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Neuromorphic computational systems that emulate biological synapses in the human brain are funda-

mental in the development of artificial intelligence protocols beyond the standard von Neumann archi-

tecture. Such systems require new types of building blocks, such as memristors that access a quasi-con-

tinuous and wide range of conductive states, which is still an obstacle for the realization of high-

efficiency and large-capacity learning in neuromorphoric simulation. Here, we introduce hydrogen and

sodium titanate nanobelts, the intermediate products of hydrothermal synthesis of TiO2 nanobelts, to

emulate the synaptic behavior. Devices incorporating a single titanate nanobelt demonstrate robust and

reliable synaptic functions, including excitatory postsynaptic current, paired pulse facilitation, short term

plasticity, potentiation and depression, as well as learning-forgetting behavior. In particular, the gradual

modulation of conductive states in the single nanobelt device can be achieved by a large number of iden-

tical pulses. The mechanism for synaptic functionality of the titanate nanobelt device is attributed to the

competition between an electric field driven migration of oxygen vacancies and a thermally induced

spontaneous diffusion. These results provide insight into the potential use of titanate nanobelts in synaptic

applications requiring continuously addressable states coupled with high processing efficiency.

1. Introduction

The ability of the human brain to perform high level parallel
information processing while consuming ultralow power
demonstrates that the brain has a superior architecture com-
pared to that of less efficient conventional von Neumann
systems where memory and processing units are physically
separated.1,2 The synapse is a basic element of the human
brain and provides the functional interneuron link through
which information is transmitted in the neural networks.3

Synapses are considered to be the most important functional

units involving learning and memory response in the human
brain.4,5 Most notably, the synaptic transmission that relates
the signal delivered from a presynaptic neuron to the resulting
signal produced in a postsynaptic neuron is plastic and results
in the potentiation and depression of short-term or long-term
synaptic strength, enabling synaptic computation6,7 or learn-
ing/memory8,9 in the brain. A significant recent development
is that memristive or resistive switching memory devices based
on a variety of new materials, such as Ag2S, perovskite, organic
PEDOT:PSS, Ag ion doped dielectric films10–15 and field effect
transistor (FET) devices,16–18 have been used as building
blocks with similar physical (e.g., plastic) response to mimic
biological synaptic functions. Two-terminal memristive
devices, which have been used in imaging and facial reco-
gnition in neuromorphic computing,19–21 have several advan-
tages compared to the FET configuration. These include
reduced complexity of the device structure and fabrication
process, as well as lower energy consumption.22 In practice,
the conductance in a biological synapse is modulated by the
exchange of Ca2+ or Na+ ions between the membrane and the
synaptic junction in response to an action potential, whereas
the conductance in a memristive device is controlled by the
migration of metallic ions12,13 or oxygen ions/vacancies23 on
application of a sweeping voltage or pulse. The use of memris-
tors in neuromorphic computing applications requires a non-
abrupt switching mechanism, i.e., the continuous modulation
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of conduction, analogous memory functionality and repeatable
response.24 This can be achieved by considering the internal
dynamic of ion migration in a memristor device, the so-called
second-order memristor,8,25 and several intriguing synaptic
functions such as synaptic metaplasticity26 and triplet spike-
timing dependent plasticity (STDP)27 have been achieved
based on the second-order memristive system. The availability
of memristive devices with excellent performance, such as
multi-conductive states and timing dependent plasticity, as
required for the simulation of important synaptic responses
such as learning, potentiation and depression, is therefore key
to the development of neuromorphic systems.28

Nanowires or nanobelts are promising as building blocks
for bottom-up fabrication in nanoelectronics. In particular,
the study of artificial synaptic behavior based on individual 1D
TiO2 nanowire/nanobelt devices suggests that oxygen vacancies
in the TiO2, and the migration of these vacancies under an
applied electric field, are responsible for resistive switching
and the accompanying synaptic response.29,30 One of the most
widely-used way to synthesize TiO2 nanowires is the hydro-
thermal process.31 In a typical hydrothermal synthesis of TiO2

