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ABSTRACT: The urgent requirement of monitoring air pollution worldwide evokes intensive
research interest in developing chemiresistive gas sensing techniques. To overcome the limits in
sensitivity and selectivity of room temperature (RT) chemiresistive sensing materials, a new
strategy using single-atom catalysts (SACs) via surface coordination is proposed. As a proof-of-
concept, single Pd atoms on TiO2 (Pd1-TiO2) possess high efficiency in generating adsorbed O2

−

as well as high activity and selectivity in catalyzing CO oxidation at RT. As a result, Pd1-TiO2
shows record high sensitivity among the reported RT sensing materials, which is even comparable
to those of the best materials working at high temperature. It also provides an approximately 1
order of magnitude lower limit of detection than the best CO sensing materials. Moreover, Pd1-
TiO2 presents high selectivity toward 12 kinds of interference gases. This work not only paves a way to design high-performance RT
gas sensing materials but also extends the application of SACs.
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With the rapid development of industrialization and
urbanization, people are facing severe environmental

issues worldwide. For example, air pollution is estimated to
lead to the death of 7 million people annually (from the World
Health Organization, WHO)1 and will cost the world a
massive $2.6 trillion per year by 2060 (from the Organization
for Economic Cooperation and Development, OECD).2

Carbon monoxide (CO), nitrogen oxides (NOx), and sulfur
oxide (SOx) are the main gas pollutants that require close
monitoring.3 Commercial techniques, such as mass spectrom-
etry4 and gas chromatography,5 have been developed for
identification and quantitative analysis of these gas pollutants.
However, these techniques are non-real-time sensing techni-
ques, which normally require long analysis time, complicated
sample preparation, costly instruments, and professional
operators. It is desirable to realize fast and real-time gas
sensing with high sensitivity and selectivity in building Internet
of Things (IoT) for environmental monitoring, yet extremely
challenging.
Chemiresistive sensors are a type of real-time detection

technique with advantages of high sensitivity, fast response,
easy operation, and low production cost.6,7 They are attracting
more and more research interest, while still limited by low
sensitivity at room temperature (RT) and poor selectivity in
practical applications.8,9 The representative sensing materials,
metal oxides (MOs), require high working temperature
(normally >250 °C) to promote the generation of active
oxygen species (O2

−, O−, and O2−) for the sensing reaction.10

However, at high temperature, these oxygen species are highly
active and can indiscriminately react with the adsorbed gaseous

analytes, resulting in the poor selectivity of MOs. Moreover,
high working temperature not only increases the ignition risk
when detecting flammable gases but also complicates the
device fabrication and increases the energy consumption.
Loading with a catalytically active metal nanoparticle (NP)
catalyst is one of the most used methods to improve the
performances for RT sensing.8,11,12 However, metal NPs
usually have relatively low catalytic activity at ambient
conditions. Meanwhile, many factors, such as different crystal
facets of metal NPs,13 synergetic effect from neighboring metal
atoms,14 and inhomogeneous distribution of different metal
atoms in alloy NPs,15,16 would result in multiple catalytically
active sites, which can simultaneously activate various analytes
and degrade their selectivity. At present, the sensitivity and
selectivity of metal NP catalyst-loaded MOs at RT are still
unsatisfactory.
Single-atom catalysts (SACs),17−19 which possess both high

catalytic activity and selectivity, have drawn tremendous
interest in various catalyst-related applications, including
energy and organic conversions.20−23 Superior to the NP
catalysts for the heterogeneous catalysis, SACs can achieve
much higher catalytic efficiency due to their almost 100%
atomic utilization.19 Moreover, surface-coordinated SACs have
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pure, isolated, and structure-identifiable catalytic active sites in
statistics.19,24 Thus, the catalytic selectivity of SACs to different
reactants can be flexibly regulated through the selection of
metal atoms,25−28 substitution of supporting substrates,29−32

modulation of the metal atoms’ coordination environ-
ment.17,33−35 Therefore, surface-coordinated SAC-based MOs
are very promising to meet the requirements of RT sensing
material in both high sensitivity and selectivity. Unfortunately,
the research works on SAC-based gas sensing materials are in
their infancy stage and the previous works still require
additional heating, which complicates the device fabrica-
tion.36−40

