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Synergistic Effects of Pd Single Atoms and Nanoclusters Boosting
Sn0, Gas Sensing Performance

Yaprak Ozbakir 2 b, Yong Xia ¢ 9, Aifei Pan 9, Jiyun Hong ¢, Jorge E. Perez-Aguilar ¢, Simon R. Bare ¢,
Francesca Rossi f, Rohan Dhall &, Afnan Ali Alghannam 2, Nishit Goel ", Stephen Bart ", Carlo Carraro
ab and Roya Maboudian b *

Tin (IV) oxide-supported Pd is a promising heterogenous catalyst for CO oxidation relevant for
environmental cleanup reactions. In this study, atomically dispersed catalyst Pd on SnO, (ADC
Pd/Sn0,) hybrid material is successfully synthesized via a straightforward wet chemistry method
and is found to exhibit superior performance toward CO sensing. Ex-situ EXAFS analysis confirms
the formation of single Pd atoms and small Pd nanoclusters stabilized on the Sn0,(110) surface. The
material exhibits high efficiency in generating adsorbed O, as well as high activity in catalyzing CO
oxidation at low temperatures, resulting in exceptional sensitivity and selectivity toward CO in
comparison to pure SnO, and Pd nanoparticles loaded on SnO, respectively. In-situ FTIR
measurements unravel CO adsorption kinetics on ADC Pd/SnO, under reaction conditions, and a
possible sensing mechanism is put forth in which CO is transformed into CO, by reaction with active
oxygen species; and concurrently, carbon-related species (bicarbonates and carbonates) are
formed and decomposed into CO,.

Introduction

On average, an adult, moderately active during the
daytime, breathes 20,000 times a day, and inevitably, air
quality of the environment has a direct impact on human
health ¥ 2. Poor air quality causes acute and chronic health
problems, including respiratory diseases, heart disease,
cognitive deficits, and cancer 3 4. Both short- and long-term
exposure to high concentrations of air pollutants can cause
acute poisoning, which may be fatal >. Therefore, it is essential
to monitor and assess air quality for human health protection
6. Carbon monoxide (CO) is one of the main air pollutants that
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pose serious threats to human health, and thus, requires close
monitoring °. The threshold limit value — 8-hour time-
weighted average (TLV-TWA) and the threshold limit value-
ceiling (TLV-Cs) of CO that the Occupational Safety and Health
Administration (OSHA) recommendations are 35-200 ppm ”.
This requires realizing real-time gas sensors with high
sensitivity and selectivity for detection of gases like CO 2.

Chemiresistive gas sensors, operating based on changes
in electrical resistance of a sensing material in response to a
given chemical environment by gas surface chemisorption or
surface redox reactions, have attracted a great deal of
attention owing to their flexibility in fabrication, simplicity,
miniaturization, low power consumption, low cost as well as
high sensitivity ® °. Semiconductor metal oxides (MOXs),
typical sensing materials in chemiresistive gas sensors, require
high working temperatures (normally > 250 °C) to provide
sufficient activation energy to facilitate oxygen adsorption,
and concurrently to stimulate generation of active oxygen
species (0,, O, and 0%) for the surface reactions 10 11,
However, at high temperatures, these oxygen species are
highly active and can randomly react with the adsorbed
gaseous analyte, resulting in the poor selectivity of MOXs.
Furthermore, high operating temperature increases energy
consumption, raises ignition risk in detection of flammable
gases and complicates device fabrication %13,
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Incorporation of noble metals into chemiresistive gas
sensors has been proven to be an effective strategy to
enhance their sensitivity and selectivity since noble metals are
the catalysts for the selective oxidation of the reductive gas
by the adsorbed oxygen on MOXs 7 12 14 15 Nevertheless,
noble metal nanoparticles (NPs) are prone to poisoning,
resulting in catalyst deactivation 1® 7, limiting long-term
stability of chemiresistive gas sensors. In addition, metal NPs
usually have relatively low catalytic activity at low
temperatures, and different crystal facets of metal NPs,
synergetic effect from neighboring metal atoms, and
inhomogeneous distribution of metal atoms in NPs result in
multiple catalytically active sites, which can simultaneously
activate various analytes and decrease their selectivity > 18,

Atomically dispersed supported metal catalysts (ADCs),
which constitute a new class of materials that contain isolated
individual atoms or synergistically coupled few-atom
ensembles dispersed on appropriate solid supports %24 have
gained tremendous attention as a new frontier in
heterogeneous catalysis in recent years, and have shown a
broad

hydrogen evolution reactions 2> 25, electrocatalytic oxygen

range of applications including electrocatalytic
reduction reactions 27> 28, and water-gas shift reactions 2% 30,
The identical active sites of ADCs enable them to selectively
catalyze only a certain kind of reaction. Since all atoms in ADCs
are exposed to reactants, and each atom is able to participate
in catalytic reactions, instead of being buried and wasted
inside nanoparticles, their metal atom utilization efficiency
reaches the theoretical maximum of 100%, which can increase
the catalytic activity per atom and decrease the metal
resources consumption 23 3133, Furthermore, ADCs exhibit
modified metal-reaction species interactions and reaction
pathways to conventional nanoparticle catalysts consisting of
several hundreds of atoms 343, The spatial isolation of the
metal atoms in ADCs can further enable them to change the
adsorption mode of reactive intermediates and prevent side
reactions, which need adjacent metal sites to proceed 3% 37-39,

