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ABSTRACT: Due to the limited electronic conductivity, the
application of many metal oxides that may have attractive
(photo)-electrochemical properties has been limited. Regard-
ing these issues, incorporating low-dimensional conducting
scaffolds into the electrodes or supporting the metal oxides
onto the conducting networks are common approaches.
However, some key electronic processes like interfacial charge
transfer are far from being consciously concerned. Here we use
a carbon-TiO2 contact as a model system to demonstrate the
electronic processes occurring at the metal−semiconductor
interface. To minimize the energy dissipation for fast transfer of electrons from semiconductor to carbon scaffolds, facilitating
electron tunneling while avoiding high energy-consuming thermionic emission is desired, according to our theoretical simulation
of the voltammetric behaviors. To validate this, we manage to sandwich ultrathin TiO2 interlayers with heavy electronic doping
between the carbon conductors and dopant-free TiO2. The radially graded distribution of the electronic doping along the cross-
sectional direction of carbon conductor realized by immobilizing the dopant species on the carbon surface can minimize the
energy consumption for contacts to both the carbon and the dopant-free TiO2. Our strategy provides an important requirement
for metal oxide electrode design.

1. INTRODUCTION

Due to the limited electronic conductivity, the intrinsic
electrochemical characteristics of many metal oxides that may
have promising electrocatalytic activity for interfacial reactions
are severely restricted.1−5 The same phenomenon is also
common in photoelectrochemical (PEC) cells, in which the
collection of charges is less efficient than the ability to generate
upon photoinduced processes, because of the limited charge
transport in the semiconductor electrodes.6 Thus far, many
approaches, including formation of aligned arrays,7,8 modu-
lation of the intraband electronic states of the semi-
conductor,9−14 and the most exemplificative strategy, adoption
of heterogeneous three-dimensional conducting networks
(carbon nanostructures such as carbon nanotubes and graphene
sheets are the most common) as special charge-transport
channels to incorporate into the semiconductor electrodes and/
or to support the metal oxide nanostructures, have been
proposed.3,4,15−26 Despite intensive efforts, facilitating the
transport of charges in the semiconductor electrodes is still
far from being satisfactory. Transport of charges in the
semiconductor electrodes based on these elaborately designed
electrodes is only marginally faster than that in nanoparticulate
films,27−29 due to the larger internal energy dissipation arising

from the homogeneous/heterogeneous boundary charge trans-
fer compared with that in the case of pure nanoparticles.27−30

Although charge transfer within the semiconductor electrodes
plays a predominant role in limiting transport, the relationship
between the electrode configuration and transport of charges,
which has been expected to guide the designing of efficient
(photo)-electrochemical devices, is undesirably obscured.31

Transport of charges in semiconductor electrodes is the most
concerned issue. However, the designing of electrode
configuration is to some extent intuitive, as the information
on the electronic processes occurring in the semiconductor
electrodes is usually hidden from the tangible investigations
(e.g., electron microscopy).31,32 It is believed that in carbon
nanostructures incorporated TiO2 electrodes, the electrons can
directly transfer to the conducting substrate via the carbon
conductors, without encountering the numerous grain
boundaries during the transport of electrons through the
mesoporous films.23,25,33−37 However, the behaviors of the
charge transfer through the heterogeneous interface from TiO2

to the carbon network have hardly been investigated,30 and the
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potential-dependent energy consumption for the charges across
the barriers following thermionic emission in some PEC and
electrochemical cells is too large to be tolerable.30,38−40

Electron tunneling offers a potential solution by reducing the
internal energy dissipation for charge transfer through the
semiconductor−metal (S−M) interface.41−44 Here, we present
an analysis to estimate the charge-transfer-dependent energy
dissipation and propose a strategy to facilitate charge transfer
by electron tunneling. To generalize our strategy, we adopt
carbon nanotube (CNT) incorporated TiO2-based PEC devices
to demonstrate the energy saving by electron tunneling,
because the carbon-TiO2 contact is very common in many
applications not limited to composite electrodes, but also for
the carbon (graphite or glassy carbon) supported electro-
catalysts/photocatalysts. Furthermore, this type of cell
possesses substantially high current densities (e.g., 5−20 mA/
cm2), making them representative for the most of the (photo)-
electrochemical systems.