nanobelts from precursor nanoparticles such as commercial
P25 nanoparticles, the first step involves the conversion of
nanoparticles to sodium titanate nanobelts (Na2Ti3O7). These
are then converted to hydrogen titanate (H2Ti3O7) in an ionic
exchange process before finally becoming TiO2 nanobelts
during the annealing process.32 Na2Ti3O7 and H2Ti3O7 nano-
belts each have a layered crystalline structure consisting of
octahedral [TiO6] units as in TiO2 nanobelts,31,33 and exhibit
similar characteristics to TiO2 nanobelts in applications such
as gas sensing,31 energy storage,34,35 photocatalysis36,37 and
field emission.38,39 This suggests that the presence and
migration of oxygen vacancies is an important factor in all of
these three materials.36,40,41 However, the study of these inter-
mediate products has largely been ignored for different appli-
cations, compared to the well-studied TiO2 nanobelts. It would
be more cost-effective and green if these intermediate nano-
belts can be used in memristive synaptic devices since several
more steps are needed to obtain TiO2 nanobelts from these
intermediate materials in the hydrothermal process.
Therefore, a study of synaptic response in Na2Ti3O7 and
H2Ti3O7 nanobelts is then of interest as this expands the
research to titanates in addition to materials based on tita-
nium metal oxide materials. It also enables a comparison of
conduction mechanisms in all three materials in relation to
their intrinsic properties.

In this paper, we examine the synaptic response of
Na2Ti3O7 and H2Ti3O7 nanobelts, and the intermediate pro-
ducts of hydrothermally-synthesized TiO2 nanobelts. Several
synaptic functions, analogous to those seen in biological
systems, are achieved in individual H2Ti3O7 nanobelt devices.
These functions include an excitatory postsynaptic current
(EPSC), paired pulse facilitation (PPF), short-term plasticity,
potentiation and depression as well as learning-forgetting
response. The mechanism involved in the synaptic response
can be associated with a competition between the migration of

oxygen vacancies driven by the electric field and subsequent
spontaneous diffusion due to the resulting gradient in vacancy
concentration. Individual Na2Ti3O7 nanobelt devices also
exhibit similar characteristics but carry smaller currents under
similar excitation conditions.

2. Experiment and methods
2.1. Synthesis of sodium and hydrogen titanate nanobelts

Sodium and hydrogen titanate nanobelts were synthesized
from the hydrothermal process of TiO2 nanobelts as reported
previously.32,42 Typically, P25 (2 gram) Aeroxide™ (Sigma
Aldrich, Canada) was dissolved in NaOH alkaline solution
(60 mL, 10 mol) and then poured into a Teflon-lined stainless
steel autoclave (125 mL, Parr Instruments). The autoclave was
kept in a furnace at a temperature of 190 °C for 72 h. After
cooling down the autoclave naturally, the suspended nanobelts
were taken out and washed with ultrapure water. Sodium tita-
nate (Na2Ti3O7) nanobelts were obtained after this process.
Hydrogen titanate (H2Ti3O7) nanobelts could be obtained
through an ionic exchange process for 12 h by transferring the
Na2Ti3O7 nanobelts into a beaker containing HCl solution
(400 mL, 0.1 mol). The Na2Ti3O7 and H2Ti3O7 nanobelts were
dried separately in a furnace at 80 °C for 8 h to obtain
powders. Finally, nanobelts (0.5 mg) from powders were dis-
persed in acetone (20 mL) for device fabrication.

2.2. Device fabrication and characterization

The 4 μm gap Au electrodes were pre-fabricated on a SiO2

wafer by standard photolithography and a lift-off process. The
diluted nanobelt solution was drop-cast on the Au electrodes
and dried in air. Devices with bridged nanobelts were exam-
ined with an Olympus BX51 optical microscope prior to electri-
cal characterization. The electrical performance of single-
nanobelt devices was evaluated using an Agilent B2985A
Electrometer/High Resistance Meter and a homemade probe
station. One end of the two electrodes was grounded and all
the voltages were applied from the other end throughout the
entire measurement.

