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T
he possibility of using electric fields to
modify the electronic and transport
properties of semiconducting and

insulating materials has a decades long
history and forms the technological basis
for silicon microelectronics.1,2 Electric fields
can be applied in various ways including
internally generated fields at electronically
mismatched interfaces, such as Schottky
barriers2 and polar discontinuities,3 and in
field effect transistor devices using gates
formed from conventional and high k di-
electrics or ferroelectric materials.1 Of parti-
cular interest are conducting layers created
at the interface between nominally insulat-
ing oxides, such as those found in sand-
wiches of SrTiO3 (STO) and LaAlO3 (LAO)3

and superlattices of STO and GdTiO3 (GTO),
4

in which the polar nature of the (001)-
oriented LAO and GTO surfaces, respec-
tively, provides for large internal electric
fields.5,6 However, the electric fields are so
high7 that the possibility of atomic reconfi-
gurations at the interface and motion of
atoms and vacancies at and beyond the
interface cannot be ruled out.8�10 To
achieve similarly high electric fields using

conventional gate dielectrics is not possible
but is readily achieved using ionic liquids as
the gate material.11�17 Moreover, this al-
lows for the tunability of the electric field
via gate voltage control of the electric dou-
ble layer (EDL) that is formed at the oxide/
ionic liquid interface and, furthermore, does
not restrict the interface orientation, as is
the case when polar surfaces are used to
create high electric fields. Here we show
that electrolyte gating of rutile TiO2 gives
rise tometallization that varies stronglywith
the TiO2 crystal facet orientation and which
can be correlated with the surface energy of
the corresponding facet, providing strong
evidence that the electric-field-induced
conductance arises from the formation of
oxygen vacancies, as has recently been
demonstrated for electrolyte-gated VO2

(001) epitaxial films.18

RESULTS

Dependence of Gating Response on Crystal Facet
of TiO2. Figure 1a shows a schematic dia-
gram of the planar EDLT device configuration
and measurement circuitry used in this study
(see the Methods section and Supporting
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ABSTRACT The electric-field-induced metallization of insulating oxides is a

powerful means of exploring and creating exotic electronic states. Here we show

by the use of ionic liquid gating that two distinct facets of rutile TiO2, namely,

(101) and (001), show clear evidence of metallization, with a disorder-induced

metal�insulator transition at low temperatures, whereas two other facets, (110)

and (100), show no substantial effects. This facet-dependent metallization can be

correlated with the surface energy of the respective crystal facet and, thus, is

consistent with oxygen vacancy formation and diffusion that results from the

electric fields generated within the electric double layers at the ionic liquid/TiO2
interface. These effects take place at even relatively modest gate voltages.

KEYWORDS: electrolyte gating . titanium dioxide . metallization . disorder-induced metal�insulator transition .
oxygen vacancy formation . crystal facet dependence
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Information for details on the device dimensions and
fabrication). Typical device characteristics for a (101)-
oriented rutile TiO2 EDL transistor (EDLT) are shown in
Figure 1b. The source�drain current ISD is plotted as a
function of the gate voltage VG at a constant source�
drain voltage VSD = 100 mV using EMIM TFSI as the
electrolyte. The devices are insulating for VG = 0 V with
an off-state current ISD of less than 0.2 nA. However, a
sharp increase in ISD of more than 4 orders of magni-
tude is observed as VG is ramped from 0 to 3 V.
Moreover, ISD continues to rise over time when VG
is maintained at 3 V, as shown on the right side of
Figure 1b. Figure 1c displays the sheet resistance (RS) of
a (101) TiO2 EDLT device as a function of temperature
for various ISD values measured at 280 K (indicated
by points A�G in Figure 1b). Upon cooling, RS increases
slightly between 280 and 130 K. Below 130 K, RS
decreases and displays a minimal value in the range
of 35�45 K. On further cooling, there is a metal�
insulator transition and RS increases abruptly by at
least 5 orders of magnitude. We ascribe the dramatic
increase of RS at low temperatures to Anderson
localization which is evidence for defect-induced

disorder.19 Consequently, we fit our low-temperature
data using Mott's variable-range hopping model for
which R = R0T

