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ABSTRACT As a kind of two-dimensional (2D) nanostructured ma-
terials, metal oxide nanosheets (MONS) are attractive and promising 
humidity sensing materials due to their considerable surface area, 
good charge carrier transportation, and designable surface functional 
groups properties. Nevertheless, the ultra-thin MONS modified with 
active functional groups for humidity sensing are still rare. As a proof 
of concept, the atomically thin TiO2 nanosheets with high surface 
area and electron-donating amino groups are prepared by a struc-
ture-maintained post-ligand modification strategy. The fabricated TiO2-based sensors demonstrate superior humidity sensing performance with 
high response, short response time, narrow hysteresis, and ultra-low theoretical limit of detection of about 15 ppm. Additionally, the possible 
mechanism is proposed from the AC complex impedance measurements and DC instantaneous reverse polarity experiments. This work pro-
vides a possible path for developing the high-performance 2D nanostructured metal oxides-based humidity materials through the surface chem-
ical method.  
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n INTRODUCTION 
Humidity is an important physical parameter that affects people’s 
daily life and production, especially in environment monitoring, 
agricultural production, industrial manufacture, food storage, and 
medical diagnosis.[1-5] Since the rapid development of the Internet 
of Things (IoT) and artificial intelligence (AI), the humidity moni-
toring devices with convenient fabrication, extraordinary sensiti- 
vity, fast response and recovery, low power consumption, and 
low-cost materials are eagerly required.[6] Generally, a superior 
humidity sensing material should meet several essential rules: 1) 
high specific surface area, to better perceive the minimal variation 
of ambient humidity since the contacts between H2O molecules 
and sensing layer take place first on the surface, 2) abundant ac-
tive sites on the surface, to instantly interact with physical ab-
sorbed H2O molecules for faster response speed and higher sen-
sitivity.[7,8] Based on these requirements, the two-dimensional (2D) 
nanostructured materials with advantages of the high area to vol-
ume ratio, fully exposed active sites, and facile surface function-
alization have been considered as a promising material for humi- 
dity sensing, which also provides an ideal platform to study the 
sensing process between the sensitive layers and water mole-
cules.[9-11]  

The chemical and physical properties of 2D nanostructured ma-
terials could be significantly improved by the reasonable design 
of surface-coordinated chemical environments.[12-19] Surface 
chemistry such as surface functionalization and chemical modifi-
cation, which could distinctly tune the conductivity, improve the 

charge carriers or mass transfer, or enhance the interaction be-
tween substrates and targeted molecules, could efficiently im-
prove the sensing performance of 2D nanostructured materials.[20-25] 
However, the structural variation of those 2D materials usually oc-
curs during the vigorously chemical modification, which obstructs 
the construction of the structure-activity relationship.[26-28] There-
fore, a strategy for structure-maintained post-modification with a 
slight adjustment in surface coordination environment is urgently 
desired. Among 2D nanostructured materials, ultra-thin metal ox-
ide nanosheets (MONS) have demonstrated much better charger 
carrier transportation and gas detection sensitivity.[29-31] With the 
principle of surface modification by introducing appropriate func-
tional groups, ultra-thin MONS would provide ultra-high humidity 
sensing performance. Unfortunately, MONS-based humidity 
sensing materials are still in their infancy.[32-37] There is still much 
room for developing ultra-sensitive sensing materials to serve as 
the ultra-low humidity environment monitor. 

Herein, 2D ultra-thin TiO2 nanosheets with various functional 
groups modification were successfully prepared via a facile stra-
tegy of structure-maintained post-ligand modification (Figure 1a). 
As-prepared 3 cases of TiO2 nanosheets were utilized to demon-
strate the effect of diverse surface chemical environments for 
chemiresistive humidity sensing. The sensor shows excellent per-
formance with a noticeable conductivity enhancement of more 
than 106 from dry air to 98% of relative humidity (RH), as well as 
the shortest response time of 98.4 s. Particularly, the ultra-thin 
TiO2 nanosheet sensor devices coordinated with ethylene glycol 
(EG) and ethylenediamine (EA) exhibit outstanding sensing per- 
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formance toward ppm-level humidity with the ultra-low theoretical 
limit of detection of about 15 ppm. Additionally, the possible me-
chanism was proposed to explain the excellent humidity sensing 
behavior after the AC complex impedance measurements and DC 
instantaneous reverse polarity experiments. The surface property 
of the 2D ultra-thin TiO2 nanosheet played a vital role in the ultra-
low humidity sensing process, in which the electron-donating 
amino groups of TiO2-EA are more beneficial than the electron-
withdrawing carboxylate radical of TiO2-OA for the free migration 
of electrons in ultra-low humidity sensing process. 