2. RESULTS AND DISCUSSION
2.1. Development of Electron Tunneling Model for

CNTs-TiO2 Interfacial Charge Transfer. Transfer of
electrons from TiO2 into the carbon nanostructures is not
only the prerequisite to play the role of charge transport
channels in semiconductor electrodes but also a basic
requirement for the efficient charge separation for carbon
composited TiO2 electrodes/(photo)-catalysts. According to
contact theory, transfer of electrons through the S−M interface
can be realized by two major approaches: thermionic emission
and electron tunneling.41 Under forward bias, the manner of
charge transfer on the S−M interface mainly depends on the
height (φB) and the width (w) of the potential barriers (Figure
1). To remain the intrinsic properties and/or reduce the charge
loss by interfacial recombination, the TiO2 used for fabrication
of (photo)-electrochemical cells (e.g., dye-/quantum dot-
sensitized solar cells, DSSCs/QDSSCs) is almost dopant-free.
Thus, it would be appropriate to apply thermionic emission to
describe the transfer of charges from the semiconductor to the

metals (e.g., carbon).30,39 However, charge transfer by
thermionic emission will consume a large amount of energy if
the Schottky barrier height is larger than 0.5 eV (Figure S1),
which will result undesirably in a lowering of energy
output.38−40 For the case of carbon and TiO2, the height of
Schottky barrier reaches as high as 0.75 eV (by adopting 4.95
eV as the work function for carbon nanotubes and −4.2 eV for
the conduction band level for TiO2).

45 Thus, it is not surprising
that the photocurrent−voltage (J−V) characteristics of the
devices based on carbon nanostructures composited TiO2
electrodes offset the normal photovoltaic behaviors of semi-
conductor−liquid junction cells.18,20−22,25,37,46−50

Reducing the width of the potential barriers to increase the
probability of electron tunneling seems to be a rational
approach to facilitate the charge transfer through the S−M
interface and to reduce the internal energy dissipation (Figures
S2−S4). Generally, reducing the width of the potential barriers
can be simply realized by increasing the density of electronic
doping in the semiconductor (Figures 1d and S4).51 However,
increasing the density of electronic doping will simultaneously
increase the probability of trapping/detrapping events during
the operation of the cells and aggravate the charge loss at
semiconductor−electrolyte interface (SEI).52

To fully exert the function of the carbon conductor to
facilitate the charge collection while avoiding severe charge
recombination at SEI, it is rational to selectively dope the
semiconductor to electrically bridge the S−M interface (Figure
1e). In this work, inspired by the simulated J−V behaviors
(Figure 2a) with consideration of electron tunneling, we adopt
heavily electronically doped ultrathin TiO2 layers as the
intermediate to connect the doping-free TiO2 nanoparticles
and the CNTs (Figures 1e and 2b). To demonstrate the
intrinsic superiority of the intermediate bridging, electronic
process manner and PEC behaviors occurring in the CNT-
TiO2 electrodes were investigated.
Figure 2b shows the schematic diagram of the electrode

configuration as we proposed. The intermediate ultrathin
electronically doped TiO2 layers are sandwiched between the