In this work, TiO2 was selected as a semiconductor material
for gas sensing. The nanoflower morphology of TiO2 enabled
it to have a large specific surface area for supporting Pd single
atoms. A Pd SAC coordinated on the surface of TiO2
nanoflowers (denoted as Pd1-TiO2)

24 was rationally designed
to demonstrate the high performances of SAC-based gas
sensing materials at RT. As a relative prototype example, CO
was selected as the analyte because it not only is related to
outdoor air pollution and household living security but also
should be monitored to avoid catalyst poison in the chemical
industry and fuel cells.25,41 Gas sensing tests revealed that
compared with Pd nanoparticles, single Pd atoms exhibit much
higher efficiency in prompting the sensing performances of
TiO2 nanoflowers. The efficient interface of Pd−O−Ti was
constructed by surface coordination between Pd atoms and
TiO2 to enhance the catalytic oxidation of CO at RT. Pd1-
TiO2 showed unprecedentedly high sensitivity in CO
detection, which is superior over all of the reported sensing
materials working at RT. The high response endowed it with 1
order of magnitude lower limit of detection (LOD) than the
best materials. Pd1-TiO2 also presented unique selectivity
between CO and other 12 commonly existing interference
gases. The possible mechanism for the high sensitivity and
selectivity of Pd1-TiO2 was also revealed by X-ray photo-
electron spectroscopy (XPS), diffuse reflectance infrared
Fourier transform (DRIFT) spectroscopy, and theoretical
density functional theory (DFT) calculations. Notably, this
work represents the first research of SAC-based gas sensing
materials capable of working at RT.

■ EXPERIMENTAL SECTION
Chemicals. Palladium chloride (PdCl2, 98%) was purchased from

Sigma-Aldrich. Titanium(III) trichloride (15.0−20.0% TiCl3 basis in
30% HCl) and ethylene glycol (EG) were purchased from Alfa Aesar.
Hydrochloric acid (HCl ∼ 35%) and ethanol were purchased from
Xinweicheng Co., Ltd., (Fuzhou, China). Unless otherwise noted,
materials obtained from commercial suppliers were used without
further purification. All aqueous solutions were prepared with Milli-Q
water (18.2 MΩ). Ag−Pd interdigital electrode plates with a channel
of 200 μm were obtained from Hangzhou Jinbo Tech. Co., Ltd.,
China. The electrode plates were rinsed with water and dried with
nitrogen before use.
Preparation of TiO2 Nanoflowers. TiO2 nanoflowers were

prepared according to the reported literature with a modified
synthetic method.24,42 Briefly, TiCl3 (1 mL) and EG (20 mL) were
mixed and stirred for 10 min before adding 1 mL of water. The light
yellow homogeneous solution was allowed to react at 160 °C for 6 h
in a Teflon-lined stainless steel autoclave before it was cooled to room
temperature in 12 h. A white product was obtained via centrifugation
at the speed of 8000 rpm for 5 min, which was further washed with
water and ethanol. After drying in a vacuum oven, TiO2 nanoflowers
were collected for characterization and further experiments.

Preparation of Pd1-TiO2 Nanoflowers. Pd1-TiO2 nanoflowers
were prepared by a simple and mild photochemical method at RT
according to the previous report.24 First, 17.4 mg of TiO2 nanoflowers
were dispersed in 10 mL of water before adding a H2PdCl4 solution
(0.845 mL, 5 mmol L−1) under stirring. The mixture was then
exposed to UV light under stirring. The UV treatment was conducted
on an LED light source system (Beijing Perfectlight Technology Co.,
Ltd., PLS-LED 100) with an optical filter that only allows the
transmission of 365 nm UV. The power density of the UV light was
measured to be about 10 mW cm−2 by a radiometer (Beijing
Perfectlight Technology Co., Ltd., PL-MW 2000). After UV
irradiation for 5 min, a light gray product was obtained by
centrifugation, which was further washed by water. The Pd1-TiO2
nanoflowers were dried in a vacuum oven and collected for the next
test. For comparison, TiO2 nanoflowers with Pd NP loading were
synthesized with a similar method with 30 min UV irradiation and
labeled as Pd NPs-TiO2. For each sample, such as TiO2, Pd NPs-
TiO2, and Pd1-TiO2, more than three batches were prepared
individually following the above constant synthesis process.