2βexp(T0/T)
β, where β = 1/(d þ 1) is a

characteristic parameter for a d-dimensional system.
Figure 1d shows that the low-temperature data are in
excellent agreement with a variable-range hopping
model over 4 orders of resistance change. Further-
more, the extracted β values from the fits, shown in
Figure 1e, point to a 1D to 2D transition as a function
of increasing carrier density. However, due to the
large error bar in the extracted β values, it is difficult
to conclude unambiguously that there is such a
dimensionality change. Similar electronic transport
characteristics have been reported for oxygen-deficient
rutile TiO2 and were attributed to multiple-band
conduction.20,21 This suggests that the electric-field-
induced formation of oxygen vacancies in EDL de-
vices might be responsible for their similar electrical
transport characteristics.

Defect formation and migration at surfaces can be
highly anisotropic with, in general, high surface energy
crystal facets being more susceptible to defect forma-
tion.We, therefore, performed crystal-facet-dependent

Figure 1. Electronic transport characteristics of a (101) TiO2-based EDLT device. (a) Device schematic including the
measurement circuit. (b) Typical transfer curve, ISD vs VG, as VG is increased from 0 to 3 V for rutile (101) TiO2 at 280 K,
using a sweep rate of 1mV s�1 and aVSD of 0.1 V. AfterVG=3V is reached, ISD further increases over time, leading to ISD > 10μA
after 1000 min. (c) Representative RS�T curves for various ISD. In the range of 35�45 K, the onset of localization of charge
carriers leads to an increase in RS by a factor of at least 105. (d) RS vs T fitted with a variable-range hopping model at low
temperatures with values of β shown in (e), as a function of the initial ISD at 280 K. The data and fits are shown as symbols and
solid lines, respectively. The dimensionality d corresponding to β is shown as dotted lines in (e). In (c�e), the letters indicate
values of ISD at 280 K approximately corresponding to points A�G indicated in (b).
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EDL gating studies on four distinct facets of rutile TiO2,
namely, the (100), (001), (110), and (101) crystal facets.
We find a remarkable dependence of the EDLT gating
effect on the orientation of the rutile TiO2 crystals, as
shown in Figure 2a. While the channel current rises
only gradually, by a factor of 10 and 100 for (110) and
(100) facets, respectively, ISD increases dramatically by
5 orders of magnitude for (101) and (001) facets upon
ramping VG from 0 to 3 V. Temperature-dependent
RS measurements of the four different crystal orienta-
tions for VG = 3 V show that (110)- and (100)-oriented
samples exhibit semiconducting behavior, whereas
the (001) orientation displays a similar nontrivial RS�T

dependence as the (101) facet (see Figure 2b and
Figure S4). The magnitude of the gating effect corre-
lates well with the corresponding surface energies
(in the absence of electric field) of the respective crystal
facets of rutile TiO2 which increase in the order
Esurf(110) < Esurf(100) < Esurf(101) < Esurf(001).

22,23 TiO2

crystals with higher surface energy facets have a higher
propensity to form defects, such as oxygen vacancies
and Ti3þ interstitials, which both act as n-type dopants
and generate localized defect states within the band
gap.24

We note that the observed gating response is not
related to the anisotropy in conductivity of the various
facets that we measured. It was reported for reduced
rutile TiO2 single crystals25 that the charge carrier
mobility and conductivity are highest along the rutile
c-axis, that is, the crystallographic [001] direction.25

Therefore, the conductivity of both (110) and (100)
facets for which the c-axis lies in plane should be higher
than the conductivity of (001) and (101) facets for
which the c-axis lies out of plane and partly out of
plane, respectively. Although the off-state current in
pristine samples at VG = 0 V is consistent with the
expected conductivity anisotropy, the very different
gating responses are difficult to understand if they are
purely electrostatic in origin. We, therefore, hypothe-
size that the devices fabricated on high-energy facets

should be more easily addressable by EDL gating,
giving rise to the stronger gating effects that we ob-
serve for these facets. However, the role of the very
high electric fields in the EDL and their influence on
aiding the formation of oxygen vacancies is poorly
understood. For example, ab initio calculations of the
oxygen vacancy formation energy have been per-
formed only in the absence of external electric fields.26