Figure 1. Energy band diagrams for isolated metal and semiconductor (a) and the formed metal−semiconductor contact (b−e). It can be seen that
the band in the semiconductor side of the formed contact is bent upward (b−e). The potential barrier height (φB) of the metal−semiconductor
contact can be given by φB = Wm − χ, where Wm is work function of the metal, and χ is the electron affinity of the semiconductor. On the
semiconductor side, the built-in potential barrier (qVbi) can be obtained by qVbi = φB − φn − qVD, where VD is the bias potential applied to the
contact. In the case of doping-free semiconductor, the barrier for transfer of electrons from semiconductor to the metal by thermionic emission
becomes smaller as the forward bias increases (b, c). By electronic doping of the semiconductor, the width of the space charge layer becomes
narrower and electron tunneling emerges to be the predominant charge-transfer behaviors (d). Efficient electron tunneling can also be realized by
selectively doping the semiconductor, in which the semiconductor is only electronically doped near the S−M interface, while the bulk remains
dopant-free (e).
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carbon conductors and the doping-free TiO2 building blocks in
the electrodes. One important feature for the intermediate
layers is the density of electronic doping, which is a graded
distribution along the radial direction of the CNTs. To facilitate
the charge transfer by electron tunneling, the density of
electronic doping near the S−M interface is kept high, while it
becomes lower as it walks away from the CNTs. On the
boundary to the doping-free TiO2, the intergrain difference in
electronic structures disappears. In this situation, the electrons
in the TiO2 nanostructures, which are photogenerated by light
excitation or injected from other excited light absorbers, can be
collected by the tubular carbon nanostructures by passing
through the heavily electronically doped TiO2 ultrathin layers,
without severely consuming the energy. Besides, in this type of
electrode configuration, the introduction of electronic doping
will not aggravate the charge loss by interfacial recombination,
owing to the fact that the highly doped TiO2 is concentrated in

the vicinity of the interface to CNTs and has no chance to
access the electron acceptors in the electrolyte.

2.2. Growth of Ultrathin TiO2 Layer with Graded
Distribution of Niobium Dopants on Carbon Nano-
tubes. To validate the theoretical prediction, it is required to
prepare electronically doped TiO2 ultrathin layer coated CNTs.
Niobium is a common foreign element to realize electronic
doping for TiO2 with a wide range of dopant concentrations.53

To achieve graded distribution of the niobium dopants along
the radial direction of CNTs, we first immobilize the guest
metal molecules (ions) on the surface of the carbon
nanostructures by chelating the surface functional groups like
carboxylic groups with their empty d-orbitals (Figure S5).54

After that, ethylenediamine is employed to connect the dopant
precursor with the host titanium-containing molecules through
its electrophilic group in the tips of the molecules (Figures S5
and S6). Finally, the ultrathin TiO2 layer with radially graded
distribution of niobium dopants (denoted CNT|Nb-TiO2(t))
can be grown on CNTs by dehydrating the precursor-coated
CNTs (Figures 3 and S5−S7). To demonstrate the effect of
electronic doping, TiO2 ultrathin layer coated CNTs without
niobium dopant (denoted CNT|TiO2(t)) was also prepared by
a similar method without introducing niobium precursor
(Figure S8).
Figure 3a−c present the scanning electron microscopy

(SEM) images of the CNTs before and after modification of
ultrathin (niobium-doped) TiO2 layers. The increase in the
diameter and the surface roughness suggest the successful
coating of TiO2 layers on the CNTs. By introduction of
niobium precursor into the reaction system, it can be seen that
the dopant is of graded distribution along the radial direction of
CNTs (Figure S9) and does not alter the thickness of TiO2
coating layers (Figure S7). X-ray diffraction (XRD) patterns
show that both TiO2 ultrathin coatings with and without
niobium doping are of the anatase phase (Figure 3d). The
absence of niobium oxide and other niobium-containing species
in the XRD pattern suggests that all niobium are doped into the
TiO2 layers. The significant broadening of the (101) diffraction
peak for the CNT|Nb-TiO2(t) sample indicates distortion of
the TiO2 lattice, resulting most likely from the doping by
niobium (inset of Figure 3d).53 Raman spectroscopy provides a
detailed structural probe of local coordination environments.55

The broadening of all Raman peaks and the blue shift of the
characteristic Eg(1) mode as well as the red shift of Eg(3) mode
suggests that the electronic structures have been modified by
introduction of niobium into the TiO2 (Figure 3e). Besides, the
appearance of the Nb 3d signal and broadening of Ti 2p peaks
in the X-ray photoelectron spectroscopy (XPS) spectra further
confirm the successful niobium doping in the CNT|Nb-TiO2(t)
sample (Figure S10).