Characterization. The nitrogen adsorption/desorption measure-
ments were performed using a Micromeritics ASAP2020 gas-sorption
system. The sample was first degassed at 100 °C for 8 h before
measurements. Thermogravimetric analysis (TGA) experiments were
conducted on an STA449C under an air atmosphere with a heating
rate of 10 °C min−1. Powder X-ray diffraction (PXRD) was conducted
on a Rigaku Smartlab X-ray diffractometer with Cu Kα1 radiation (λ
= 1.5406 Å) at a scanning speed of 10° min−1. Morphology details
were examined using field emission scanning electron microscopy
(FE-SEM, JEOL JSM-6700F) and transmission electron microscopy
(TEM, Tecnai F20). High-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM) images were collected
on a JEOL JEM-2100F. Aberration-corrected HAADF-STEM images
were acquired on a JEOL JEM-ARM200F equipped with a CEOS
probe corrector. Samples for TEM were dispersed in ethanol by
ultrasonication, and the resulting solution was dropped onto carbon
films supported on copper grids. X-ray absorption fine structure
spectra (Pd K-edge) were recorded at the XAS station (BL14W1) of
the Shanghai Synchrotron Radiation Facility (SSRF), China at 3.5
GeV with a maximum current of 300 mA. Hard X-ray was
monochromatized with a Si(111) double-crystal monochromator.
The data were collected in the fluorescence mode, while the
corresponding reference samples were collected in the transmission
mode using a Lytle detector. The sample was ground and uniformly
daubed on a special adhesive tape (see details in the Supporting
Information (SI)). The data of X-ray photoelectron spectroscopy
(XPS) and ultraviolet photoelectron spectroscopy (UPS) were
collected from a Thermo Scientific ESCALAB 250 Xi XPS system
(monochromatic Al Kα X-rays (1486.6 eV) operating at 15 kV; the
base pressure: 5.0 × 10−8 Pa). The samples were first dried in a
vacuum oven for 8 h before XPS and UPS tests. The spectra data were
analyzed using XPS-Peak software. The ultraviolet−visible (UV−vis)
absorption spectra in the diffuse reflection mode were recorded on a
PerkinElmer Lambda-900 UV−vis spectrophotometer. In situ diffuse
reflectance infrared Fourier transform (DRIFT) spectroscopy experi-
ments were performed on a 6700 Fourier transform infrared
spectrometer (Nicolet) equipped with a stainless steel in situ IR
flow cell and set up for diffuse reflectance sampling. X-band electron
spin resonance ESR spectra were recorded by a Bruker-BioSpin
microspectrometer at 90 K. All of the measurements were carried out
in the absence of UV light. Fifty milligrams of the samples were placed
into NMR tubes and cooled to 90 K by the use of a liquid nitrogen
stream for measurements.

Gas Sensing Measurement. The gas sensors were fabricated by
a traditional drop-coating method. The prepared sample of Pd1-TiO2
nanoflowers was dispersed in ethanol. Subsequently, the dispersion
containing 1.0 mg of the sample was drop-coated on the Ag−Pd
interdigital electrode. The obtained Pd1-TiO2 sensors were aged at 80
°C for 8 h before the test. Meanwhile, TiO2 gas sensors and Pd NPs-
TiO2 gas sensors were fabricated with a similar method and tested
under the same conditions. These mentioned sensors above were
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fabricated and tested using samples from different batches. The sensor
testing performances were evaluated by a homemade system reported
in our early work.43 The constant gas flow was 600 mL min−1, the bias
on the sensor was set to be 5 V (if not specified) and the current data
were recorded using a Keithley 2602B sourcemeter. Gases with
accurate concentration were generated by mixing target gases with dry
air in a certain ratio via mass flow controllers (CS-200C, Beijing
Sevenstar Qualiflow Electronic Equipment Manufacturing Co., Ltd.,
China) and then injected into a quartz tube. The coefficient of
variation (CV) was estimated by RSD/Ravg × 100%, where RSD and
Ravg. are the standard deviation (SD) and the average value of
responses, respectively.