2.3. Material characterization

Scanning electron microscopy (SEM) (ZEISS LEO 1550) and
transmission electron microscopy (TEM) (JEOL 2010F) were
used to examine the microstructure of the nanobelts and the
configuration of the devices. The stoichiometry of the nano-
belts was identified by X-ray diffraction (XRD, PANalytical
X’pert PRO MRD). The bonding states of elemental sodium,
titanium and oxygen in the nanobelts were examined by X-ray
photoelectron spectroscopy (Thermo-VG Scientific ESCALab
250).
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3. Results and discussion
3.1. Materials characterization

Fig. 1 demonstrates the material characterization results of the
as-synthesized H2Ti3O7 nanobelts. The nanobelts have a
characteristic rectangular cross-section, as indicated by the
inset magnified SEM images in Fig. 1a. The width of the nano-
belt, as imaged in SEM and TEM scans, is typically 50–200 nm
(Fig. 1a and b). A scanning TEM (STEM) image of a representa-
tive nanobelt and its corresponding line-scan obtained from
electron energy loss spectroscopy indicate that the nanobelt
has a width-to-height ratio of 4.2 : 1, consistent with a quasi-
rectangular cross-section (Fig. S1, ESI†). This geometry ensures
good electrical contact with the Au electrode. The high resolu-
tion TEM (HRTEM) image (Fig. 1c) of the nanobelt demon-
strates a large concentration of void defects (indicated with
arrows) with the measured interplanar spacing being
∼0.20 nm, corresponding to the (204) plane of the H2Ti3O7

crystal. Theses defects could be the existence of oxygen
vacancies in the nanobelts, which is further confirmed by the
Gaussian devolution peak of the O 1s spectrum centered at
532.5 eV (Fig. 1d and e). The overall stoichiometry of nanobelts
is H2Ti3O7 as determined from the characteristic peaks by
XRD measurement (Fig. 1f).

3.2. Synaptic performance

3.2.1. Excitatory postsynaptic current. A schematic repre-
sentation of the chemical pathways during transmission in a
biological synapse is shown in Fig. 2a. The transmission of
information between neurons involves the release of a neuro-

transmitter from the presynaptic terminal, followed by
diffusion across the cleft and binding to postsynaptic recep-
tors.17 Neurotransmitters are contained in synaptic vesicles
that cluster near the cell membrane in the axon terminal of
the presynaptic neuron. Once an action potential propagates
along the presynaptic axon and reaches the axon terminal,
voltage-gated calcium (Ca2+) channels are activated and allow
the flow of Ca2+ ions into the presynaptic terminal. This trig-
gers fusion of the synaptic vesicle to the plasma membrane,
resulting in the release of neurotransmitters in the synaptic
cleft. These neurotransmitters dock with receptors on the post-
synaptic neuron, triggering further molecular reactions that
ultimately change the membrane potential of the postsynaptic
neuron, generating a postsynaptic current.5

Fig. 2b is a schematic representation of an artificial synapse
as it occurs in a single nanobelt device, and the inset SEM
image demonstrates the device consisting of two Au electrodes
separated by a 4 µm gap bridged with a single H2Ti3O7 nano-
belt. Under an external stimulus, spikes or action potentials in
the presynaptic neuron (left electrode) are transmitted through
the synapse (nanobelt) to the postsynaptic neuron (right elec-
trode). This generates an excitatory postsynaptic current
(EPSC). To simulate this excitatory response in our device, a
series of 50 ms presynaptic pulses with amplitudes of 8, 10,
12, 15, 18 and 20 V were applied to one of the Au electrodes.
These pulses were well separated in time (∼4 s). The EPSC
response of the device in this excitation regime is shown in
Fig. 2c. It can be seen that the peak value of the EPSC
increases from 0.53 nA to 4.45 nA as the amplitude of the pre-
synaptic pulses increases from 8 V to 20 V. This type of EPSC