2.3. Energy Saving by Electron Tunneling. As studied
previously,19,33 the introduction of conducting scaffold into
mesoporous TiO2 electrodes can improve the charge collection
by reducing the boundary scattering of electrons during the
charge transport processes. The increase in the short-circuit
photocurrent density as shown in the photovoltaic character-
istics reveals that the introduction of CNTs into mesoporous
TiO2 electrodes can indeed improve the electron transport
(Figure 4). However, due to different charge-transfer behaviors
across the S−M interface, the increment of photocurrent for
individual cell is rather different. The reference cell without
CNTs exhibits the lowest photocurrent density (JSC, 10.18 mA/
cm2) and energy conversion efficiency (η, 5.31%, Figure 4a).

Figure 2. Features of the composite electrodes with efficient electron
tunneling through the TiO2−carbon interface. (a) Effect of interfacial
charge-transfer behaviors on the J−V features of the photovoltaic cells
based on CNTs incorporated TiO2 electrodes. The simulated J−V
curves show that the charge transfer through the CNT−TiO2 interface
by electron tunneling (ET) can effectively reduce the internal energy
dissipation, as compared with the case of thermionic emission (TE).
The parameters adopted for the simulation are ideality factor, m = 1.8;
saturation current, J0 = 1 × 10−5 mA/cm2; series resistance, Rs = 10 Ω;
height of carbon-TiO2 barrier, φB = 0.75 eV; height of FTO-TiO2
barrier, φB = 0.2 eV; the density of electronic doping of TiO2 for the
case of electron tunneling is 1 × 1021 cm−3; the short-circuit
photocurrent densities, JSC = 10.00 mA/cm2 for the plain cells and
increased to 14 and 18 mA/cm2 for the cells with CNTs incorporated
TiO2 electrodes to show the benefit of charge collection improvement.
(b) Schematic illustration of hierarchical allocations of electronic
doping in the CNTs incorporated TiO2 electrodes. The small-sized
TiO2 contact to the CNTs is heavily electronically doped by foreign
elements like niobium.
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Figure 3. Features of the ultrathin TiO2 coating layers on the CNTs. SEM images for the CNT-COOH before (a) and after coating with ultrathin
TiO2 (b) and niobium-doped TiO2 (c) layers. XRD patterns (d) and Raman spectra (e) for CNT|TiO2(t) and CNT|Nb-TiO2(t) samples.

Figure 4. Photovoltaic characteristics of the cells based on CNTs-TiO2 electrodes. (a) Photocurrent−voltage characteristics of the cells with various
CNT-TiO2 electrodes. (b) Diffusion coefficients of photogenerated electrons in the semiconductor electrodes of the cells under bias versus the open-
circuit potentials. (c) Diffusion coefficients of the photogenerated electrons in semiconductor electrodes under various illumination intensities. (d)
Schematic diagrams for the electronic processes occurring in CNTs incorporated TiO2 electrodes with various situations of CNT-TiO2 contact. The
dashed arrow shown in the CNT/TiO2 electrode (upper left) indicates that the transfer of charges from TiO2 to CNTs by thermionic emission is
not always available. By placing the ultrathin TiO2 layers between the CNTs and dopant-free TiO2, charge transfer through the CNT-TiO2 interface
becomes considerable as electron tunneling emerges (thin arrow in the bottom left panel). In the CNT|Nb-TiO2(t) incorporated TiO2 electrode,
CNTs fully exert the role of charge transport channels, as the electron tunneling for the charge transfer through the CNTs-TiO2 interface is very
obvious.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.5b13464
J. Am. Chem. Soc. 2016, 138, 3183−3189