n RESULTS AND DISCUSSION 
The EG coordinated TiO2 nanosheets (TiO2-EG) with a BET sur-
face area of ~320 m2·g-1 (Figure S5) were synthesized via a mo- 
dified solvothermal method (see details in Supporting information, 
Figure 1a). The powder X-ray diffraction (PXRD) pattern (Figure 
1b) illustrates that these TiO2-EG powders are a metastable poly-
morph of TiO2(B) which owns a less symmetrical monoclinic struc-
ture and belongs to the C2/m space group (card JCPDS No. 46-
1238).[38,39] The surfaces modified with ethylenediamine (EA) and 
oxalate (OA) on TiO2 nanosheets were prepared by a facile post-
ligand modification strategy (Figure 1a), and were labeled as 
TiO2-EA and TiO2-OA, respectively. The PXRD patterns of TiO2-
EA and TiO2-OA (Figure 1b) are similar with that of TiO2-EG, im-
plying that the structure of TiO2-EG is still maintained after post-
ligand modification. Furthermore, the broad PXRD peaks of three 
samples indicate significantly decreased thickness of TiO2 
nanosheets with only a few layers, which could be verified by the 
atomic force microscopy (AFM) analysis in the following test.[40,41]   

The surface chemical environments of the three TiO2 samples 
were determined by Fourier transform infrared spectroscopy (FT-
IR) and X-ray photoelectron spectroscopy (XPS). As shown in 
Figure 1c, compared to that of TiO2-EG and ethylenediamine (Fig-
ure S6a), the FT-IR spectra of TiO2-EA show additional adsorption 
bands at 3233 and 1630 cm-1, which are assigned to stretching 
and bending vibrations of -NH2 groups, respectively.[42] The ad-
sorption bands at 1337 and 1037 cm-1 for C–N vibrations further 
confirm the presence of the amine-containing groups on the sur-
face of TiO2-EA nanosheets. Similarly, compared with the IR spec-
tra of sodium oxalate (Figure S6b), the adsorption bands located 
at 1636 and 1338 cm−1 are assigned to the asymmetric and sym-
metric stretching vibrations of COO-, respectively, indicating the 
presence of COO- on the surface of TiO2-OA nanosheets.[43] Ad-
ditionally, the obviously sharped and increased adsorption band 
intensity at about 1078 and 1116 cm-1 further evidences the in-
creased amount of -C–O. Meanwhile, XPS characterization was 
also performed to verify the coordination of EA and OA groups on 
TiO2 nanosheets. Different from that of TiO2-EG, the N 1s spec-
trum of TiO2-EA (Figure 1d) exhibits two major signals located at 
401.5 and 399.7 eV, which are assigned to the free -NH2 and -N-
H coordinated with the Ti center, respectively.[44] The new raising 
signals of the C 1s spectrum located at 287.9 and 290.4 eV (Fig-
ure 1e) are ascribed to the O–C=O and C=O groups of COO- on 
TiO2 surface, respectively, confirming the successful modification 
of the OA group.[43] These results also could be verified by the O 
1s spectra of TiO2-EG, TiO2-EA, and TiO2-OA (Figure S6c). 

Scanning electron microscope (SEM) measurements of TiO2-
EG, TiO2-EA, and TiO2-OA powders depict similar plicated nano- 
sheet morphology, because of the tension of ultra-thin geometry 
(Figure 2a–2c and Figure S7g–7i). From transmission electron 
microscopy (TEM) images (Figure 2d–2f), the nanosheet morpho-
logy with large size of three TiO2 remains after post-ligand modi-
fication. The STEM element mapping of TiO2-EA also confirms the 
existence of surface N species (Figure S6d), further revealing the 
successful modification of EA on the surface of TiO2 nanosheets. 
The thicknesses of TiO2 samples checked by AFM are ranged 
from 1.4 to1.8 nm (Figure 2g–2i and Figure S7a–7f). With such a 
few nanometers thickness, charge transportation between 2D 
TiO2 nanosheets and H2O molecules would be accelerated in a 
shortened conduction path, which is a candidate as the high-per-
formance humidity sensing material. 