■ RESULTS AND DISCUSSION
Structural and Morphological Characterization of the

Samples. TiO2 nanoflowers (a BET surface area of 326.9 m2

g−1, Figure S1a) used as the support for Pd atoms were
prepared (see experimental details above). Surface coordinated
EG (21.6 wt % from TGA, Figure S1b) on TiO2 ensured the
stabilization of Pd SACs. The powder X-ray diffraction
(PXRD) pattern (Figure S2) shows that these TiO2 nano-
flowers are a metastable phase of TiO2(B). Pd1-TiO2 was
prepared by a reported photochemical method via surface
coordination at RT.24 For comparison, TiO2 nanoflowers

loaded with Pd NPs (Pd NPs-TiO2) were synthesized by
elongating light irradiation.
Scanning electron microscopy (SEM) measurements of

TiO2, Pd NPs- or Pd1-TiO2, show the similar nanoflower
morphology (Figures 1a, S3, and S4). No Pd NPs were found
in pure TiO2 (Figure S5) and Pd1-TiO2 (Figure 1b,c) from
transmission electron microscopy (TEM) images. An inter-
planar spacing of 0.35 nm belonged to (110) of TiO2 (Figures
1c and S6). In contrast, Pd particles of 5 nm with different
contrasts to TiO2 could be found in Pd NPs-TiO2 (Figure S6).
These particles show lattice fringes of 0.221 nm, which belong
to the d111 spacing of Pd NPs (Figure S6b).
The aberration-corrected high-angle annular dark-field

STEM (HAADF-STEM) image depicted that ultrasmall bright
spots were uniformly dispersed on TiO2 nanoflowers (Figure
1e), suggesting that Pd species existed in the form of isolated
single atoms. STEM-EDS elemental mapping diagrams of Pd1-
TiO2 (Figure 1f) illustrated that Ti, O, and Pd elements were
well distributed throughout the nanoflowers. In XPS, the Pd 3d
spectrum of Pd1-TiO2 exhibited two major signals (3d5/2 and
3d3/2) located at 336.2 and 341.4 eV, respectively, which were
between those of Pd2+ and Pd0, indicating the partial oxidation
state of anchored Pd atoms (Figures 1d and S7b).44

Figure 1. Pd1-TiO2 characterization. (a−c) SEM and TEM images, (d) deconvoluted narrow scan Pd 3d XPS spectrum, (e) ac-HAADF-STEM
image, and (f) STEM-EDS elemental mapping images.

Figure 2. X-ray absorption analysis. (a) XANES and (b) k2-weighted FT-EXAFS spectra at the Pd K-edge of Pd1-TiO2, PdO, and Pd foil. (c) The
corresponding fit of the EXAFS spectrum of Pd1-TiO2 at the R space. The inset shows the local structure of the Pd1 species on TiO2. The WT of
the experimental EXAFS spectra of (d) Pd1-TiO2, (e) PdO, and (f) Pd foil.
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X-ray absorption fine structure (XAFS) spectroscopy (see
experimental details in SI) was also conducted to further
determine the Pd species in Pd1-TiO2. The normalized μ(E)
spectra of Pd1-TiO2 showed higher energy than that of Pd foil,
revealing that the Pd species of Pd1-TiO2 was in the oxidized
state as PdO (Figure 2a). Differed from the Pd foil (a Pd−Pd
coordination of 2.79 Å), the Fourier transform of χ(k) of Pd1-
TiO2 exhibited only one prominent peak (scattering path of
Pd−O bonding at 1.84 Å as PdO, Figure 2b). Additionally,
such a quantitative χ(R) space (mean Pd−O bonding length of
1.89 Å, Figure 2c and Table S1) and χ(k) spectra (Figure S8)
fittings further evidenced the atomically dispersed Pd atoms in
Pd1-TiO2. There was only one intensity maximum located at
[χ(k), χ(R)] of [4.4, 1.86] (scattering path of Pd−O bonding,
Figure 2d) from the Wavelet transform (WT) of χ(k). This
result was similar to the feature of PdO ([5.0, 1.74], Figure 2e)
but distinct from that of the Pd foil ([9.4, 2.62], Figure 2f).
The above results indicate that the local structure was
described as follows: each Pd atom on the surface was well
coordinated with four O atoms on average (the coordination
number of the path Pd−O is 4.3, Table S1; two of them
coming from H2O and EG; another two coming from O atoms
shared with Ti atoms, the inset of Figure 2c). Thus, the local
structure of the Pd−O−Ti interface, which resembled the
highly catalytic SACs, was constructed.
Sensing Performance. Sensing performances of Pd1-TiO2