Fig. 1 Material characterization of H2Ti3O7 nanobelts, (a) SEM image, inset shows a magnified view of the selected region. These images reveal that
the nanobelts have a rectangular cross-section with a width of 50–200 nm and a length of several μm. (b) TEM image, (c) HRTEM image (arrows
point out defects in the crystalline structure), (d) O 1s XPS spectra. The peak at 532.5 eV is attributed to oxygen vacancies (concentration ∼26.33%),
while the small shoulder at 534.2 eV is attributed to the OH− group in the H2Ti3O7 nanobelts (concentration ∼2.95%). The strongest peak arises from
oxygen in the lattice. (e) Ti 2p XPS spectra, (f ) XRD characterization of H2Ti3O7 nanobelts and their characteristic peaks indexed from the JCPDS
database (no. 47-0561). Some characteristic peaks of H2Ti3O7 are indicated with arrows.
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response is similar to that observed in biological excitatory
synapses.5 The energy introduced into the device for a single
pulse is Econ = Iavg × t × V, where Iavg is the average EPSC, t is
the pulse duration and V is the pulse amplitude. The calcu-
lated values of Econ are shown in Fig. 2d. The smallest energy

consumption is estimated to be 212 pJ for the 8 V pulse. This
power consumption could be further lowered by reducing the
pulse duration to <50 ms.

After the spike, the current in the single nanobelt device
assumes its baseline value. When the interval between pulses

Fig. 2 EPSC response, (a) schematic of a synapse, (b) schematic of the nanobelt device for the synaptic response study and SEM image of the nano-
belt device, (c) EPSC performance for a series of 50 ms pulses with amplitudes 8, 10, 12, 15, 18 and 20 V, respectively, (d) summary of EPSCs and the
corresponding calculated energy consumption, where the average currents and the corresponding standard deviation are calculated from the
current responses over 2000 cycles as shown in (f ), (e) EPSC during 10 cycles of EPSC excited as in (c), the interval period among adjacent cycles is
20 s. (f ) EPSC evolution over 2000 cycles with pulse amplitudes as in (c).
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is much longer than the pulse duration (e.g. 4–5 second inter-
val vs. 50 ms duration), the EPSC induced by a given pulse
does not affect the EPSC produced by the next spike.5,12 Under
these excitation conditions, the device exhibits a highly repro-
ducible and controllable multilevel current response (Fig. 2e).
The multilevel performance was tested up to 2000 cycles as
shown in Fig. 2f. These data demonstrate a discrete, well separ-
ated current response, indicating that the multilevel conduc-
tive states of the single H2Ti3O7 nanobelt device are highly
robust.

3.2.2. Short term plasticity. Synaptic plasticity, defined as
the change in the synaptic strength in response to external
stimuli over time, is considered to be the foundation for learn-
ing and memory in the human brain.3 In general, when two
identical spikes arrive in rapid succession, the EPSC for the
second spike is enhanced if the time interval between the
spikes is short enough that carriers cannot relax to their initial
equilibrium state between spikes, as illustrated schematically
in Fig. 2b. This then leads to short-term synaptic enhancement
or potentiation.43 This response was successfully simulated in
the present nanobelt device by applying two and ten consecu-
tive identical +8 V pulses with an inter-pulse interval ranging
from 100 to 3000 ms. Fig. 3a shows a typical example of short-
term potentiation obtained at an inter-pulse interval of
500 ms. The amount of synaptic gained weight for two and ten
equal pre-synaptic pulses was calculated as a function of the
interval period as a way of mimicking neural paired-pulse
facilitation (PPF) and post-tetanic potentiation (PTP) responses
in a biological system. PPF measures the conductance increase
that occurs on application of two consecutive presynaptic
pulses, while PTP quantifies the increase in response for a

given number of spikes. The plasticity of the device can be
described according to the PPF and PTP index models23,43

PPF ¼ ðI2 � I1Þ=I1 � 100% ð1Þ

PTP ¼ ðI10 � I1Þ=I1 � 100% ð2Þ
In eqn (1) and (2), I1, I2 and I10 correspond to the current of

the first, second and tenth pulse, respectively. From Fig. 3b
and c, the amplitudes of the EPSC in the second (PPF) and
tenth (PTP) pulses are 53% and 436% higher, respectively,
compared to the EPSC from the first pulse at an inter-pulse
interval of 100 ms. The high PTP index suggests the possibility
that the nanobelt device may act as a dynamic high-pass
filter.16 The enhancement ratio is found to decrease with
increasing inter-pulse time interval. This effect is also known
as the spike rate-dependent plasticity (SRDP), whereby higher
spike frequency leads to a larger increase in gained synaptic
weight. Fitting of the PPF and PTP curves shows that the
device plasticity decays exponentially vs. inter-pulse time inter-
val.43 In biological systems, a certain time interval is needed
for the residual Ca2+ concentration to relax to their equili-
brium level after an action potential is terminated. When
another identical stimulus follows shortly after the initial
stimulus, a net increase in the synaptic response will occur, as
in PPF. When many stimuli are applied and the inter-pulse
interval is short, the synaptic transmission is progressively
enhanced, as in PTP.