Chemiresistive gas sensing based on MOX relies on
heterogeneous catalysis processes % 4%; therefore, unique
structural traits, mainly well-defined metal active sites and
coordination environment, boosted catalytic activities and
tunable selectivity of ADCs have also made them suitable
candidates for this type of gas sensor 3> 35, In addition, a large
number of defect sites (steps, corners, vacancies) on metal
oxide surface can effectively capture the introduced metal
species. The strong interactions between the oxide support
and isolated atoms contribute to the stability and catalysis
efficiency toward the target gas. Although ADCs exhibit
potential sensing with significant

exceptional in gas
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opportunities lying ahead, their use in gas sensing applications
is in its early stages 74042,

In this work, tin (IV) oxide (SnO,) was selected as a
semiconductor support material for gas sensing since it
enables ready and reversible release of oxygen in the
presence of target gas molecules, and its resistance changes
before and after the gas molecule’s adsorption 3. Pd was
chosen as the catalyst because of its high activity and
outstanding sensitivity toward CO at low temperatures, below
200 °C 4448, In particular, an atomically dispersed Pd-loaded
Sn0O, (ADC Pd/Sn0O,)
synthesized via a straightforward wet chemistry route. After

nano-powder was successfully
structurally and chemically characterizing the material, it was
integrated into a chemiresistive sensing platform and was
found to exhibit exceptional sensitivity and selectivity toward
CO compared to pure SnO, and Pd nanoparticle on SnO,
respectively. Ex-situ EXAFS analyses revealed that Pd atoms
are stabilized on Sn0,(110) surface in the form of single atoms
and small Pd nanoclusters. The atomically dispersed Pd?* ions,
bound to surface oxygen atoms on the SnO,, can achieve high
efficiency in generating adsorbed O, and high activity for CO
oxidation at low temperatures. In-situ FTIR measurements
unraveled CO surface adsorption on ADC Pd/SnO, under
reaction conditions and the possible sensing mechanism in
which CO is transformed into CO, through reactions with
active oxygen species, and concurrently, carbon-related
species (bicarbonates and carbonates) are formed and
decompose into CO,.

Experimental
Materials and Methods
Chemicals

Palladium (ll) acetate (Pd(OAc), 98%), palladium(ll)
chloride (PdCl,, 99%), sodium borohydride (NaBH,;, 99.9%),
hydrochloric acid solution (37%), toluene (99.8%, anhydrous)
and hexane (2 95%) were purchased from Sigma-Aldrich. Tin
(IV) oxide nano powder (99.9%) was purchased from
Inframat® Advanced Materials. Ethanol (= 99.9%), isopropyl
alcohol (99.9%) and acetone (= 99%) were purchased from
Merck Milipore. All aqueous solutions were prepared using
Mili-Q water (18.2 MQ).

Preparation of atomically dispersed Pd on SnO,

ADC Pd/Sn0, was prepared by a simple wet impregnation
method at room temperature using Pd(OAc), as the Pd
precursor and phase-pure tin (IV) oxide nano powder as the
support material (Scheme 1). Pd(OAc), contains pure organic
ligands that are removable under relatively mild conditions #°.
The FTIR spectrum of the prepared sample (Figure S1) did not
show C=0 and C-H vibrations of the acetate groups, which

This journal is © The Royal Society of Chemistry 20xx
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indicates complete removal of ligands. The synthesized
catalyst with 0.75 wt % nominal loading was denoted as ADC
Pd/Sn0,. First, Pd(OAc), (7.97 mg), the Pd precursor, was
dissolved in 15 ml anhydrous toluene under an inert
atmosphere to form a clear solution. Then, 0.5 g SnO,,
previously annealed in ambient air at 500 °C, was added to the
anhydrous toluene solution of Pd(OAc), and stirred under an
inert atmosphere overnight at 25 °C, yielding a light gray, air-
stable material, with the empirical formula (-SnO,)Pd(OAc),.
The actual Pd loading, comparable to the nominal Pd loading
(0.75 wt%), achieved under these conditions suggests that
there is a sufficient number of specific surface sites on the
Sn0O, for the reaction at 25 °C with Pd(OAc),. The Pd/SnO,
catalyst was filtered in open air and washed three times with
anhydrous toluene, followed by extensive washing with
hexane. Next, the sample was dried under dynamic vacuum at
25 °C overnight and annealed in ambient air at 325 °C to
remove the ligands from the metal sites. The samples changed
color from light gray to tan, most likely indicative of the
formation of PdO 5% 31, For comparison, Pd nanoparticles
loaded onto Sn0O,, labeled as Pd NPs/Sn0O,, were also
synthesized, as detailed in Scheme S1.

Materials characterization

The crystalline structure and phase purity were
determined using a Rigaku Miniflex 6G X-ray powder
diffractometer with Cu K-alpha radiation (A = 1.5418 A). The
voltage and current were 40 kV and 15 mA, respectively. The
actual Pd loading on the SnO, support was measured using
inductively coupled plasma optical emission spectroscopy
(ICP-OES). The sizes and morphology of the SnO, support, ADC
Pd/Sn0,, and Pd NPs/SnO, were analyzed on a field emission
scanning electron microscope (FESEM, Zeiss Gemini Ultra-55)
and high-resolution transmission electron microscopy
(HRTEM, JEOL 2100-F). To prepare the samples of TEM
analysis, the metal oxide powder was dispersed in ethanol
followed by drop coating the mixture and drying on holey
carbon-coated copper grid.