The EDL gating process on TiO2 is largely reproduc-
ible, as shown by the successive cycling of VG in
Figure 3a for TiO2 (101) at 280 K using EMIM TFSI as
the ionic liquid (IL). Cyclic ISD�VG sweeps from 0 V
to þ2.3 V, to �2.3 V, and back to 0 V were recorded
consecutively using a sweep rate of 5 mV s�1 and a
5minwait betweeneachcycle. A considerable hysteresis
is evident which increases with VG and decreasing
ramp rate. The minor increases in the off-state current
compared to the pristine sample in Figure 2a are likely
due to possible training effects which occur after the
sample has been gated several times. The observed
hysteresis suggests that the gating effects that we find
are not purely electrostatic in origin but, since the gate
current IG, shown in the lower part of Figure 3a, remains
lower than 1 nA for the entire VG regime, electrochem-
ical reactions within the IL can be ruled out. However,
electrochemical redox reactions occurring at the TiO2

surface remain a distinct possibility. Indeed, the inte-
grated value of the gate current over the entire time of
the gating process is ∼400 nC (Figure 3a). This can
account for the creation of∼1016 oxygen vacancies/cm2

consistent with the carrier densities inferred from Hall
data (see Figure S3b). This is consistent with an electric-
field-driven migration of oxygen from within the inter-
ior of the oxide into the IL.

Dependence of Gating Response on Ionic Liquid. It is
reasonable to assume that the size and the arrange-
ment of the electrolyte ions on the TiO2 surface will
influence the EDL formation and will therefore influ-
ence the EDL gating process. Hence, we performed
cyclic ISD�VGmeasurements to(2 V on TiO2 (101) with

Figure 2. Crystal orientation dependence of the TiO2-based EDLT characteristics. (a) ISD as a function of VG for four facets of
TiO2. VG was ramped at 1 mV s�1 to 3 V at 280 K. (b) RS versus temperature for VG = 3 V measured at VSD = 0.1 V for the same
crystals.
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a ramp rate of 5 mV s�1 using ILs with coordinating
imidazolium-based cations (EMIMþ and HMIMþ) and
noncoordinating ammonium-based cations (DEMEþ)
(see Figure 3b).27,28 Several differences are apparent:
first, the measured channel current at the highest gate
voltage of VG = 2 V is lowest for DEMEþ and highest for
EMIMþ. Second, while a clear hysteresis is observed in
all curves, the width of the hysteresis is largest for
EMIMþ and smallest for DEMEþ and, therefore, corre-
lates with the magnitude of ISD. It is possible that the
higher binding affinity of imidazolium-based cations
(EMIMþ and HMIMþ) in combination with a stabilizing
π�π stacking interaction between neighboring imida-
zolium rings likely leads to a denser packing of the
EDL29,30 and a slower desorption of the chemisorbed
cations, which is consistent, respectively, with a higher
ISD and a wider ISD�VG hysteresis. The high binding
affinity is a result of a comparatively strong coordinative

bond between the acidic H atom of the imidazolium ring
to O atoms on the TiO2 surface. The lower response of
HMIMþ compared to EMIMþ could be due to a reduced
surface coverage and aweaker hydrogen bond due to the
bulkier nature of the HMIMþ cations.31 In contrast, DEMEþ

as a quaternary ammonium ion possesses neither an
imidazolium ring with a delocalized π-electron system
nor an acidic H atom. Therefore, bonding of DEMEþ to
the TiO2 surface should bemuchweaker, and the packing
density should be lower, resulting in a lower ISD without
hysteresis.However, the fact that the ISD�VGcurves carried
out with DEMEþ still exhibit considerable hysteresis sug-
gests that, apart from the cation�TiO2 interaction, slow
relaxation and redistribution of accumulated defects with-
in TiO2 are important factors that will influence the
dynamics of the EDL transistors, as we discuss below.