The humidity-sensing performances of the three kinds of TiO2 
sensors were evaluated by measuring their electrical current 
change under different RH conditions at ambient temperature. 
The parameters including humidity sensitivity, response time, re-
covery time, cycle stability, and hysteresis were evaluated. The 
real-time dynamic current response-recovery plots of TiO2-EG, 
TiO2-EA, and TiO2-OA show that the prepared humidity sensors 
all demonstrate good response-recovery characteristics and sig-
nificant step current response to a broad range of RH from 10 to 
98%, as well as an excellent signal to noise ratio (Figure 3a and 
Figure S9a–9b). It can be found that the sensor’s current in-
creases rapidly when the RH is introduced from 10% to a higher 
RH level and then begins to recover to baseline current when the 
dry air is introduced back to the test chamber. When switching 

Figure 1. (a) The illustration of synthesis and post-modification process 
(b) PXRD patterns and (c) FT-IR spectra of TiO2-EG, TiO2-EA, and TiO2-
OA powders. XPS spectra of (d) N 1s and (d) C 1s. 
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from dry air to 98% RH, the currents of the TiO2-EG, TiO2-EA, and 
TiO2-OA sensors all increase dramatically by about six orders of 
magnitude, indicating an excellent humidity sensitivity of 2D ultra-
thin TiO2 nanosheets-based sensor. 

The response currents of the 2D ultra-thin TiO2 nanosheets-
based sensors at different RH were collected and plotted in Figure 
3b and Figure S4. It can be seen that the sensor fabricated by 
TiO2-EA nanosheets displays better linearity with the linearity fit 
correlation R2 of 0.994 than that of TiO2-EG and TiO2-OA (Figure 
S10). For practical application of humidity sensors, good linear 
dependence relation of RH and response is especially important 
and is the evaluation criteria of accurate humidity detection. 

 The response-relative humidity sensing plots of TiO2-EG, TiO2-
EA, and TiO2-OA are shown in Figure 3c and Figure S9c–9d, 
while they are exposed to the 10%RH. Due to the atomically thin 
structure and abundant active functional groups on the surface, 
the response times of TiO2-EG, TiO2-EA, and TiO2-OA samples 
are approximately 168.0, 98.4, and 124.1 s, respectively. These 
results suggest that the response-recovery dynamics of TiO2-EA 
is faster than that of the other two sensors, which may originate 
from the rapid adsorption-response-desorption of water mole-
cules on the surface of TiO2-EA. In the cycling tests, the response-
recovery plots of TiO2-EA upon 50%RH with five consecutive test 
cycles (Figure 3d) display excellent stability, while the other two 
TiO2 samples decay seriously (Figure S9e–9f). Besides, the TiO2-
EA has the narrowest hysteresis (Figure S11a) compared with 
TiO2-EG and TiO2-OA in the whole humidity range of 10–98% 
(Figure S11b–11c). These results indicate superior reliability and 
reversibility of humidity detection on TiO2-EA. 

Notably, it can be found that the TiO2-EA based humidity sen-
sors show the best sensing performance toward low relative hu-
midity of 10% RH with a current increasing more than two orders 
of magnitude, compared with the other two TiO2 samples, which 
demonstrates a fantastic potential of ppm-concentration humidity 
detection. However, rarely related chemiresistive humidity sen- 

sing literature has reported about the ppm-concentration humidity 
detection. To further investigate the potential of TiO2-EA for ultra-
low humidity sensing, we tested the ppm-concentration humidity 
sensing performance. The commercial dry N2 is used as the purge 
gas for work baseline and carrier gas of the different ppm-concen-
tration humidity. The concentration of ultra-low humidity was de-
termined by the commercial dew point meter. Figure 3e shows the 
real-time ppm-level humidity sensing plot of TiO2-EA and indicates 
that the TiO2-EA sensor has good humidity sensitivity ranging 
from 83 ppm to 1005 ppm. The TiO2-EA sensor has a response 
value of about 49.1% upon exposure to 83 ppm humidity and dis-
plays a theoretical limit of detection of 15 ppm (Figure 3f, calcu-
lated from the principle of 10% response method) with linearity 
fitting correlation R2 = 0.980. Compared with other types of ultra-
low humidity sensing materials reported in the literature, the pre-
pared ultra-thin TiO2 nanosheets have excellent humidity sensing 
performance in terms of humidity sensing range (15 ppm to 98% 
RH) and response-recovery time (98.4 and 93.6 s), which is com-
parable to the commercial capacitive-type γ-Al2O3 (Table S2). The 
excellent ppm-level humidity sensitivity could be related to the 
electron-donating property of the amino groups on the TiO2-EA 
surface.  

In order to further investigate the humidity sensing mechanism 
and distinguish the conduction processes at different RH of the 
2D ultra-thin TiO2-EA nanosheets-based sensor, typical AC com-
plex impedance measurement of the TiO2-EA nanosheets-based 
sensor was carried towards different RH in the frequency range 

Figure 2. (a–c) SEM images, (d–f) TEM images, and (g–i) AFM images of 
TiO2-EG, TiO2-EA, and TiO2-OA nanosheets. 
 