The surface properties and valence band (VB) spectra of
the catalysts were analyzed by X-ray photoelectron
spectroscopy (XPS, Omicron) using an Al K, source. Raman
spectroscopy measurements were conducted at
Horiba LabRAM confocal Raman
with an excitation laser of 632.8 nm. The
diffuse reflectance UV-VIS spectra were recorded using

room
temperature on a
spectrometer

Agilent Cary 5000 UV-Vis-NIR spectrometer, equipped with an
integrating sphere. The measurements were carried out at
room temperature in the range 750-200 nm. The diffuse
reflectance data were converted into the Kubelka-Munk
function, F(R), and Tauc’s plots were generated to estimate

This journal is © The Royal Society of Chemistry 20xx
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the band gap energy. The nitrogen adsorption/desorption
measurement was performed using Micromeritics ASAP2020
gas-sorption system. About 180 mg of SnO, support pre-
annealed at 500 °C was degassed at 300 °C overnight prior to
the analysis. The dispersion of Pd was characterized by high-
angle annular dark field scanning transmission electron
microscopy (HAADF-STEM, FEI ThemlS). Samples for TEM
were dispersed in ethanol by ultrasonication, and the
resulting solution was drop-cast onto carbon films supported
on copper grids.

The X-ray absorption spectroscopy (XAS) was used to
probe the local electronic and geometric structure around the
Pd atoms in the samples. The measurement was performed at
Pd K-edge at beamline 9-3 of Stanford Synchrotron Radiation
Lightsource (SSRL) at SLAC National Laboratory. Beamline 9-3
is a 16-pole, 2-tesla wiggler beamline with a vertically
collimating mirror for harmonic rejection and a cylindrically
bent mirror for focusing. The photon energy was selected
using a (220)
monochromator (crystal orientation = 0°). About 40-46 mg of

liquid-nitrogen cooled, double-crystal Si

powder was pressed into a 7-mm diameter pellet for both
ADC Pd/Sn0O, and Pd NPs/SnO,. The XAS data were collected
PIPS detector
perpendicular (90°) to the incident beam with a Soller slit. A

in fluorescence vyield mode using a
total of 9 scans were collected to improve the signal/noise
ratio of the XAS spectrum. A Pd foil reference was scanned
simultaneously for energy calibration. The Demeter software
package was used for data processing and analysis. For
calibration, normalization, and background subtraction, the
Athena software was used. EXAFS modeling was performed
using Artemis software. For generating scattering paths, the
crystal structure of PdO was obtained from the Materials
Project (mp-1336). To generate the Pd-Sn scattering paths, Pd
atoms in the PdO structure were substituted with Sn atoms
except the core atom. The amplitude reduction factor (Sy2) of
0.78 £ 0.04 was obtained from modeling the EXAFS of PdO
reference foil. The structures used are those shown in Sl
Figures S13-15, and were generated from the experimental
structures of PdO >2 and Sn0, °3. The latter was cleaved along
the (110) plane in order to expose the surface and place PdO,
and Pd,Og units extracted from the PdO.

FTIR spectroscopy was used to determine the sensing
mechanism by probing CO interaction with the sensing layer,
and to characterize the materials by studying their functional
groups. ADC Pd/Sn0O,, Pd NPs/Sn0O, and pure SnO, samples,
weighing about 20 mg each, were first pressed into self-
supporting pellets. These pellets were then loaded into a
stainless-steel sample holder, which was subsequently placed
in a custom-built in situ transmission IR cell. The cell was
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designed with a cylindrical heater, and temperature was
monitored using a K-type thermocouple (Omega) and
controlled using an Omega CS8DPT controller. The spectra
were collected using a Thermo Scientific Nicolet 6700 FTIR
spectrometer equipped with a liquid-nitrogen-cooled MCT
detector. In the FTIR measurements, the same exposure
conditions were used as in the sensing measurements,
allowing analysis of the surface species being formed in the
course of gas exposure. Repeated FTIR spectra were recorded
“in-situ” with 4 cm~ resolution and collected in the 1300 —
4000 cm™ region. Each spectrum was averaged over 120
scans, yielding time series of spectra separated by about 60 s.
The sample was first annealed at 270 °C overnight under 100
ml.min of flowing air (Airgas, Ultra zero), and subsequently
cooled to 60 °C for FTIR measurement (operating temperature
in the sensor measurements). The sample film was first
exposed to the dry air for 1h to allow the system
to equilibrate, then 1000 ppm of CO was admitted for 15 min,
followed by purging in dry air at 300 sccm.
Sensor fabrication and test setup

Pt/Ti interdigitated electrodes (IDEs) with an active area
of 3.5 mm in length, composed of 90 finger pairs of 5 um width
and spacing on a glass substrate (10 x 6 x 0.75 mm), were
purchased from Micrux Technologies Ltd., Spain (Figure S2a
and Figure S2b). The IDEs were sonicated in isopropyl alcohol,
acetone, and deionized water (DI) for 15 min, respectively,
and dried with nitrogen before use. The gas sensors were
fabricated following three steps: a) drop-casting a colloidal
solution of the as-synthesized catalysts (10 wt.% ink in
ethanol) onto the pre-cleaned Pt-Ti interdigitated electrode;
b) evaporation of the solvent at 50 °C; and c) post-deposition
annealing treatment of the deposited sensing layer in ambient
air at 275 °Cfor 3h to remove residual solvent and enhance its

adherence and stability, and subsequent conductive wire-

bonding (Figure S2c). Following the sensor fabrication, the
contact between the sensing layer and the electrodes was
examined via current-voltage (I-V) characteristic curves
between 25-270 °C and confirmed to exhibit Ohmic
characteristics.