Fig. 3d–f show the enhancement in the current response
during the application of 100 consecutive pulses. The dur-
ation, interval period and peak voltage per pulse are all seen to
affect the overall current amplitude.14,50 This potentiation be-

Fig. 3 Short-term plasticity response. (a) Current enhancement for 10 consecutive, identical 8 V pulses. PPF and PTP are defined as shown, (b–c)
relationship between gained weight (%) for PPF and PTP vs. the time interval between two consecutive pulses. The fitted exponential curves y = A1 ×
exp(−x/t1) + y0 are shown. For the PPF, A1 = 0.625, t1 = 0.499 s, y0 = 0.053 while for PTP, A1 = 4.722, t1 = 0.707 s, y0 = 0.124, (d–f ) accumulating
current response on excitation with 100 identical consecutive pulses plotted vs. (d) time interval between pulses (50 ms duration, 20 V pulse), (e)
pulse duration (50 ms interval, 20 V pulse), and (f ) pulse amplitude (pulse duration and interval are 50 ms).
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havior in the nanobelt device mimics the synaptic release of
neurotransmitters in vesicles in response to a series of action
potentials in which the frequency, duration, as well as ampli-
tude of action potentials can stimulate a larger number of neu-
rotransmitters, and thus a higher current response.17 As can
be seen in Fig. 3d–f, the accumulation of the current response
does not scale linearly with an increase in the number of
pulses. This suggests that more conductive states could be
achieved using shorter pulse duration and lower pulse ampli-
tude, as this would inhibit saturation, i.e., slowing the increase
in synaptic weight. By extending the number of identical low
amplitude (10 V) pulses up to 1000 and using a variety of pulse
durations, the current response can be gradually increased as
shown in Fig. S2 (ESI†). A two orders of magnitude change in
current accumulation was achieved through >1000 steps. It is
apparent that the current continues to increase throughout the
steps, but that the rate of increase is reduced as the number of
pulses increases. More than 2000 modulation states can be
achieved by applying a series of identical 50 and 100 ms, 10 V
pulses, respectively (Fig. S3, ESI†). A gradual increase in
current response is particularly important if the device is to
mimic the analog nature of the synaptic weight change,44

effective neural regulation and adaptive learning in neuro-
morphic computation.45 With more resistance states, better
learning efficiency and a greater capacity for an effective neuro-

morphic computing response are possible.28,45 This indicates
that H2Ti3O7 nanobelts may be an attractive candidate for
achieving high-efficiency learning in neuromorphic
computing.

3.2.3. Potentiation and depression. In a system designed to
implement artificial synapses, modulation of conductance can
be used to emulate the effect of potentiation and depression
on synaptic weight. This simulates the strengthening and
weakening of pre- and post-synaptic neurons. To replicate this
response, 100 consecutive +20 V, 100 ms, pulses followed by
100 consecutive −10 V, 100 ms, pulses were applied to the
system. The resulting current response was read at 2 V and
showed a reproducible potentiation and depression response,
as summarized in Fig. 4a and b. The pulse peak current in this
test is given in Fig. S4 (ESI†). The read-out current increases
firstly in response to the positive input pulses, demonstrating
potentiation. Subsequent negative pulses cause the current to
decrease, resulting in depression of the response. The robust-
ness of the potentiation and depression response was con-
firmed by a test involving 50 potentiation and 50 depression
states for 5000 cycles (a total of 50 000 pulses) as shown in
Fig. 4c and Fig. S5 in the ESI.† To test whether a larger
number of potentiation and depression states are possible, the
conductance was measured during application of >2000, +10
V/−6 V 100 ms pulse cycles (Fig. 4d). In the region of poten-

