not necessarily an indication of the sites’ relative reactivity with
bases.

adsorbed pyridine is to serve as a hydride donor for reactions
with CO2, it must ﬁrst react with a nucleophilic hydrogen. Keith
and Carter17,18 have noted the most chemically intuitive carbon
sites for nucleophilic attack on adsorbed pyridine by adsorbed
hydride are C2, C4, and C6. Their proposed mechanism for
formation of ortho- and para-dihydropyridine is shown at the
bottom of Figure 4.

■

CONCLUSIONS
These results provide a framework for identifying sites in
organic catalysts adsorbed on compound semiconductors that
are active for acid−base reactions, which are critical for artiﬁcial
photosynthesis by photoelectrocatalytic CO2 reduction. By
experimentally probing the spatial positions of the LUMO
(here, using constant-height STM imaging at positive sample
bias), one can determine the atomic sites most susceptible to
nucleophilic attack. The sites associated with the HOMO will
similarly be indicative of sites susceptible to electrophilic attack.
The cryogenic temperatures used to stabilize the adsorbate for
STM imaging would also be extremely eﬀective for kinetically
trapping relevant highly reactive intermediates. It is important
in the future to apply this methodology to surface-bound
species possessing chemical moieties known to interact with the
highly stable CO2 molecule, including the proposed14,16,17
hydride-shuttling molecule dihydropyridine.47 Activating CO2
is a critical step in catalyzing artiﬁcial photosynthesis, and little
is known mechanistically about this interaction as well as
subsequent reactions yielding highly reduced alcohols and
hydrocarbons. The tools of surface science provide the means
to assemble in UHV adsorbed reactive species relevant to this
chemistry. There is also an experimental framework for
engineering the potential and local acidity at surfaces,48 which
if applied could bring the analysis conditions toward those
found in the reaction medium. Another important future step in
developing this work is to analyze photoactive catalyst−
semiconductor systems during light irradiation. For the system
considered in this study, when electrons in p-GaP are
photoexcited they may occupy the empty orbital on a surface
Ga site. This site may no longer participate in the dative
interaction described above, which relies on the Lewis acid
character of surface Ga sites. This scenario highlights the
importance of careful incremental perturbations to the
experiment in order to develop the fullest description of an
acid−base reaction occurring at a surface.
Given the number of acid−base reactions where frontier
orbital theory arguments are applicable (virtually all involve
interactions of ﬁlled and empty orbitals within a few eV of EF),
the results presented herein imply that orbital-resolved
scanning probe measurements can be used to identify local
reaction centers in heterogeneous catalysts. Orbital-resolved
imaging can therefore provide experimental feedback for the
design of functional heterogeneous catalysts for a number of
applications. Here, by probing an N-heterocycle adsorbed on a
III−V semiconductor, we probe the reactivity of an adsorbate−

Figure 4. Combined experimental and DFT results showing that by
spatially resolving the LUMO, the STM images predict the sites
susceptible to nucleophilic attack46 on adsorbed pyridine by adsorbed
hydrides and protons from solution to produce 1,2- and 1,4dihydropyridine, as described in refs 17 and 18.

Figure 4 describes aspects of this chemistry that can be
analyzed within the context of the results presented herein.
Frontier orbital theory arguments imply that the sites on the
heterocycle most susceptible to nucleophilic attack are those
where the LUMO is localized. Accordingly the new bond is
formed by the spatial overlap of nucleophile HOMO and
heterocycle LUMO.43 In pyridine, inductive and mesomeric
eﬀects yield polarization within the molecule and a permanent
dipole toward the N atom.45,46 As a consequence, pyridine is
“π-deﬁcient”, and there is a fractional positive charge on the C2,
C4, and C6 sites.45 The presence of the N heteroatom also
28922
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