3186

http://dx.doi.org/10.1021/jacs.5b13464


Following an ascending order in performance is the cell using
CNT incorporated TiO2 (CNT/TiO2) electrodes, which
exhibits 13.43 mA/cm2 and 6.55% for JSC and η, respectively.
The cell with CNT|TiO2(t) incorporated TiO2 electrodes
exhibits a continuously increased photocurrent density (JSC =
14.55 mA/cm2) and energy conversion efficiency (η = 6.94%),
due likely to the suppression of interfacial charge leakage via the
carbon nanostructures.30 The cells with CNT|Nb-TiO2(t)
incorporated TiO2 electrodes exhibit the best performance,
showing 8.69% of energy conversion efficiency and 16.92 mA/
cm2 of short-circuit photocurrent density. Among the photo-
voltaic parameters, it is clear that JSC is very sensitive to the
electron transport processes, which plays the predominant role
on the variation of η for all of the cells.
The improvement in charge collection for the CNTs-

containing TiO2 electrodes is strongly dependent on the
transfer behaviors of the photogenerated electrons from the
semiconductor to the carbon conducting scaffolds. This is to
say that the energy dissipation for the transfer of charge
through the S−M interface eventually determines the role of
the charge-transport channels. For the CNT/TiO2 electrode,
the situation is very similar to the Schottky contact of doping-
free semiconductor to metal, in which thermionic emission is
the predominant manner for transfer of charges. As the
potential barriers for CNT-TiO2 contact reaches as high as 0.75
eV, the energy consumption for the charge transfer across the
TiO2−CNT interface is very high (Figure S1). As a result, only
a certain percentage of electrons can overcome the barrier and
transfer into the carbon conductor. The situation becomes even
worse in the region where the band bending is large (Figure
4b,c).30 Therefore, the function of charge-transport channels
will be restricted, and improvement in the charge collection will
be limited in CNT/TiO2 electrode (Figure 4a,d).
Introducing electronically doped TiO2 ultrathin layers into

the CNTs incorporated electrodes (CNT|Nb-TiO2(t)/TiO2)
greatly improves the charge collection and charge diffusion
coefficient (Dn). It is well-known that the probability of
electron tunneling from semiconductor to metal increases with
an increase in density of electronic doping in the semi-
conductor phase (Figure S4), which in-turn lowers the energy
consumption for charge transfer (Figure S2). Here in our case,
the average electronic doping density of the TiO2 in the CNT|
Nb-TiO2(t) sample reaches as high as 1.79 × 1021 cm−3 (Figure
S11), which is much higher than that of common doping-free
TiO2 nanoparticles (7.15 × 1018 cm−3). Thus, in our CNT|Nb-
TiO2(t)/TiO2 electrodes, the carbon networks could fully exert

the function of charge-transport channels by reducing the
energy dissipation for charge transfer across the TiO2−CNT
interfaces via electron tunneling through highly electronically
doped intermediate layers. Therefore, electrons will take the
energetically favorable pathways to reach the substrate by
eliminating the multiple TiO2 particle−particle boundary
scatterings. Since the energy dissipation for charge transfer
through the S−M interface is very low, the improvement in
charge transport is still evident even in the case of low
photocurrent densities, in which the band bending is very high
and the thermionic emission is almost forbidden (Figure 4b−
d).
It is noteworthy that the introduction of CNT|TiO2(t) into