Figure 3. (a) The real-time dynamic current response-recovery plots of 
TiO2-EA. (b) The response current plot of TiO2-EA at different RH. (c) The 
response-10%RH sensing plots of TiO2-EA. (d)The response-recovery cy-
cle plots of TiO2-EA at 50%RH. (e) The real-time ppm-level humidity sens-
ing plot and (f) theoretical limit of detection calculation of TiO2-EA. 
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of 106–10 Hz. As shown in Figure 4a–4d, the Nyquist plots change 
from arc (low RH levels: 10–40%) to semicircle with a short linear 
tail (medium RH levels: 50–80%) and finally to the nearly linear 
line (high RH levels: 90–100%), which corresponds to the surface 
chemisorption and physisorption process of water molecules, re-
spectively, and contains water-related polarization and conduc-
tion mechanism in humidity sensing process.   

According to the sensing mechanism of metal oxides described 
in the reported literature, the electron depletion layer theory plays 
a crucial role in the gas sensing process, in which the electrons 
(e-) on the surface of TiO2-EA are easy to be trapped by the pre-
adsorbed oxygen (O2(ads.)) and then induce the generation of ac-
tive oxygen species (O2(ads.)

-) when the temperature is below 
100 °C, as well as a high resistance value.[45] When the TiO2-EA 
sensor is exposed to low RH levels (10–40%), only limited water 
molecules could be chemisorbed on the nanosheet surface, and 
the electrons are released back to the surface of TiO2-EA. The 
chemisorbed water molecules dissociate into OH- and H+ groups, 
and then the H+ and another adjacent surface O2− will form the 
second OH- group as equation 1. 

H2O + O2- = 2OH-                     (1) 
Therefore, the conduction at room temperature originates from 
the proton hopping transportation mechanism. The protons cross 
the barrier from one position to another on the 2D nanosheet sur-
face acting as charge carriers. Hence, the impedance of the TiO2-
EA sensor decreases, but the coverage of water molecules and 
the concentration of protons on the sensing film surface are low, 
and the chemically adsorbed water molecules are not enough to 
form a continuous layer of water. As a result, the electrolytic con-
duction is very difficult and the impedance is still enormous. As 

shown in Figure 4a, the Nyquist plots exhibit an arc with a very 
large radius of curvature in a low humidity atmosphere (10–40%). 
According to the impedance plot, the conduction of the sensor can 
be modelled by a resistor R1 connected in series with a parallel 
circuit of a resistor R2 and a constant phase element (CPE1) (Fig-
ure S12a). And it represents the charge transfer between the 
TiO2-EA nanosheets and the chemisorbed adsorbed water mole-
cules.  

When the humidity is at a medium level of 50–80%, more and 
more water molecules are bound to the underlying chemisorbed 
water layer by physical adsorption, resulting in the formation of 
the first continuous water layer. In this case, the OH- groups pro-
vide abundant nucleation sites for other water molecules to phy- 
sically adsorb by hydrogen bonds. And the physically absorbed 
water molecules will dissociate under the electrostatic field of the 
chemisorbed OH- group and form H3O+ ions. The amount of H3O+ 
ions also increases remarkably with the formation of multilayer 
water molecules. These H3O+ ions and protons can migrate freely 
in continuous water layers. In addition, according to the Grotthuss 
ion transfer theory, the H+ can transfer to another adjacent water 
molecule through the Grotthuss chain mechanism as equation 2, 
which plays a key role in the conduction process of higher RH 
levels.[46] 

H3O+ + H2O ↔ H3O+ + H2O                  (2) 
These ions can diffuse in the water molecule layers and serve as 
dominant charge carriers, resulting in a considerable decrease of 
grain boundary resistance of TiO2-EA and interface resistance of 
sensing film/electrode. As shown in Figure 4b, the radius of the 
semicircle at high frequency sharply decreases, with a linear tail 
appearing at low frequency, which represents the Warburg imped-
ance and it is a natural result from electrolytic conduction and the 
diffusion process of ions (H3O+ and H+) at the sensing film/elec-
trode interface. In this stage, the conduction of the sensor can be 
described by an equivalent circuit of parallel resistance (R2)/con-
stant phase element (CPE1) and a Warburg resistance (W1) (Fig-
ure S12b). The Warburg resistance (W1) describes the ion diffu-
sion of H3O+ and H+ on the sensing film/electrode interface.  