Time Dependence of Gating Response. Figure 3c shows
the ISD response to a VG pulse of 1.75 V amplitude and

Figure 3. Dynamics of the (101) TiO2-based EDLT. (a) Consecutive cycling of VG between 0 toþ2.3 V to�2.3 V and back to 0,
recorded at 280 K with a sweep rate of 5 mV s�1 using EMIM TFSI as the electrolyte, with a waiting time of 5 min between
consecutive cycles. The source�drain current ISD and gate current IG are shown in the top and bottom panels, respectively.
The process is fully reproduciblewith onlyminormodifications in the observedhysteresis loops. (b) CyclicVG sweeps showing
the influenceof the electrolyte.Whenanon-imidazolium-based cation (DEMEþ) is used, both themaximum ISD and the ISD�VG
hysteresis are reducedpresumably due to aweaker interactionof the cationwith the TiO2 surface. The red circles highlight the
acidic hydrogen atoms in the EMIMþ and HMIMþ molecules that likely form hydrogen bonds to oxygen atoms at the TiO2

surface. Comparisonof the imidazolium-based cations, EMIMþ andHMIMþ, suggests that the bulkier nature of HMIMþ, due to
its longer carbon side chain, leads to a lower affinity for surface attachment. (c) Response of ISD to a single VG pulse (1.75 V)
with a duration time tpulse = 720 s and the corresponding relaxation after the end of the pulse, using EMIM TFSI as the
electrolyte, displaying a prolonged recovery with two distinct temporal regimes R I and R II. The inset compares the decay of
ISD in R II for EMIM TFSI with DEME TFSI. For optimal comparison, both experiments were performed on the same device after
reaching a source�drain current of 90 nA. Solid lines indicate fits according to an exponential decay of ISD. (d) Response of ISD
toVG pulses of 10 s durationmonitored for 100 cycles at 280 K (one cycle denotesVG “ON” for 10 s followedby an “OFF”period
of 10�60 s depending on the applied VG). Shown are the “ON” (filled symbols) and “OFF” (open symbols) values of ISD for VG
pulses ranging from 0.9 to 2.5 V in increments of 0.2 V. The ISD response is stable, and the “OFF” currents are recovered for all
gate voltages, demonstrating excellent reversibility for this range of VG.
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720 s duration using EMIM TFSI as electrolyte. ISD rises
abruptly when VG is turned “ON” but does not reach a
saturation value by the end of the pulse. The rate of
increase of ISD with time during the pulse is steeper for
higher gate voltages. We propose that a slow accumu-
lation of oxygen vacancies results in the evolution and
growth of a conducting path consisting of an oxygen-
deficient TiO2�x phase and, hence, a steady increase of
ISD.

32 The time scale of the recovery process depends
on the magnitude of ISD at the end of the pulse; for
small currents, corresponding to low VG and/or short
pulses, ISD returns to its “OFF” value within milli-
seconds, whereas for larger currents and/or longer
pulses, a complete recovery is only achieved after
several minutes. Furthermore, we observe two current
decay regimes in the recovery process. We presume
that the partial dissolution of the EDL is the rate-
limiting step in the initial fast response regime (R I).
Owing to the high ion mobility in the IL (∼10�3

cm�2 V�1 s�1), the corresponding time constant is in
the range of microseconds.33,34 This initial regime is
followed by a much slower regime (R II) which we
speculate involves, on the one hand, desorption and
diffusion of ions from the surface, which is again a
consequence of the direct interaction between the IL
molecules and the TiO2 surface and, on the other hand,
the repair and diffusion of defects within TiO2 which