the TiO2 electrodes not only improves the charge collection
and JSC but also increases the charge diffusion coefficient
(Figure 4b,c), as compared with the case of CNT/TiO2
electrode, especially in the region of low photocurrent densities,
in which the thermionic emission is insignificant. It is expected
that coating CNTs with ultrathin TiO2 layers can improve the
charge collection by effectively suppressing interfacial charge
leakage via the naked part of carbon.56 The increase in charge
diffusion coefficient should be ascribed to electron tunneling
due to the following reason: Generally, in nanostructured
semiconductor electrodes, the major potential drop can be
confined in the first few layers of the nanoparticles in contact to
the metal-like conductor (Figure S12).57 In our case, the
thickness of the ultrathin TiO2 coating in CNT|TiO2(t) is only
∼4 nm (Figure S7), which is similar to the critical thickness to
tunnel a considerable current.42−44 As a result, transfer of
charges through the S−M interface by means of electron
tunneling should occur favorably, which is helpful to facilitate
charge transport as well as increase the charge diffusion
coefficient (Figure 4b−d).
To further verify the validity of the merits of electron

tunneling to charge collection at low current conditions, we
examined the photoinduced voltammetric behaviors of naked
TiO2 electrodes in a trielectrode water splitting system (Figure
5). As the porous electrode is unsensitized, it can only generate
a small photocurrent by absorbing the ultraviolet photons in
the solar spectrum. The PEC results once again confirm that
the heavily electronically doped TiO2 ultrathin layers can offer
efficient charge transfer through the S−M interface by means of
electron tunneling and improve the charge collection (Figure
5). Since the photocurrent is generally low, charge transfer
through the TiO2−CNT by thermionic emission seems
impossible.30 As a result, the carbon conductors hardly have

Figure 5. Voltammetric behaviors (a) and photocurrent responses (b) of the PEC cells under AM 1.5G illumination.
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any benefit to the charge transport or charge collection. The
slight decrease in photocurrent for the CNT/TiO2 electrode
should be ascribed to the leakage of the photogenerated
electrons via the naked carbon nanostructures (Figure 5).56

To further popularize the resultant energy savings of electron
tunneling in PEC applications, we demonstrate the virtue of
our electrode configuration in visible light driven water
splitting. Similar to the situation of dye-sensitized photovoltaic
devices, the cell with CNT|Nb-TiO2(t) incorporated electrode
exhibits the best performance for hydrogen evolution, showing
the highest photocurrent over the measured range and a plateau
current density of ∼4.6 mA/cm2 over the potential window of
−1.0 to −0.3 V vs SCE (Figure 6). Following a descending

order in performance is the cell incorporated with CNT|
TiO2(t), which exhibits a plateau current density of 3.7 mA/
cm2. The cell with plain TiO2 electrodes exhibits the lowest
plateau current density of 2.4 mA/cm2. For the cell using
CNT/TiO2 electrodes, the plateau current density is 3.1 mA/
cm2. Compared with the case of a plain TiO2 electrode (Figure
5), the higher photocurrent for the CNT/TiO2 cells suggests
that a certain percentage of photogenerated electrons can
overcome the potential barrier following the thermionic
emission at such current density, which is in good agreement
with the relationship of Dn−JSC for the dye-sensitized solar cells
as shown in Figure 4c.

3. CONCLUSION
In this work, we have studied the role of tunneling interlayers in
the carbon conductors incorporated semiconductor electrodes
as an effective way to save the energy from excessive internal
dissipation, which many metal oxides encounter during transfer
of charges over the potential barriers by thermionic emission.
We have employed a CNT-TiO2 contact as the model system
to demonstrate the charge-transfer behaviors and related energy
consumption. On the basis of theoretical simulation, we found
that the electron tunneling could effectively save the energy
dissipation for charge transfer through the metal−semi-
conductor interface and fully exert the role of the charge
transport channels, which is in good agreement with the charge
diffusion parameters. By application of tunneling interlayers
into the CNTs incorporated TiO2 electrodes, the facilitated S−
M interfacial transfer of charges can improve charge transport
and collection in every circumstance of high (photovoltaic

devices), mediate (visible light induced water splitting), and
low (UV induced water splitting) current densities. We believe
that our work can also prompt the sequential development of
perovskite solar cells, energy storage devices, oxygen evolution
reactions, and other relevant applications, in which metal oxides
are employed.
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