Figure S3 shows the gas sensing test apparatus schematic
and actual setup image. The fabricated interdigitated Pt/Ti
electrode-based sensor was mounted on a circular ceramic
miniature heater (Heat Scientific,c, ODO5 X 1.2 mm) with a
diameter of 5 mm. The test chamber is made from stainless
steel and is around 13 cm?3 in volume. CO was selected as the
target gas and dry air was used as the background
atmosphere. The tested gas CO (Airgas, 0.1% in air) was
diluted with pre-dried house air, and then flowed into the gas
chamber with a total flow rate of 300 sccm controlled by mass
flow controllers (MFC, Bronkhorst). The gas delivery system
was controlled by a custom LabVIEW program. The sensor
resistance was measured by a source-meter (Keithley 2602 A),
which applies voltages through the sensor to monitor the
sensor resistance. The temperature of the heater was
controlled by an external DC power supply (Sorensen,
DCS2600-1.7E) and measured by a thermocouple connected
to the backside of the heater. Zephyr, an open-source Java-
based software, was used to control the source-meter and
acquire the real-time data from the source-meter and the gas
delivery system. The resistance of the sensing layer was
measured by the source-meter which applied a voltage
through both sensor and heater channels to monitor the
sensor resistance and to control heater temperature. The data
from the source-meter was acquired by Zephyr. The gas
response of the sensor was calculated as Ra/Rg, where R, and
Rg are the real-time steady state resistance values in air and
after gas exposure, respectively. The response and recovery
times are defined as the times for the sensor to achieve 90%

C) ADC Pd/SnO, d) ADC PdiSnO,
) e
= ©
L -
= 2
Z b5
1] <
£ At
SnO, PDF#46-1088
| ) I 1 il | E, Ay, Bag
Pd PDF#87-0639
20 30 40 50 60 70 80 90 400 500 600 700 800 900

20 (degree) Raman shift (cm™")

Figure 1. Structural and morphological characterizations of SnO, support and ADC Pd/Sn0O,: a) FESEM image of SnO, support.

Scale bar, 200 nm. b) STEM image of SnO, support. Scale bar, 50 nm. c) Powder XRD patterns of pure SnO, support annealed
in ambient air at 500 °C with the reference data PDF card # 46-1088 (bottom, blue lines) and ADC Pd/SnO, with the reference
data Pd PDF card # 87-0639 (bottom, green lines). d) Raman spectra of pure SnO, and ADC Pd/SnO,.
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of the final sensing or baseline signals, respectively, as shown
in Figure S4.
Results and discussion
Materials characterization

FESEM and STEM of the SnO,
demonstrate polycrystalline aggregates of polydisperse

images support
nanoparticles of 9-208 nm (Figures 1a and 1b and Figure S5a).
FESEM images of Pd NPs/SnO, and ADC Pd/SnO, show similar
morphology (Figures S6-S8). The powder X-ray diffraction
(XRD) peaks of both SnO, support and ADC Pd/SnO, exhibit
strong and sharp diffraction peaks characterizing tetragonal
rutile phase of Sn0O,, shown in Figure 1c. No Pd or PdO
diffraction peaks or peaks associated with other impurity
phases were observed in the ADC Pd/Sn0O,. The Raman
spectra of pure SnO, and ADC Pd/SnO, in Figure 1d show the
Raman-active peaks and the IR-active mode of SnO,, which
corresponds to the rutile tetragonal structure of SnO,,
agreeing with the XRD pattern % 5, while no vibrational
Raman modes of PdO are observed in the ADC Pd/SnO,. N,
adsorption-desorption isotherm of annealed SnO, suggests
type Il isotherm (Figure S5b), typical for non-porous materials,
on which total Brunauer-Emmett—Teller (BET) surface area
was calculated as 7.5 m2.g™1.

The energy dispersed X-ray spectra (EDS), and STEM-EDS
elemental mapping illustrate that Pd, Sn and O elements are
uniformly distributed in ADC Pd/Sn0,, given in Figure 2. High-
resolution TEM image (Figure 2b) indicates an interplanar
spacing of 0.35 nm corresponding to SnO, (110) which is the

Journal ofsMaterials Chemistry|C

most thermodynamically stable and frequently observed
surface of rutile SnO,. These analyses are to be contrasted to
Pd NPs/SnO, sample, where the EDS mapping and analysis,
shown in Figures S7a and S7c confirm the presence of Pd
nanoparticles. In particular, 10 nm Pd NP with lattice fringes
of 0.215 nm, which corresponds to the d spacing of the (111)
plane of Pd, are found in Pd NPs/SnO, (Figure S7b). However,
high-angle annular dark field STEM images obtained on ADC
Pd/Sn0,, presented in Figure 2d and Figure S8, are not able to
identify single atoms or nanoparticles of Pd on these materials
due to the similarity of Pd and Sn atomic numbers (46 vs. 50).

The Pd in ADC Pd/Sn0O, was quantified via ICP-OES, and
the Pd loading was determined to be 0.73 + 0.02 wt % (Figure
S9). The measured loading, comparable to the nominal Pd
loading (0.75 wt%), suggests that there is a sufficient number
of surface sites on the SnO, for Pd(OAc), adsorption at 25 °C.
By combining this information with BET analysis, the Pd atom
number density on SnO, was estimated to be:
pPpd = XpdNA/MpdSSA5n02=5.6 at.nm—zl
where the wt% of Pd loading (Xpg) is 0.73 + 0.02 %, Na
= 6.02 E23, the Pd molar mass Mpgq = 106.42 g.mol~1, and
the specific surface area (SSA) of SnO, particles, from BET
analysis, is 7.5 m2.g~ 1. This suggests that on average ~0.5
monolayer of Pd atoms covers SnO, support. X-ray
photoelectron spectroscopy analyses (Figure S10) yield a
similar value of 0.5 monolayer for Pd loading.