toward CO and its interferences were evaluated in a
homemade instrument system developed in our early work.45

All tests were conducted at (25 ± 1) °C. The responses (R) of
Pd1-TiO2 to the analytes were determined by detecting the
changes in resistance and defined as R (%) = (rgas/rair − 1) ×
100 for reducing gases or R (%) = (rair/rgas − 1) × 100 for
oxidizing gases (where rair and rgas are the resistance of Pd1-
TiO2 in air and target gas, respectively). The response and
recovery times for Pd1-TiO2 were acquired as the times taken
to achieve 90% of the total resistance change.
Figure 3a displays the dynamic response−recovery curve of

Pd1-TiO2 to a broad range of CO (0.1−100 ppm) at RT. The
resistance of Pd1-TiO2 distinctly increases when exposed to
CO and recovers to the initial value when purged with dry air,
indicating its good reversibility (Figures 3a and S9a). The

average responses (Ravg) of five individually fabricated devices
toward 100 ppm CO are up to (12 549 ± 494)% (Figures 3b
and S10). Comparatively, loaded with only 0.14 at % Pd (data
acquired from the XPS test), Pd1-TiO2 shows a response 300
times higher than that of the pristine TiO2 toward 100 ppm
CO. However, on loading Pd in the NP form, Pd NPs-TiO2
(0.16 at % from XPS data) shows a 30 times lower response
than that of Pd1-TiO2 (Figures 3b and S9 and Table S2).
Notably, the response value of Pd1-TiO2 to 100 ppm CO at
RT is the highest one among all of the reported materials
operating at RT, including MO-, low-dimensional material-,
polymer-, and molecular sieve-based CO sensors (Figure 3c
and Table S2).9,46 This value is also comparable to those of the
best materials working at high temperature (Figure S11 and
Table S2). Reproducible and repeatable Pd1-TiO2 sensors
(Figures 3a and S12a,b) always display significantly higher
responses compared to pristine TiO2 nanoflowers (Figure
S12d,e) and Pd NPs-TiO2 sensors (Figure S12g,h) under the
whole measured concentration range (Figures 3d and S12).
The linear fitting of the plot deduces the limit of detection
(LOD) of Pd1-TiO2 as low as 24 ppb by setting the response
to 10% (Figure 3d). Notably, this LOD value is 1 order of
magnitude lower than the best CO sensor, including the ones
obtained at high working temperatures (Figure S13 and Table
S2).
SAC sensing materials not only have higher sensitivity

according to the above results but also are expected with
excellent selectivity.47,48 To prove it, the sensitivity of Pd1-
TiO2 to 12 kinds of 100 ppm typical interference analytes was
evaluated. As shown in Figure 3e, Pd1-TiO2 exhibited
responses lower than 20% toward 12 kinds of 100 ppm
interference analytes. All of the selectivity coefficients (S =
RCO/Rgas) of Pd1-TiO2 between CO and these interference
analytes were higher than 630, demonstrating its excellent
selectivity. Comparatively, TiO2 and Pd NPs-TiO2 showed S
values ranging from 1.0 to 6.4 and 7.3 to 44.4, respectively
(Figure S14), which reveals the moderate level. Additionally,
the responses to the relative humidity (RH) of the above three
sensors were also evaluated (Figure S15). The measurements
were tested under a lower bias (1 V) to avoid water ionization.
On the TiO2 sensor, the response to 100% RH was more than