Fig. 4 Potentiation and depression response. (a) 100, +20 V 100 ms pulses followed by 100, −10 V 100 ms pulses. The test was repeated for 10
cycles. Current was measured by a 2 V, 100 ms read pulse immediately after each potentiation and depression pulse. (b) Expanded view of the high-
lighted segment in (a). (c) Test over 50 000 pulses with 50 potentiation and 50 depression pulses as before. The response in the last 5 cycles is
shown. (d) Test carried out to illustrate the large number of potentiation and depression states. Each cycle involved 2200, +10 V, 100 ms pulses fol-
lowed by 2200, −6 V, 100 ms pulses. P and D indicate potentiation and depression, respectively.
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tiation, the conductance of the device increases, and even-
tually becomes saturated. In the depression region, the con-
ductance rapidly decreases during the first 300 pulses, and
then remains essentially constant on the additional negative
pulses. The latter effect might be due to the limited migration
of oxygen vacancies on application of a low electric-field −6 V
pulse after the device has been returned to its initial state. The
current response vs. time in this experiment is shown in
Fig. S6 (ESI†). This suggests that a single nanobelt device can
be used to combine a large number of potentiation and
depression states in a simple structure. Moreover, the poten-
tiation and depression response can also be generated in the
H2Ti3O7 nanobelt device by sweeping voltages (Fig. 5). On the
application of consecutive positive and negative sweeping vol-
tages, the current amplitude first continuously increases
(Fig. 5a) and then decreases (Fig. 5b). The cyclic current
response vs. time and the corresponding conductance at the
peak voltage are shown in Fig. 5c and d. It is also demon-
strated in Fig. 4 that depression is faster than potentiation in
the H2Ti3O7 nanobelt device. With higher amplitude negative
pulses (e.g., −15 V and −20 V rather than −10 V), fewer nega-
tive pulses are sufficient to drive the current back to its orig-
inal value (Fig. S7, ESI†). After the current returns to the base-
line level, additional negative pulses contribute to the gene-

ration of higher current when the device is excited with oppo-
site polarity pulses.28,46

3.2.4. Learning and forgetting response. We have also
investigated the current accumulation and decay properties in
these single H2Ti3O7 nanobelt devices to replicate the learn-
ing/forgetting response of human memory. Potentiation after
application of a number of identical 500 ms pulses simulates
the learning process, while forgetting can be simulated by fol-
lowing the subsequent decay of the current response. As
before, the readout voltage was +2 V. The resulting potentiation
and decay curve is shown in Fig. 6a. When the exciting pulses
are removed, the declining current is well described by an
exponential decay, that is I = I0 + Ae−t/τ, where I0 is the steady
state current, t is time, A is a pre-factor, and τ is a time con-
stant, which indicates the forgetting rate (Fig. 6b). The spon-
taneous decay of current in the present device is analogous to
the loss of memory or forgetting curve in a human brain.47,48

We further studied the relaxation process of the device subject
to a different number of applied pulses. It is shown in Fig. 6c
that, by increasing the number of pulses to 400, the remaining
normalized synaptic weight at 100 s increases from <3% for 5
pulses to around 42%. Significantly, it is found that the time
increases by a factor of 10 for the synaptic weight to decrease
to 5% when the number of pulses is 400 (∼625 s) compared to

Fig. 5 Nonlinear transmission characteristic of single positive and negative sweeping behavior. (a) I–V characteristics of the single nanobelt device
at positive sweeping voltages (0 to 10 V then back to 0 V). (b) I–V characteristics of the single nanobelt device at negative sweeping voltages (0 to
−5 V then back to 0 V). (c) The curve of current response from (a) and (b) versus time. 4 cycles of potentiation and depression by sweeping voltage
are demonstrated. (d) The conductance variation of the device with the sweeping cycles in (c). Reproducible potentiation (P) and depression (D) can
be observed.
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that observed when the pulse number is 5 (∼59 s). Meanwhile,
the time constant increases with the increasing number of
pulses as demonstrated in Fig. 6d. This suggests the potential
for a transition from short-term potentiation (STP) to long-
term potentiation (LTP) in the single nanobelt device by
repeated stimulation.12 This enhancement in stability induced
by the repeated application of input pulses resembles the
increase in synaptic strength through frequent stimulation by
action potentials found in biological neural systems.12,49