The surface electronic states and chemical compositions

of ADC Pd/SnO, were investigated using X-ray photoelectron

Figure 2. Structural and morphological characterization of ADC Pd/SnO,: HRTEM images of ADC Pd /SnO, at a) low and b,c)
high magnifications, respectively. Scale bars, 100 nm and 20 nm, respectively. d) HAADF-STEM images. Scale bar, 50nm. e)

EDS elemental mapping. Scale bars, 50 nm.

This journal is © The Royal Society of Chemistry 20xx
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spectroscopy (XPS) analyses, shown in Figure 3, where the
presence of Pd, Sn and O is evidenced without any impurity
elements, suggesting the formation of Pd-O-Sn based catalyst
(Figure S10a). The high-resolution XPS spectra of Sn 3d and Pd
3d are shown in Figures 3a and 3b, respectively. XPS analyses
of pure Sn0O, and ADC Pd/SnO, demonstrate that Sn 3ds, line
is at the same position in the two samples, at 487.15 eV, which
indicates that the electrical
substrate/sample holder contact are identical in the two
samples. The deconvoluted Pd 3d spectrum indicates that Pd
is in two states, namely, metallic Pd° state being -presumably-

properties of the SnO,

small metallic clusters of Pd on the SnO, nanoparticles and
PdO state being the single atoms, bonded to O atoms of the
Sn0, particles (schematically shown in Scheme Ic).

Figure 3c, were used to study the energy band structures of
pure SnO, support and ADC Pd/SnO,. The spectra show
increased density of states at the Fermi level upon Pd
incorporation in Sn0,, reflecting more metallic characteristics.

X-ray absorption spectroscopy (XAS) data at Pd K-edge
were recorded on ADC Pd/SnO, and Pd NPs/SnO, to
investigate the local electronic and geometric structure
around the Pd atoms in the samples. The Pd K-edge X-ray
absorption near edge structure (XANES) and the extended X-
ray absorption fine structure (EXAFS) spectra of the samples
are shown in Figure 4 (together with PdO as a reference). The
Pd XAS of NP/SnO, sample shows resemblance to that of PdO
in both XANES and EXAFS, in agreement with the ~20 nm-size
PdO particles as revealed by TEM-EDS (Figure S7) and XPS

*x10%
09 Sn3d,, fits for Pd ADC Sn0, (top) for SnO, (bottom) —e— Pd ADCISnO,I
N 1.2%10 ol
a) g g
- =2
; ~ -
7 0% i @ 1.1%10% &)
k=) = > <
2 & 2>
@ 3 @
c [
2 2 n —-
E 4104 5 £ 9.9=%10 :é:
i g w5
J_ e 54
o e— —— 9.0x104 0
0

482 484 486 488 490 492
Binding Energy (eV)

330 332 334 336 338 340 342 344 346 348 350
Binding Energy (eV)

Binding Energy (eV)

Figure 3. XPS characterization: a) Sn 3ds/, region of ADC Pd/SnO, (top) and unloaded SnO, (bottom). b) Pd 3d region of ADC
Pd/SnO0,. c) Valence band spectra of ADC Pd/SnO, (top) and unloaded SnO, (bottom).

XPS analyses were also conducted on Pd NPs/SnO,
samples. The position of the Sn 3ds/, line is also at 487.15 eV.
This indicates that the electrical properties of the SnO,
substrate/sample holder contact are identical in the three
samples. In contrast to ADC Pd/Sn0O,, however, only one
component is present in the Pd region at 337.2 eV which
indicates that the Pd line in the metallic Pd clusters is shifted
by ~1.4 eV, consistent with the edge of the valence band
density-of-states of the sample, or about half the band gap of
Sn0O, (Figure S11c). Thus, the metallic clusters on the
insulating surface of the Pd NPs/SnO, sample appear
positively charged.

The valence band X-ray photoelectron spectra, shown in

a) b)
Wet deposition
—
Palladium(1I) acetate

Pd(OAC),

Y %

Tin (IV) oxide

T
L

Tin (IV) oxide

(Figure S11). The EXAFS of the Pd NPs/SnO, is adequately
modelled using the coordination numbers and bond distances
of bulk PdO, as shown in SI (Figure S13 and Table S3).
However, the XAS of ADC Pd/SnO, shows differences in both
XANES and EXAFS compared to spectra of both Pd NPs/SnO,
and PdO. In the Pd K-edge XANES (Figure 4a), the white line
feature at ~24367.0 eV is less pronounced for the ADC
Pd/Sn0O, compared to that of Pd NPs/SnO, or bulk PdO,
suggesting a different electronic structure of Pd atoms in the
ADC sample. Indeed, a similar observation regarding the white
line feature has been made by earlier works where the Pd is
present as either single-site or small cluster 5664,

e"‘o/ﬁ'\o::/ “

Thermal reduction c)
0 ~
under an inert atmosphere c:ﬁ f{“

-(0A<), | ]
Tin (IV) oxide

Scheme I. Schematic illustration of synthesis of atomically dispersed tin (IV) oxide supported Pd catalyst: a) Wet deposition

of Pd(Oac),. b) Proposed structure of the (-SnO,)Pd(OAc), surface complex, with the Pd center datively interacting with

surface tin oxide. c) Thermal reduction of the resulting complex and proposed (-SnO,)Pd surface complex structure, with the