Figure 3. RT gas sensing performances of Pd1-TiO2. (a) Typical response−recovery curve of the Pd1-TiO2 sensor to CO with different
concentrations (0.1−100 ppm). (b) Column charts of responses to 100 ppm CO of pristine TiO2, Pd NPs-TiO2, and Pd1-TiO2 nanoflowers. (c)
Responses of Pd1-TiO2 sensors as a function of CO concentration in comparison with those of representative reported RT CO sensors previously
(Ti3+-TiO2,

49 NiO-TiO2,
50 Pd NPs-TiO2-rGO,

51 Pd/ZnO,52 Pd-In2O3,
53 Au-In2O3,

54 Pd-SnO2,
55 Pt-SnO2,

56 PANI/SnO2,
57 and Au−SnO2-

CNT;58 see details in Table S2). (d) Response concentration log−log plots of TiO2, Pd NPs-TiO2, and Pd1-TiO2 to different concentrations of
CO. (e) Responses of Pd1-TiO2 sensors to different 100 ppm gases. (f) Column charts of response−recovery times to 100 ppm CO of pristine
TiO2, Pd NPs-TiO2, and Pd1-TiO2 nanoflowers.
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5 orders of magnitude, while on Pd NPs-TiO2 and Pd1-TiO2
sensors, the responses to 100% RH were about more than 4
orders of magnitude. Therefore, all of the samples should be
tested under dry air to exclude the effect of water.
The cycling test of Pd1-TiO2 sensors toward 10 ppm CO

(Figure 3a) was performed to show a low coefficient of
variation (CV = 4.42%), which suggests its good repeatability.
Meanwhile, the response and recovery times of Pd1-TiO2
toward 100 ppm CO are (28 ± 3) and (70 ± 4) s, respectively
(Figures 3f and S9a and Table S2). Compared with pristine
TiO2 nanoflowers and Pd NPs-TiO2, the response of the Pd1-
TiO2 sensor was speeded up by 600 and 260%, respectively
(Figures 3f and S9 and Table S2). These results suggest the
fast response−recovery dynamics of Pd1-TiO2, which may
originate from the rapid adsorption−diffusion−desorption of
gas molecules on the surface of Pd1-TiO2. Pd1-TiO2 also shows
good long-term stability. As illustrated in Figure S16, no
obvious decay was observed in the CO sensing response of
Pd1-TiO2 during the test.
Sensing Mechanism. The exact CO sensing mechanism

of Pd1-TiO2 remains unclear. However, the comparison of the
sensing performances among TiO2, Pd NPs-TiO2, and Pd1-
TiO2 elucidates the key role of atomically dispersed Pd atoms
played in the high sensing performances. Based on the analysis
of the UV−vis spectrum and UPS (see Figures S17 and S18 in
the SI), TiO2, Pd NPs-TiO2, and Pd1-TiO2 displayed the P-
type nature. Similar to the cases in other reported P-type
sensing materials, oxygen molecules adsorbed on the surface of
these materials extract electrons from them and form active
oxygen species (e.g., O2

−) (Figure 4a). This process increases

the hole density in P-type materials and thus results in their
high conductivity state (Figure 3a). When exposed to reductive
analytes, such as CO, a sensing reaction of the oxidation of the
analyte by active oxygen species occurs. The free electrons
released from the reaction inject into P-type materials and
deplete their hole carriers (Figure 4a), which results in their
low conductivity state. After gaseous products left, oxygen
molecules adsorb onto sensing materials again and recover
their high conductivity state.