Several important synaptic responses such as EPSC, SRDP
and potentiation and depression responses, have also been
measured in a single Na2Ti3O7 device (Fig. S8–S11, ESI†). In
each case, the response is similar to that in the H2Ti3O7 nano-
belt devices except that the current amplitudes are different,
indicating the larger resistivity of the Na2Ti3O7 nanobelt.
These results show that H2Ti3O7 and Na2Ti3O7 nanobelts,
appearing as intermediate products in the formulation of TiO2

nanobelts by hydrothermal synthesis, are suitable for synaptic
functionality emulation.

3.3. Kinetic mechanism

Similar to the analysis in the single TiO2 nanowire device,30,42

it is suggested that the oxygen vacancies in the titanate nano-
belts could be very important in the above mentioned synaptic
performance. To examine the role of oxygen vacancies in the
synaptic response of single H2Ti3O7 nanobelt devices, the
temperature dependent time decay of the current (read at 2 V)

after excitation with 50 identical, +20 V, 500 ms pulses (same
as Fig. 6a) is shown in Fig. 7. Fig. 7a indicates that the current
decays more rapidly at higher temperature. This is consistent
with the thermally activated diffusion of oxygen vacancies
subject to an activation energy, E.60 The process is described
by eqn (3) where the time constant τ, is temperature depen-
dent, k is the Boltzmann constant, T is the absolute tempera-
ture and A0 is the pre-exponential rate constant,50

A0 þ ln
1

τðTÞ ¼
E
kT

ð3Þ

A plot of ln(1/τ(T )) as a function of 1000/T is shown in
Fig. 7(b) and yields E = 0.33 eV. This suggests a direct relation-
ship between the oxygen vacancy diffusion and forgetting/
relaxation response behavior in Fig. 6. Furthermore, the
contact properties of the Au/nanobelt junction have been
determined by examining its current response under a direct
voltage sweep from −15 V to 15 V. It was found that the I–V
curve is nearly symmetrical, implying that the device can be
described by the model of back-to-back Schottky barriers in
series with a resistor51,52 (Fig. S12, ESI†). Under these con-
ditions, oxygen vacancies would migrate towards one end of
the Au/nanobelt interface under the applied electric field. This
will lower the Schottky barrier at this interface, resulting in a
rectifiying-like I–V curve.53 To confirm this assumption, we
measured the I–V curves directly after sweeping from 0 to 10 V
and found a positive rectification response. Similarly, a reverse

Fig. 6 Learning and forgetting response and STP-to-LTP transition induced by repeated stimulation. (a) Learning and forgetting curve with 50,
500 ms, 20 V pulses. Current during relaxation was read at 2 V. (b) Current decay curve and its fit to the equation of I = I0 + Ae−t/τ, where I0 = 1.16
nA, A = 20.9 nA and τ is 25.64 s. (c) Current decay behavior with the number of pulses up to 400 and (d) time constant summary up to 400 pulses.
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rectification characteristic is produced immediately after appli-
cation of a 0 to −10 V sweep voltage (Fig. S13, ESI†).

We have also investigated the temperature dependent
current decay process in single TiO2 and Na2Ti3O7 nanobelt
devices and have calculated the activation energies for
diffusion using eqn (3). The resulting activation energies for
TiO2 and Na2Ti3O7 nanobelt devices are 0.42 eV and 0.41 eV,
respectively (Fig. S14, ESI†). Similar values of the activation
energy in all three types of nanobelt devices suggest a
common diffusion mechanism. The primary diffusion mecha-
nism in all three types of nanobelt devices can then be attribu-
ted to oxygen vacancies although the diffusion of H+ and Na+

ions might play a limited role on H2Ti3O7 and Na2Ti3O7

nanobelts.
The low activation energies for diffusion in these three

types of nanobelt devices compared to those found for many
other oxides can be attributed to the geometrical effect of the
nanowire/nanobelt structure. A recent theoretical report shows
that a higher concentration of oxygen vacancies exists near
and on the surface of ZnO nanowires. This facilitates the
diffusion of oxygen vacancies in the nanowire structure com-
pared to that occurring in bulk ZnO, because of the lower acti-
vation energy associated with surface defects.54 This con-
clusion is supported by a recent study of oxygen diffusion in

sputtered TiO2 films, which shows that the activation energy
for diffusion in the thin film is 1.05 eV.55 Theoretical studies
of migration of oxygen vacancies along different plane direc-
tions in bulk TiO2 also imply activation energies of 0.69–1.75
eV.56 These values are consistent with the relatively low acti-
vation energies derived from our study of diffusion in single
nanobelt devices.