Pd center datively interacting with the surface tin oxide.
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The EXAFS of ADC Pd/Sn0O, is drastically different from
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Figure 4. Pd K-edge XAS data for ADC Pd/Sn0O,, Pd NPs/Sn0O,, and the reference PdO. a) Normalized XANES spectra. b) k?-
weighted EXAFS spectra in k-space. c) k?-weighted FT-EXAFS spectra in magnitude (solid) and imaginary (dotted) R-space. For
Fourier transform, k-range of 3.0-13.5 A-2 was used. d) Proposed structure for ADC Pd/SnO, that is consistent with EXAFS analysis

(Red: O, Grey: Pd, Blue: Sn).

that of Pd NPs/SnO, or PdO. As shown in Figure 4b, the ADC
Pd/SnO, EXAFS is missing high frequency k-space oscillations
that are found in bulk structures, suggesting the lack of long-
range order in the ADC structure which could indicate
atomically dispersed Pd atoms and/or small-sized Pd clusters.
The amplitude of the second shell peak positioned between
2.1-3.6 A in the FT-EXAFS, shown in Figure 4c, is significantly
reduced for the ADC sample compared to Pd NP and PdO. The
Pd-Pd scattering from the next near Pd neighbor (at non-
bonding distance of 3.0 A) and the Pd-O-Pd scattering path at
3.4 A contribute heavily to the second shell in PdO. The much
weaker amplitude of the second shell feature observed for the
ADC sample suggests the presence of either small PdO
clusters or atomically dispersed Pd sites on SnO,.

To determine whether the Pd in the ADC sample is
present as atomically dispersed or small clusters of PdO,
EXAFS analysis has been performed to identify the scattering
atom contributing to this second shell. If it is the atomically
dispersed Pd atoms on SnO,, the second shell contribution
should be from the Pd-Sn scattering path. If it is small clusters

This journal is © The Royal Society of Chemistry 20xx

scattering path. Unfortunately, Pd (Z=46) and Sn (Z=50) are
too close in their atomic numbers to be confidently
distinguished by XAS. The detailed comparison of the Pd-Pd
and Pd-Sn scattering paths is presented in Sl (Figure S14). This
demonstrates the challenge in differentiating the Pd from Sn.
The best fit EXAFS models of the ADC Pd/SnO, sample are also
shown (Figure S15); Pd-Pd or Pd-Sn scattering paths equally
produce an adequate fit. However, despite the challenge in
identifying of the scatterer, the EXAFS results still provide
insight into the structure of the ADC Pd/SnO,. The small CN
values of 1 or less for the paths contributing to the second
shell suggest high dispersion of Pd. To gain more in-depth
understanding of the structure, several catalyst structures
were proposed based on the CN values determined from the
EXAFS modeling. The small CN values of 1 or less for the Pd-
Pd/Sn paths at distances ~3.0 A and ~3.4 A are satisfied by the
structure in which PdO, or Pd,0g units lie flat on the surface
of SnO, (Figure 4d). Other structures that have these types of
units anchored vertically on the SnO, surface do not give the
scattering distances that agree with the EXAFS fitting results,
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as shown in the Sl (Figure S16 and Table S5). The XAS data
strongly suggest that the ADC sample is likely to be highly
dispersed, low-dimensional Pd clusters on the SnO, surface.
Gas sensing results

Gas sensing performance of ADC Pd/SnO, was evaluated
in a setup as described earlier in the experimental section. All
gas exposure tests were performed a dry condition. The ADC
Pd/SnO, material was operated in a temperature range of 25-
270 °C. Figure 5 shows the dynamic response-recovery curve
of ADC Pd/Sn0O, sensor to 100 ppm CO exposure at 60 °C. For
each dynamic measurement cycle, the sensor resistance is
allowed to reach a stable baseline resistance at constant flow
of dry air, and subsequently the sensor is exposed to CO. Upon
exposure, the resistance of ADC Pd/SnO, rapidly and
significantly decreases which indicates n-type characteristics
of ADC Pd/Sn0O,. The sensor resistance recovers to the initial
baseline resistance when purged with dry air, indicating its
good reversibility, repeatability, and stability over multiple
exposure cycles. Figure 5b displays a zoomed-in dynamic
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response / recovery curve of the sensor during a 100 ppm
exposure and removal cycle. The sensor response R,/R, is 140
+ 15, with a response time of 11.4 + 0.9 s and a recovery time
of 30.4 + 5.0 min. The slower recovery to the baseline after
gas exposure is attributed to slow desorption rate at low
working temperature, and to the surface morphology and
non-porosity of the polycrystalline aggregates of SnO,
nanoparticle support. The recovery time can be accelerated
by integrating an auxiliary local microheater, only activated
after gas exposure without affecting the sensing mechanism
of the sensor 1>,

The response of the ADC Pd/SnO, sensor at 60 °C to
various CO concentrations was also examined. Figure 6a
displays the dynamic response-recovery curves to 5-100 ppm
CO concentration range while Figure 6b shows these curves
for lower concentration range of 0.25 -5 ppm. The amount of
change in the sensor resistance increases with increasing
concentration due to the increased surface reactions between
adsorbed CO and oxygen species. The sensor response data
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Figure 5. Dynamic response and recovery curves of the ADC Pd/SnO, sensor upon exposure to 100 ppm CO at 60 °C: a) Sensor
resistance response (black) to CO pulses (red) in a semi-log plot. b) Dynamic response / recovery curve of the sensor during
the first gas exposure and removal cycle, indicating the sensor response and response/recovery times.
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Figure 6. Dynamic response and recovery curves of the sensor upon exposure to 0.25-100 ppm CO at 60 °C: a) Sensor
resistance concentration log-log plot of ADC Pd/SnO, to 5-100 ppm CO. b) Sensor resistance concentration log plot of ADC
Pd/Sn0O, to 5-100 ppm CO. c) Sensor response to CO at varying concentrations between 0.25-100 ppm at 60 °C. The inset in
Figure 6¢ illustrates the sensor response to CO for concentration range of 0.25 — 5 ppm.
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Figure 7. a) ADC Pd/SnO, sensor response to 100 ppm CO vs. operating temperatures and its comparison with pure SnO, and
Pd NPs/Sn0O, gas sensors. b) Column charts of responses to 100 ppm CO of ADC Pd/Sn0O,, Pd NPs/SnO, and pure SnO, sensors.
c) Responses of ADC Pd/SnO, operated at 60 °C to different interferant gases (400 ppm acetone, 2.5 ppm formaldehyde, 50
ppm ammonia, 5000 ppm carbon dioxide, 5000 ppm methane and 100 ppm carbon monoxide).