were created during the gating step. This becomes
even more apparent when the current decay is mon-
itored for different ILs. The inset in Figure 3c shows the
current decay of regime R II for the same device using
EMIM TFSI andDEME TFSI as electrolytes obtained after
ISD was 90 nA. For DEME TFSI, the channel returns to its
initial state within 60 s, whereas a complete recovery
requires more than 10 min for EMIM TFSI, which is
again consistent with a higher binding affinity of
imidazolium-based cations at the surface of rutile
TiO2. Since the recovery time of 60 s for DEMEþ is too
slow to be accounted for solely by ionic motion within
the electrolyte, it rather indicates that the recovery of
the initial insulating state is dominated by a slow
redistribution of accumulated defects near the TiO2

surface.
Figure 3d summarizes the dynamics of the switch-

ing behavior of TiO2 (101) at 280 K in response to
100 VG pulses of 10 s duration with amplitudes varying
from 0.9 to 2.5 V. Filled symbols denote ISD in the “ON”
state, while open symbols show the corresponding
“OFF” currents. The time period between two pulses
was varied between 10 and 60 s to allow for a complete
relaxation of the device. As can be seen, both “ON” and
“OFF” state currents remain almost constant, indicating
that no significant degradation of the device occurred
upon repeated switching.

Figure 4. Surface defect formation on TiO2 (101) by ionic liquid gating. The 1 μm � 1 μm AFM images of the (101) channel
surface for (a) nongated, as-prepared device with rms roughness = 3.6 Å, (b) reversibly gated device with rms roughness =
7.7 Å, and (c) irreversibly damaged device with rms roughness = 20.9 Å. (d) Core-level XPS plots of the Ti 2p levels showing a
shift of ∼0.2 eV toward lower energy after irreversible gating, consistent with a reduction of Ti4þ. There is no noticeable
difference in the XPS spectra before and after reversible gating. The inset shows the O 1s peaks aligned to ∼530.1 eV.
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However, we observed that the gating effect was
not completely reversible on (101)- and (001)-oriented
samples if high gate voltages (>2.5 V) were applied for
long periods of time; that is, the channel remained
conducting after VG was set to zero, whereas the initial
state was always recovered for the (110) and (100)
facets, respectively. To investigate possible surface
modifications, we performed atomic force microscopy
(AFM) on (101) channel surfaces in an as-prepared
condition, after repeated reversible switching and after
irreversibly gating by the application of high gate
voltages (Figure 4a�c). The surface roughness already
increases after reversible switching operations, sup-
porting the hypothesized oxygen vacancy creation
and migration. The irreversibly gated surface shows
considerable damage that indicates a severe modifica-
tion of the TiO2 surface.

Oxidation State of Titanium from X-ray Photoelectron Spec-
troscopy. To further investigate the origin of this surface
modification, we performed core-level X-ray photo-
electron spectroscopy (XPS) analysis on the nongated,
reversibly gated, and irreversibly gated samples within
the channel region in each case after washing off the IL.
We use the position of the O 1s peak (∼530.1 eV) to
calibrate the binding energy.35,36 For the reversibly
gated sample, the XPS data (see Figure 4d) showed no
shift in the binding energies of the Ti 2p and O 1s core-
levels compared to the nongated sample. As expected,
no change in the oxidation state of Ti was observed
since the sample fully relaxed before the XPS mea-
surement. Moreover, the binding energy difference
(∼71.3 eV) between the O 1s and Ti 2p3/2 peaks is
consistent with stoichiometric TiO2.

35 After irreversible
gating, however, the Ti 2p3/2 and Ti 2p1/2 peaks shift
by ∼0.2 eV toward a lower binding energy with
simultaneous broadening of these peaks, indicating
that some Ti at the film surface has been reduced,
consistent with oxygen vacancy creation and the
damage to the surface observed in our AFM studies.
On the basis of these results, we conclude that the
surface damage on the reversibly gated device, as
observed by AFM, is also caused by oxygen vacancy
formation. However, the time scales for reoccupation
of these vacancies are too short to trace a change in
oxidation state by XPS.