As mentioned above, active oxygen species are the reactants
for the sensing reaction, whose concentration on the surface of
sensing materials significantly affects their sensitivity.9 XPS
measurements reveal that the O 1s envelopes of TiO2, Pd NPs-
TiO2, and Pd1-TiO2 were deconvoluted and assigned to three
major subpeaks. They are the lattice oxygen (Olatt, 530.2 eV),
the adsorbed active oxygen species (Oads, 531.4 eV, mainly O2

−

at RT), and the surface OH group (Osurf, 532.6 eV),
respectively (Figure S7c). The relative percentages of Olatt,
Oads, and Osurf are illustrated in Figure 4b and Table S3.
Comparatively, the pristine TiO2 has Oads of 8.02%, which
increases to 31.59% by Pd loading in Pd NPs-TiO2. Notably,
with comparable Pd loading in the atomic ratio compared to
that in Pd NPs-TiO2 (0.16 at %) but in an atomically dispersed
form, Pd1-TiO2 (0.14 at %) shows much higher efficiency in
increasing Oads with a value as high as 52.12%, which is further
confirmed by ESR spectroscopy (Figure S19).
To uncover more details, in situ DRIFT spectroscopy

measurements were performed by exposing samples to CO/O2
(Figures 4c and S20). The adsorption peaks in the ranges of
1900−2200 and 2250−2400 cm−1 are assigned to the
stretching vibrations of CO and CO2, respectively. After the
same exposing period, the adsorption intensity of CO among
the studied materials is in a sequence of TiO2 < Pd NPs-TiO2
< Pd1-TiO2, indicating that their CO adsorption ability is in
the order TiO2 < Pd NPs-TiO2 < Pd1-TiO2. Accompanying by
CO adsorption, CO2 production (2250−2400 cm−1) is
observed on both Pd NPs-TiO2 and Pd1-TiO2 at RT. Under
the same time period, the adsorption intensity of CO2
production on Pd1-TiO2 is higher than those on both pristine
TiO2 and Pd NPs-TiO2, revealing the higher efficiency of Pd1-
TiO2 on RT CO oxidation for higher sensitivity.
Moreover, DFT theoretical calculations (see details in SI)

were carried out to obtain insights into gas selectivity. The
calculated energy for the Pd1-TiO2 structural model with the
coordination of H2O (Figure S21) was set as a reference. The
adsorption energies of analyte molecules were estimated by
comparing the energy difference to that of H2O adsorption.
The lower adsorption energy suggests stronger adsorption. The
adsorption energy of CO on Pd1-TiO2 is calculated to be
−0.77 eV (Figure 4d), which is the lowest value compared
with those of the interference gases, such as H2S, acetone,
CH3OH, NH3, and SO2. This low adsorption energy may
account for the high selectivity of Pd1-TiO2 toward CO.

■ CONCLUSIONS
In summary, we proposed that single-atom catalysts can be
used to break through the limits of the sensitivity and
selectivity of chemiresistive sensing materials in RT operation.
This hypothesis was demonstrated for the first time by
employing well-coordinated single Pd atom-based TiO2
nanoflowers to detect colorless, odorless, and toxic CO at
RT. Compared with Pd nanoparticles, Pd SACs drastically
enhanced the sensing performances of TiO2 at RT. As a
consequence, Pd1-TiO2 possesses: (1) extremely high
sensitivity, which is the highest one in all reported sensing
materials for RT operation and even comparable to those of
the best materials working at high temperature; (2) 1 order of
magnitude lower LOD than the best CO sensing materials; (3)
very excellent selectivity toward CO among 12 kinds of
commonly existing interference gases; (4) remarkably
accelerated response and recovery compared with TiO2 and
Pd NPs-TiO2. The experimental results and theoretical

Figure 4. (a) Proposed CO sensing mechanism of Pd1-TiO2. (b)
Relative percentages of O species from O 1s spectra of TiO2
nanoflowers, Pd NPs-TiO2, and Pd1-TiO2. (c) DRIFT spectra of
TiO2 nanoflowers, Pd NPs-TiO2, and Pd1-TiO2. (d) Calculated
adsorption energies of selected gases on Pd1-TiO2.
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calculations revealed the critical roles of atomically dispersed
Pd in remarkably increasing the amount of surface-adsorbed
O2

− reagents and constructing a highly catalytic and selective
Ti−O−Pd interface via surface coordination for CO oxidation,
which results in the ultrahigh sensitivity and selectivity of the
sensing material. Since there is a big library of SACs, this work
may open a general way to design a new generation of sensing
materials and devices, which are in urgent need for
constructing environment detection of IoT.
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