are summarized in Figure 6¢, with the inset showing the data
for concentration range of 0.25 — 5 ppm. The noise level and
theoretical LOD of the sensor was calculated using the root-
mean-square (RMS) error at the baseline and the slope of the
response curve (Equation S3). The linear fitting of the plot
between 1-35 ppm deduces limit of detection (LOD), 3 times
the noise standard deviation, as 0.37 ppm (Figure S17).
Furthermore, the sensor was tested against 100 ppm CO
exposure at various operating temperatures in the range of 25
— 270 °C. Figure 7a demonstrates temperature-dependent
response, on a semilog plot, of ADC Pd/SnO, to 100 ppm CO.
Unlike typical SnO,-based sensors, ADC Pd/SnO, show high
response at low temperatures. The response gradually
increases and reaches a maximum at 60 °C, beyond which the
response decreases. For comparison, Figures 7a and 7b also
display the response values of sensors based on Pd NPs/SnO,

and pure SnO, (raw data in SI, S19 and S20). The results show
that the ADC Pd/Sn0O, outperforms both, exhibiting much
higher sensitivity to CO (a factor of 30 with respect to Pd
NPs/Sn0,), highlighting the enhanced catalytic activity of ADC
Pd. This is attributed to the exceptional ability of ADC Pd to
generate sites that are more reactive and reduces the
activation energy for adsorption of CO %7, Furthermore,
atomic Pd provides a higher adsorption efficiency for oxygen
species, and hence enhances the sensitivity and selectivity
toward CO.

ADCs are also expected to exhibit improved selectivity. As
shown in Figure 7c, ADC Pd/SnO, exhibits superior response
to CO and two orders of magnitude lower response toward 5
different interference analytes at various concentrations (400
ppm acetone, 2.5 ppm formaldehyde, 50 ppm ammonia, 5000
ppm carbon dioxide, 5000 ppm methane and 100 ppm CO).
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Figure 8. In situ IR spectra of CO adsorption and desorption for ADC Pd/SnO, in air at 60 °C and at ambient pressure: a) Prior
to CO exposure after calcination at 270 °C (4000-1300 cm-region); b) During the dosing of 1000 ppm CO at 1 min and 15 min
(2500-1700 cm~region). Inset figures show illustration of the different CO adsorption sites on ADC Pd/Sn0O,. Pd, Sn, C, and O
atoms are displayed as orange, dark gray, light gray and red spheres, respectively (Figure S22): CO linearly adsorbed on
isolated, positively charged single Pd atoms, CO linearly adsorbed on atop geometry on Pd single atoms bound to SnO, support
via one oxygen atom; bridged adsorption of CO on metallic Pd clusters; c) During CO removal by air purge, acquired at 1 min

and 60 min (2500-1700 cm™region).
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The concentrations are chosen because some toxic effects
occur beyond these values over long-term exposures 768 69,
In-situ FTIR measurements

In-situ FTIR measurements were performed to provide
further insight into the dispersion and oxidation state of Pd,
and to characterize surface adsorption of CO on ADC Pd/Sn0O,
(and for comparison on SnO, and Pd NP/Sn0,), examining
their interfacial and host-guest interactions, thereby to
unravel the sensing mechanism.

Journal Name

spectrum, which suggests that it is completely removed from
the Pd site during the above-mentioned annealing step
(Figure S1). The CO IR spectra of ADC Pd/SnO, reveals three
sets of CO absorption bands centered at 2148 (A), 2098 (B)
and 1976 cm™ (C) 92°5. Adsorbed CO was not present on the
bare SnO, sample under our experimental conditions (Figure
S$21), which indicates that these bands originate from CO
molecules adsorbed on three Pd species. The band around
2148 cm™ (A) is assigned to a-top CO on single isolated Pd**
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Figure 9. In situ IR spectroscopy of CO interaction with ADC Pd/Sn0O, at various temperatures in the range between 60-270 °C:

a) In presence of CO; b) Air purge.

