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ABSTRACT: The behavior of graphene-coated n-type
Si(111) photoanodes was compared to the behavior of H-
terminated n-type Si(111) photoanodes in contact with
aqueous K3[Fe(CN)6]/K4[Fe(CN)6] as well as in contact
with a series of outer-sphere, one-electron redox couples in
nonaqueous electrolytes. The n-Si/Graphene electrodes
exhibited stable short-circuit photocurrent densities of over
10 mA cm−2 for >1000 s of continuous operation in
aqueous electrolytes, whereas n-Si−H electrodes yielded a
nearly complete decay of the current density within ∼100
s. The values of the open-circuit photovoltages and the
flat-band potentials of the Si were a function of both the
Fermi level of the graphene and the electrochemical
potential of the electrolyte solution, indicating that the n-
Si/Graphene did not form a buried junction with respect
to the solution contact.

Various strategies have been developed to stabilize
photoanodes such as n-Si against photocorrosion or

photopassivation in aqueous electrolytes. Thin overlayers of
metal have yielded improved anodic stability for silicon and
other semiconductors, but generally form semiconductor/metal
Schottky barriers that pin the Fermi level of the semiconductor,
producing nonoptimal photovoltages.1−7 Furthermore, nearly
complete protection from degradation generally requires the
deposition of relatively thick metal layers, preventing a
significant fraction of incident light from reaching the
underlying semiconductor. Insulating barrier layers, such as
oxides deposited by atomic layer deposition, or oxides formed
via electrochemical anodization processes, can also provide
some degree of protection against corrosion.8−10 However,
these oxides generally require deposition of pinhole-free films
that form a tunneling barrier to photogenerated holes, in many
cases producing a significant series resistance that negatively
affects the performance of the resulting photoelectrochemical
device. Surface functionalization has led to improvements in the
stability of n-Si photoanodes in H2O-containing nonaqueous
solvents, but surface-modification approaches have not yet
yielded materials that remain stable under extended anodic
operation in aqueous electrolytes.11−13

Graphene has the potential to be an almost ideal protection
layer for semiconductor photoelectrodes. Graphene can be
prepared in nearly pinhole-free large-area layers and has been
shown to attenuate the oxidation of metals in air as well as in

aqueous electrochemical environments.14−19 Unlike surface
functionalization techniques that are typically specific to a
semiconductor and surface plane, graphene layers can be readily
applied to a variety of planar electrode surfaces. Graphene also
has excellent optical properties, exhibiting ∼97% transmission
in the visible region of the solar spectrum.20 Further, graphene
has been used in solid-state Schottky junctions capable of
generating photocurrent.21,22 The high carrier mobility in the
plane of the graphene C−C bonds should allow for lateral
transport of carriers to catalytically active sites on the surface of
the photoelectrode.23 The low density of states near the Fermi
level of graphene, the chemical inertness of graphene, and the
ability to deposit graphene at room temperature and thereby
avoid high-temperature interfacial reactions potentially provide
an opportunity to deposit conductive graphene monolayers
onto a variety of semiconductor photoanodes, while obtaining
desirable photoelectrochemical performance from the resulting
solid/liquid junctions.14,24,25

Accordingly, graphene-covered n-Si (n-Si/Gr) electrodes
were fabricated by floating graphene that had been grown using
chemical vapor deposition (CVD) onto H-terminated n-
Si(111) surfaces. X-ray photoelectron spectroscopic (XPS)
analysis indicated that this fabrication technique resulted in an
intervening 1−2 monolayer thick oxide layer between the
silicon and graphene (see Supporting Information (SI)).
Figure 1a depicts the current density vs potential (J−E)

behavior in the presence and absence of illumination of n-Si/Gr
and n-Si−H electrodes in contact with CH3CN−5 mM
ferrocenium (Fc+)−50 mM ferrocene (Fc0)−1.0 M LiClO4.
The open-circuit photovoltage, Voc, was 310 mV for Si−H
surfaces and was 260 mV for the n-Si/Gr electrodes. The n-Si/
Gr electrodes showed somewhat smaller fill factors ( f f) than
the n-Si−H electrodes (0.40 vs 0.64), indicating the presence of
a resistance at the n-Si/Gr/CH3CN contact.
After five potential sweeps in contact with 50 mM