With the relative humidity raising to high RH levels of 90–100%, 
the coverage of water molecule layers on the sensing film surface 
is full enough. The physical adsorption of water molecules tends 
to saturate and forms liquid water layer, which is beneficial for the 
hydration of H3O+ to protons as the following equation 3. 

H3O+ ↔ H2O + H+                          (3) 
As a result, more H3O+ can dissociate and more H+ will be gene- 
rated on the sensing film surface. The diffusion of these ions be-
tween nanosheets becomes the dominant conduction mechanism. 
As shown in Figure 4c–4d, the semicircle radius of the impedance 
plot sharply decreases to a short arc with a linear tail connected. 
The equivalent circuit can be modelled by a combination circuit of 
parallel resistance (R2)/constant phase element (CPE1) and a 
Warburg resistance (W1) (Figure S12c).   

In order to verify the results of the AC impedance spectra mea-
surements, DC instantaneous reverse polarity experiments are 
carried out to differentiate contributions from ions and electrons.[47] 
The operation principle is that when the humidity sensor reaches 
stability in the specific humidity environments, the conducting 

Figure 4. (a–d) The Nyquist plots of TiO2-EA at different RH levels and (e) 
the schematic diagram of the humidity sensing mechanism of 2D nano-
structured ultra-thin TiO2-EA. 
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charge carrier will change with the direction of the electrical cur-
rent because different charge carriers have different transmitting 
speeds. The corresponding DC experiment circuit is shown in Fig-
ure S8 with a bias voltage of 1 V and the results are shown in 
Figure 5.  

The total current typically contains two parts: initial current and 
final current. When 1 V bias voltage is applied to TiO2-EA sensing 
film, it can be polarized and the total current will decay exponen-
tially and gradually turn to the final current value due to the differ-
ent transfer rates of different conductive charge carriers. These 
different stages suggest different conductive mechanisms in vari-
ous RH levels. The initial current always is conveyed by ions and 
electrons while the final current is only just conveyed by elec-
trons.[48] 

When the TiO2-EA sensor is exposed to a very low RH level 
(10%), the current is very weak to be nearly a constant current 
value (Figure 5a). This indicates that only one type of charge 
carrier dominates the conduction process in 10% RH. Combined 
with the results of AC impedance spectra measurements, it can 
be concluded that the charge carrier is the intrinsic electron. Since 
both the coordinated and free amino groups of TiO2-EA contain 
lone electrons, it is more conducive to the migration of free elec-
trons under low humidity conditions. Therefore, the humidity sens-
ing performance of TiO2-EA is significantly better than that of TiO2-
EG and TiO2-OA under ultra-low humidity conditions, while the   
-COO- of TiO2-OA is an electron-withdrawing group that is not 
beneficial for migration of electrons. With the relative humidity 
growing higher, both the initial and final currents increase (Figure 
5b), but former increases more distinctly than the latter, indicating 
a contribution of ionic conduction and suggesting the ionic current 
increases more rapidly than the electronic one. Because the ions 
cannot pass through the electrode, they accumulate on the inter-
face of sensing film/electrodes, thus causing the initial current to 
decrease more sharply than final current. This phenomenon is 
also consistent with the diffusion process of H3O+ and H+ in AC 
impedance plots, and further confirms that the ion conduction is 
another contribution for conductive mechanism. When the humi- 

dity reaches high humidity levels, there is a small raised peak in 
the total current curve of TiO2-EA (Figure 5c–5d). This indicates 
that the ion diffusion conduction becomes the dominant conduc-
tive process completely.[49]                                                                                                                                  
n CONCLUSION  

In summary, three 2D ultra-thin TiO2 nanosheet samples with 
different functional groups were successfully prepared via a sol-
vothermal method and a facile post-ligand modification strategy. 
The effect of different surface coordination environments for hu-
midity sensing applications was systematically investigated. Due 
to the superiority in specific surface area (~320 m2·g-1) and the 
electron-donating amino groups on TiO2 surface, the TiO2-EA sen-
sors exhibit outstanding sensing performance with a short re-
sponse time (98.4 s), narrow hysteresis, and good fitting linearity 
(R2 = 0.994) at the RH range of 10–98%, as well as a limit of de-
tection (15 ppm) for ultra-low humidity sensing. The possible 
sensing mechanism is hypothesized by AC complex spectrum 
measurements and DC instantaneous reverse polarity experi-
ments, which reveal the different conduction behaviors at various 
RH levels. This work not only demonstrates the specific perspec-
tive in developing high-performance 2D nanostructured sensing 
materials via the modulation of surface micro-environment, but 
also offers a little insight into the application of surface chemistry 
in the field of IoT and AI. 
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