The electrical characteristics of these nanobelt devices are
then described by back-to-back Schottky barriers, whose pro-
perties are determined by the migration and diffusion of
oxygen vacancies. In the absence of a bias, symmetrical
Schottky barriers are formed at each junction between the
nanobelt and an Au electrode (Fig. 8a). When an electric field
is applied by biasing the device, oxygen vacancies distributed
within the nanobelt migrate and accumulate at one of the Au/
nanobelt interfaces, resulting in a reduction of the effective
Schottky barrier.29,57–59 This facilitates the injection of elec-
trons from the Au electrode into the semiconductor nanobelt,
enhancing the current flow in the forward direction.60 The re-
sistance of the device therefore decreases when oxygen
vacancies accumulate at this end. Meanwhile, the corres-
ponding increase in the density of defects at this end of the
nanobelt gives rise to a concentration gradient. This gradient
drives a diffusive flow of vacancies in an opposite direction to

Fig. 7 Synaptic mechanism study. (a) Temperature dependence of the current decay following excitation with 50 consecutive +20 V, 500 ms,
pulses. The current was read at 2 V, (b) plot of ln(1/τ) vs. 1000/T showing exponential dependence. The linear fit from eqn (3) is shown and implies
that the diffusion activation energy is E = 0.33 eV.

Fig. 8 Schematic of the synaptic response mechanism. (a) In the initial state, oxygen vacancies are distributed randomly throughout the nanobelt,
and a Schottky barrier is formed at each Au/nanobelt interface. (b) With applied positive electric field, the accumulation of oxygen vacancies at the
left interface of the Au/nanobelt leads to a reduction in the strength of the Schottky barrier, increasing the conductivity of the device. Back diffusion
of these defects in response to the concentration gradient would recover the Schottky barrier, leading to a decrease in the current response.
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the electric field (Fig. 8b). As diffusion is thermally activated
and has an activation energy, E, relaxation of the current fol-
lowing excitation in the forward direction is temperature
dependent. The dynamic competition between these two
mechanisms leads to different synaptic functions. As the
number of pulses increases, these effects begin to cancel each
other so that the current does not continue to grow at the
same rate. The equilibrium established between migration and
diffusion also results in current saturation as the number of
pulses is increased. If the bias is reversed immediately after a
positive voltage pulse, the electric field accelerates the flow of
vacancies arising from diffusion and speeds up the overall
depression response. This is also the reason for faster
depression behavior than potentiation in the single nanobelt
device. After a small number of negative voltage pulses, the
device returns to its initial state and the Schottky barrier is re-
established. Because of the identical nature of the Schottky
barriers at each Au/nanobelt interface, the application of
additional voltage pulses in the negative direction results in a
similar response to that seen in the positive direction.

4. Conclusion

The synaptic properties of memristor devices based on single
H2Ti3O7 and Na2Ti3O7 nanobelts have been investigated.
Excellent synaptic functionalities, including the EPSC, short-
term plasticy, potentiation and depression as well as learning-
forgetting response, have been successfully demonstrated in a
single nanobelt device. The gradual modulation in conduc-
tance with a large number of identical pulses is also realized.
The synaptic responses are shown to derive from the modu-
lation of a Schottky barrier at the electrode/nanobelt interface
due to migration of oxygen vacancies driven by an applied elec-
tric field, and moderated by thermal diffusion in response to a
gradient in defect concentration. Such intriguing properties of
synaptic devices based on individual H2Ti3O7 and Na2Ti3O7

nanobelts, similar to the TiO2 nanobelts, not only show that
these materials have a promising future in neuromorphic com-
puting applications, but also suggest an alternative direction
for material selection for synaptic funtionality emulation
study.
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