Dependence of Gating Response on Presence of Oxygen. To
provide further evidence for the role of oxygen va-
cancy formation in TiO2, we performed EDL gating
experiments in a pure oxygen atmosphere. Figure 5a
shows the ISD response of a 900 μm � 300 μm TiO2

(101) device to a VG = 2.5 V pulse for varying oxygen
pressures p. We find that the response of TiO2 crystals
to gating by an EDL is suppressed in the presence of a
sufficient pressure of oxygen supplied externally to
the IL. Most importantly, we observed no ISD response
at VG = 2.5 V when p = 120 mbar. However, ISD in-
creased significantly upon reducing the pressure to

0.2 mbar. Furthermore, an immediate drop in ISD
occurred when the sample chamber was flooded with
oxygen (p = 160 mbar). These results clearly show that
an oxygen environment suppresses the ISD response,
confirming our thesis that the creation of oxygen
vacancies is essential for the gating effect in TiO2.
These experiments strongly suggest that when the IL
is saturated with dissolved oxygen the migration path
for oxygen from the oxide surface, under the influence
of an electric field, into the IL is closed. Oxygen migra-
tion out of and into the TiO2 channel as the device is
gated between insulating and conducting states can
be detected by labeling the oxygen with 18O. The
incorporated oxygen can then be detected using
depth profile secondary ion mass spectrometry
(SIMS). For these experiments, a TiO2 device with a
large channel area (900 � 300 μm2) was gated in high
vacuum (p < 0.1 mbar, VG = 2.5 V) to a conducting
state. After the channel conductance was saturated,

Figure 5. Gating response in oxygen ambient. (a) ISD of a
900 μm � 300 μm device shows negligible gating effect at
room temperature in an oxygen pressure of pO2

= 120 mbar
with VG = 2.5 V and VSD = 100 mV. Upon decreasing pO2

gradually to 0.2 mbar, the channel becomes increasingly
conductive, evident from an increasing ISD. However, when
pO2

was increased abruptly to 160 mbar, a simultaneous
decrease in ISD was observed while VG was maintained at
2.5 V, consistent with the annihilation of oxygen vacancies
under high pO2

. When VG was set to zero, ISD decreased
further. (b) Depth dependence of excess 18O concentration
over the natural abundance (∼0.2 atomic %) for the same
device as in (a) subjected to the same sequence of voltage
cycling and 18O2 pressure, repeated three times. Depth
profiles are shown for two regions within the channel and
compared with results from a similar device on the same
substrate thatwas not gated butwas subjected to exactly the
same dosage of 18O2.
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18O2 (PO2
∼ 120�160 mbar) was introduced into the

chamber and VG was reduced to 0 V. After recovering
the insulating state, this procedure of gating the
sample in vacuum and introducing 18O2 at VG = 0 V
was repeated three times. Figure 5b shows a compar-
ison of the depth profile of 18O, as determined by high-
resolution SIMS in two separate 30 μm diameter sized
regions, within a gated and a nongated pristine device
on the same TiO2 substrate. Excess

18O over its natural
abundance was clearly detected to a depth of∼3.5 nm
but only in the gated regions, confirming oxygen
vacancy motion during the EDL gating process. These
experiments suggest a simple method for distinguish-
ing electrostatic and electrochemical doping effects at
oxide surfaces under electrolyte gating by saturating
the IL with oxygen.

DISCUSSION

The evidence presented above for the formation of
oxygen vacancies under EDL gating also rationalizes
the dramatic difference in gating response between
(101) and (001) compared to (110) and (100) TiO2

facets. Not only are the (101) and (001) facets high-
energy surfaces and therefore more prone to defect
formation, but defects drift faster along the crystallo-
graphic [001] direction (c-axis)37 which lies out of plane
for (001)- and partly out of plane for (101)-oriented
crystals. Our results suggest that the accumulation of

vacancies and interstitials at and beyond the surface
more readily occurs for (101)- and (001)-oriented sam-
ples, consequently forming conducting TiO2�x surfaces.
We note that these same high-energy surfaces do not
contain the high conductivity axis found in TiO2�x so
that the conductivity anisotropy cannot account for the
anisotropy in gating response.