Fe(CN)6
3−−350 mM Fe(CN)6

4−(aq), the n-Si−H electrode
exhibited negligible photocurrent over the power-producing
potential range, consistent with expectations for the formation
of an insulating oxide layer under photoanodic conditions.11 In
contrast, the n-Si/Gr photoelectrode exhibited essentially no
change in J−E behavior under the same conditions, with Voc =
340 mV and f f = 0.30 (Figure 1b). As shown in Figure 1c, after
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photoelectrochemical operation in contact with Fe(CN)6
3−/4−

(aq), the J−E behavior of the n-Si/Gr photoanode in contact
with the CH3CN−Fc+/0 redox system was almost unchanged
from its initial properties in this electrolyte. In fact, a minor
improvement in Voc was observed, as well as an apparent
decrease in the parallel shunt resistance as indicated by the
decreased dependence of the current on applied potential
under reverse bias. This is consistent with the passivation of
shunts via oxidation in aqueous solution. The chemical nature
of these shunts may be due to trace metal impurities from the
fabrication procedure or ‘dangling’ Si bonds present due to the
formation of a nonstoichiometric silicon oxide.
Figure 2 further displays the stability toward photo-

passivation of the n-Si/Gr surface relative to the n-Si−H
surface. Both the n-Si/Gr and the n-Si−H electrodes were
immersed in Fe(CN)6

3−/4−(aq) and illuminated to produce
∼11 mA cm−2 of photocurrent at a potential of E = 0 V vs the
Nernstian potential of the solution. The n-Si/Gr electrode
exhibited stable photocurrents, whereas the n-Si−H electrode
decayed back to baseline within ∼100 s (Figure 2a). Figure 2b

extends the experiment on the n-Si/Gr electrodes to 1000 s.
Additionally, comparison of the stability in Fe(CN)6

3−/4−(aq)
of an n-Si/Gr electrode to that of methylated n-Si(111)
electrodes showed that graphene was significantly more
effective at preventing electrochemical performance degrada-
tion (see SI), albeit without the interfacial dipole that increases
the Voc of n-type CH3−Si(111) surfaces relative to H−Si(111)
surfaces. Comparison of the n-Si/Gr electrode stability in
Fe(CN)6

3−/4−(aq) to that of n-Si−H electrode stability under
∼100 mW/cm−2 illumination indicated degradation of both
electrodes, albeit at much higher rates for the n-Si−H system
(see SI).
Figure 3 compares the J−E behavior of freshly prepared n-Si/

Gr electrodes in contact with CH3CN−cobaltocene
(CoCp2

+/0) to the J−E behavior of n-Si/Gr electrodes in
contact with CH3CN−Fc+/0 and CH3CN−acetylferrocene
(AcFc+/0). The moderate Voc observed for n-Si/Gr/CH3CN-
Fc+/0 contacts, larger Voc observed for n-Si/Gr/CH3CN−
AcFc+/0 contacts, and negligible Voc in contact with CH3CN−
CoCp2

+/0 are in accord with the expectation of increasing Voc
with increasingly oxidizing electrolyte potentials and also
consistent with the junction energetics being controlled at
least in part by the difference in electrochemical potential
between the Si and liquid phase. After operation in both
electrolytes, the n-Si/Gr electrodes were then operated under
photoanodic conditions in contact with Fe(CN)6

3−/4−(aq), in
an analogous fashion to the electrodes shown in Figure 1b.

Figure 1. (a) J−E behavior of freshly fabricated n-Si/Gr and n-Si−H
electrodes in contact with CH3CN−Fc+/0 under illumination and in
the dark. (b) J−E behavior (5 cycles at 30 mV s−1) of the n-Si/Gr and
n-Si−H electrodes from (a) in Fe(CN)6

3−/4−(aq) under illumination.
The first forward (fwd) scan and fifth forward scan are labeled with
arrows. (c) J−E behavior (1 cycle) of the n-Si/Gr and n-Si−H
electrodes in CH3CN−Fc+/0 in the presence and absence of
illumination, after the data collection depicted in (b).

Figure 2. (a) Comparison of the J−t behavior of potentiostatically
controlled n-Si/Gr and n-Si−H electrodes (E = 0 V vs the solution) in
contact with Fe(CN)6

3−/4−(aq) under illumination required to
produce a short-circuit photocurrent density of ∼11 mA cm−2 (∼33
mW/cm−2). The illumination began at t = 10 s. (b) J−t behavior of an
n-Si/Gr electrode in Fe(CN)6

3−/4−(aq) under illumination required to
produce a short-circuit photocurrent density of ∼11 mA cm−2 over
1000 s (E = 0 V vs the solution). The slight increase in current over
1000 s was attributed to instability in the light source.
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The data of Figure 3b indicate that the electrochemical
properties of the electrodes were essentially unaffected by
operation in the oxidizing Fe(CN)6

3−/4−(aq) environment. If
pinholes in the graphene had controlled the junction energetics,
the Si exposed through these pinholes would presumably have
passivated upon treatment in Fe(CN)6

3−/4−(aq), leaving only
the graphene-covered regions to control the junction
energetics. Thus, the measurement of Voc > 200 mV for n-Si/
Gr in contact with Fc+/0, Voc >400 mV for n-Si/Gr/AcFc+/0

contacts, and negligible Voc for n-Si/Gr/CoCp2
+/0 contacts

indicates that the Fermi level of the n-Si/Gr electrodes was not
fully pinned by the presence of graphene at the silicon/
graphene/electrolyte junction. The Voc for n-Si/Gr electrodes
in contact with CH3CN−Fc+/0 was consistently smaller than
the Voc of n-Si−H in contact with the same electrolyte (cf.
Figure 1a). The data in Figures 1−3 were highly reproducible
between electrodes.
This behavior is consistent with expectations that the limited

number of electronic states in graphene affect the junction
energetics without fully pinning the Fermi level of the
semiconductor. Specifically, Poisson’s equation was solved
while treating the n-Si/Gr/electrolyte interface as consisting of
a depleted semiconductor (Si) of known dielectric and
capacitive properties in contact with an atomically thin material
with the known density of electronic states as a function of
energy of graphene, with this entire phase in contact with a
phase consisting of the known dielectric and capacitive
properties representative of a typical electrolyte solution. An
initial difference in Fermi levels of ∼0.8 eV between the
semiconductor and the electrolyte should produce a maximum

potential drop of ∼0.65 V in the Si space-charge region, with
the remainder dropping across the solid/liquid interface.
Mott−Schottky (1/C2 vs E) data yielded support for this
model, in that a lower barrier height was observed for the n-Si/
Gr/CH3CN−Fc+/0 contacts than for n-Si−H/CH3CN−Fc+/0
contacts which are expected to show a potential drop of nearly
∼0.8 V in the Si space charge region (see SI). This behavior is
consistent with a portion of the total potential drop occurring
in the graphene and solution layer as opposed to the space-
charge region of the semiconductor and is also consistent with
the smaller Voc of n-Si/Gr/CH3CN-Fc

+/0 contacts relative to n-
Si−H/CH3CN−Fc+/0 contacts. Many factors, including the
formation of a thin insulating oxide as well as changes in
charge-transfer kinetics, can affect the relationship between the
barrier height and Voc and could account for the somewhat
smaller change in Voc relative to the change in barrier height.
Fitting the forward-bias dark J−E behavior of the n-Si/Gr/