CONCLUSIONS

In conclusion, we have provided compelling evi-
dence that electrolyte gating in TiO2 crystals results
from electric-field-induced oxygen vacancy formation
that is strongly dependent on the crystal facet orienta-
tion. The suppression of any significant gating effect in
the presence of pure oxygen furthermore indicates
negligible electrostatic gating effects. Recently, related
experiments have shown that ionic liquid gating of
epitaxial films of VO2 on both TiO2 (001) and Al2O3

(1010) substrates also leads to the reversible migration
of oxygen from the oxide into the ionic liquid with
dramatic changes in transport properties.18 Thus, it is
clear that the influence of large electric fields created in
electric double layers onmodifying the structure of the
gated surface or film cannot be ignored. Rather the
possibility of modifying the electronic properties of
oxides and other materials by the formation of non-
equilibrium states is an exciting avenue to novel
materials and devices.

METHODS
The devices were fabricated on polished and cleaned single-

crystalline rutile TiO2 substrates with various crystal orientations
((110), (100), (101), and (001), purchased from ARMSC, LLC).
Electrodes (5 nm Ta/65 nm Au) in Hall bar geometry were
deposited by ion beam evaporation with the TiO2 surface under-
neath the electrodes being metalized by Ar ion milling prior to
deposition to minimize contact resistance. Amorphous alumina
(60 nm) was used to define the channel area (20� 200 μm) and
separate the lateral gate electrode from the TiO2 surface. Unless
otherwise stated in the text, all experiments were carried out
using 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)-
imide (EMIM TFSI, EMD Chemicals) as electrolyte. Additionally,
1-hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
(HMIM TSFI, EMD Chemicals) andN,N-diethyl-N-(2-methoxyethyl)-
N-methylammonium bis(trifluoromethylsulfonyl)imide (DEME
TFSI, Sigma-Aldrich) were used as electrolytes. A small droplet
of the electrolyte (∼0.1 μL) was placed on the device in such
a way that it only covered the channel and gate area (see
Figure S1). It is known that absorbedwater not only can alter the
properties of ILs significantly by reducing the electrochemical
window but can also dramatically change the performance of
EDL FETs by modifying the channel surface.38 Therefore, all ILs
and devices were dried in vacuum (10�7mbar) at 120 �C for 12 h
before each experiment. The water content of the ionic liquid
measured using 1H NMR spectroscopy and Karl Fischer titration
was well below 50 ppm in a 1 mL sample of IL. The exposure
time to air was kept to less than a minute. All electrical
measurements were carried out in a DynaCool cryostat
(Quantum Design), unless where noted. Transport properties
of the TiO2 EDLTs were measured using Keithley multimeters
(2400 and 2002). XPS measurements were done in a vacuum
chamber with a base pressure of∼1� 10�10mbar with an Al KR

monochromated excitation source of 1486.6 eV incident at an
angle of ∼78.5�. Spectra were collected with a Thermo VG
AlphR-110 hemispherical analyzer at a pass energy of 20 eV
collecting photoelectrons emitted normal to the sample sur-
face. A charge compensation gun was used to minimize sample
charging during spectra acquisition. IL from the gated samples
was rinsed off with isopropyl alcohol before acquiring the XPS
spectra. EDL gating experiments in the presence of 18O2 were
performed in a vacuum chamber with a base pressure of
10�7 mbar. Prior to each experiment, the sample was heated
to 120 �C and pumped for several hours and then backfilled
with ultrapure 18O2 (Sigma-Aldrich).
SIMS was carried out using a CAMECA SC Ultra instrument.

A 3 nm thick Pt film was deposited on the sample to reduce
charging effects. A 30μmdiameter beamof 600 eV Csþ ionswas
rastered over a ∼300 � 300 μm2 region within the channel to
create a crater. SIMS data were collected within a central 30 μm
diameter region with a mass resolution sufficient to clearly
resolve 18O from 16O1H2 and

17O1H.
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