CH3CN−Fc+/0 contact to the diode equation, J = J0*[exp-
(−qΔV/ηkT) − 1], where J0 is the exchange current density, q
is the unsigned charge on an electron, k is Boltzmann’s
constant, T is the absolute temperature, η is the diode quality
factor, and ΔV is the difference between the applied potential
and the Nernst potential of the solution, yielded J0 = 9.61 ×
10−7 A cm−2 (±6.10 × 10−8) and η = 1.65 (±0.02). Analysis of
the dark J−E behavior of a freshly HF-etched n-Si−H electrode
in contact with CH3CN−Fc+/0 yielded J0 = (6.80 ± 0.51) ×
10−8 A cm−2 and η= 1.25 ± 0.012. The J0,n‑Si−H and J0,n‑Si/Gr
values for these contacts were much smaller than the values
obtained for Si/Gr/CH3CN-CoCp2

+/0 contacts (J0 ≈ 10−3 A
cm−2) and were comparable to J0 values reported for a highly
rectifying n-Si/organic conducting polymer contact (J0 ≈ 2 ×
10−8 A cm−2). Similar to the reported results for n-Si/polymer
contacts, the J0 values for n-Si/Gr in contact with varying redox
species spanned approximately 5 orders of magnitude, in
comparison to n-Si/metal contacts, which are generally limited
to a range of 3 orders of magnitude in J0.

26 This further
supports the conclusion that the Si/Gr/electrolyte interface was
only partially pinned by the presence of graphene. The higher
than unity ideality factor could result from a number of factors,
including the voltage drop across the small amount of
interfacial oxide as well as the voltage-dependent surface charge
density that is expected from the observations and modeling of
the interfacial energetics.
The ability of graphene to protect metallic electrodes against

corrosion is controversial.14−16,27 Herein we have clearly
demonstrated that graphene markedly enhances the stability
of silicon toward passivation by oxide formation under
illumination, even in the stressing case of anodic operation in
contact with aqueous solutions. In addition, we have elucidated
the effects of graphene on the interfacial energetics of
semiconductor/liquid contacts, which is not accessible on
metallic electrodes and thus has not been defined or elucidated
previously. The Voc vs solution potential relationships observed
from the J−E data demonstrate that Fermi-level pinning by
graphene did not fully limit the observed photovoltages.
Further study is required to determine whether the photo-
voltage is maximized for the n-Si/Gr system in contact with
CH3CN−AcFc+/0. Extended studies of the stability imparted by
graphene to silicon surfaces and the electronic and chemical
effects of graphene on the silicon surface are currently
underway to elucidate the extent of the graphene-imparted
stability especially for bilayer and multilayer graphene coatings,
as well as the effect of graphene on the surface chemistry and

Figure 3. (a) J−E behavior (forward and reverse scan) of n-Si/Gr
electrodes in CH3CN−AcFc+/0 (Voc = 0.43 V), CH3CN−Fc+/0 (Voc =
0.26 V), and CH3CN−CoCp2+/0 (Voc = 0 V) under illumination prior
to exposure to [Fe(CN)6]

3−/4−(aq). (b) J−E behavior of n-Si/Gr
electrodes in CH3CN-AcFc

+/0 (Voc = 0.43 V), CH3CN-Fc
+/0 (Voc =

0.28 V), and CH3CN-CoCp2
+/0 (Voc = 0 V) under illumination after

exposure to [Fe(CN)6]
3−/4−(aq). The solution potentials were as

follows: E(AcFc+/0) = +0.4 V vs E0(Fc+/0), E(Fc+/0) = −0.1 V vs
E0(Fc+/0), and E(CoCp2

+/0) = −1.26 V vs E0(Fc+/0)
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recombination characteristics of the underlying Si and the effect
of graphene on n-Si/oxygen-evolution catalyst systems.
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