Figure 8 shows IR spectra of ADC Pd/SnO, held at 60 °C,
recorded in dry air flow (Figure 8a), followed by 15 min dosing
of 1000 ppm CO in air (Figure 8b), and during desorption in air
flow for 1h (Figure 8c). The dry air flow over the sample yields
several bands: a peak around 3500 cm?, and a broad band
centered around 3000 cm? [voy (Sn-OH)], a broad band
centered around 2400 cm™ [28o4 (Sn-OH)] and two bands
around 1500 cm™ and 1400 cm™ [2v,, (Sn-OH)] (Figure 8a) 2.
Furthermore, no spectral markers of acetate are found in the

sites (Pd;0,) 772, the IR peak at 2098 cm™ (B) is ascribed to
CO molecules linearly adsorbed in an a-top geometry on Pd
single atoms bound to SnO, via one oxygen atom (Pd;0,) 7074,
and the band around 1976 cm™ (C) is assigned to bridged
adsorption of CO on two Pd atoms 798, The formation of
bridge-bonded CO indicates the existence of dimer or small

metallic Pd clusters 7% 72 89 which is in good agreement with
EXAFS and XPS, and consistent with Scheme I. The weak broad
band visible around 2300 cm™ corresponds to CO, evolution.
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Figure 10. In situ IR spectroscopy of CO interaction with Pd NPs/SnO, in air at 60 °C and at ambient pressure after calcination
at 270 °C: a) Prior to CO exposure (4000-1300 cm™), after in situ annealing in air; b) During dosing of 1000 ppm CO collected
at various times (2500-1700 cm™). Inset figures show illustration of the different CO adsorption sites on Pd NPs/Sn0O,. Pd, Sn,
C, and O atoms are displayed as orange, dark gray, light gray and red spheres, respectively (Figure S24): CO linearly adsorbed
on atop oxidized and semi-oxidized Pd NPs or nanoclusters; and bridging CO adsorbed on metallic Pd NPs. c) 1 min (black) and
60 mins (pink) after air purge step (2500-1700 cm™).
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This indicates that these palladium carbonyl bands are
associated with the sites that are active for the low
temperature CO oxidation in gas sensing mechanism.

During desorption, the band around 1976 cm™ first
slightly shifted to 1940 cm™ and disappeared over time, while
anew band at~ 2110 cm™ (D) evolved gradually, and the band
B shifted to 2094 cm™ 789495, This suggests that Pd® gradually
oxidized by oxygen in the air 8.

Additionally, FTIR
temperatures between 120 and 270 °C (Figure S23) reveal that

spectra acquired at various
low-temperature exposure to CO at 60 °C and 120 °C
facilitates its adsorption on Pd?*and Pd®sites (Figure 9a), while
the

at high temperatures, intensity of these bands
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a) Oxygen

Cco

o®
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ARTICLE

presence of CO 8. These IR bands gradually increased in
intensity with exposure time and decreased during the
desorption process; yet did not disappear with the air purge
(Figure 10c).
Proposed Gas Sensing Mechanism

The In-situ FTIR studies, coupled to the detailed
characterization of ADC Pd/Sn0O, and prior studies on the
catalytic activities of atomically dispersed noble metals on
metal oxides 7% 72 8. 8 g3llows us to put forth the following
mechanism for CO sensing. The working mechanism of a
chemiresistive metal oxide gas sensor is associated with gas-
solid interactions between the sensor surface, target gas and
involving gas adsorption,

adsorbed oxygen, diffusion,

Surface Catalytic Reactions

Gas oxidation

@ s @o @:rd

Scheme Il. Schematic illustration of the proposed synergistic sensitization effects of the ADC Pd/SnO, sensor toward CO. O,gs:

the surface adsorbed oxygen. a) CO/0, adsorption on the ADC Pd/SnO.. b) Surface catalytic reactions on the Pd sites.

significantly decreases, which suggests that CO readily resides
on Pd sites and finds better interaction at low temperatures,
and quickly desorbs from the Pd surface at higher
temperatures (Figure 9b). This confirms the reported sensing
results which show enhanced performance of ADC Pd/Sn0O, at
low temperatures.

In comparison, the IR spectra on Pd NPs/Sn0O,, acquired
in dry air flow at 60 °C after in situ calcination exhibit the same
bands as the ADC Pd/SnO, (Figure 10a). However, the spectra
upon exposure to CO (Figure 10b) are different: pronounced
bands at 2160, 2110, 2094 cm~! with a shoulder around 2057
cm~, appeared with increasing intensity upon CO exposure.
These bands can be ascribed to CO linearly bonded to oxidized
and semi-oxidized Pd NPs on edges, steps, and terraces of
(100) and (111) facets, and might be associated with the active
sites for low temperature CO oxidation in air 728283, The bands
centered at 2329, and 2363 cm™ prove the transient
formation of gas-phase CO, during exposure to CO in air 7284,
The weak broad band centered around 1940 cm, is ascribed
to linear and bridge-bonded CO on metallic Pd nanoparticles
(Figure 10b). This may imply reduction of PdO particles in the

This journal is © The Royal Society of Chemistry 20xx

spillover, surface reactions and gas desorption. When gas
comes into direct contact with the sensor, a chemical reaction
occurs that results in a change in the electrical resistance of
the sensing layer. This change might take place due to the
presence of target gas and/or ambient oxygen molecules.
Oxygen adsorption initiates gas-sensitive response in metal
oxides 890, Active oxygen species are involved in the surface
reactions as reactants, whose concentrations on the surface
of the sensing material substantially affect the sensitivity 2.
Under atmospheric conditions, oxygen vacancies act as
adsorption sites for molecular and atomic oxygen species.
Adsorbed molecular oxygen may dissociate into two atomic
oxygen species over Pd and spill over onto SnO, (Scheme lla),
forming molecular (0,) and/or atomic (O, O%) species that
capture electrons from the conduction band (R.1-R3) °1. This

creates a space charge layer (depletion layer), and
02ga502ads (R.2)
02ads + Vo + €7 ©035,4 (R.2)
02aas + Vo + €7 20,4, (R3)
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consequently a barrier to the charge carrier flow at the grain
boundaries, resulting in increased resistance (Scheme Ila).
The active oxygen species formed on the ADC Pd/SnO,
surface can be determined by the relationship between the
sensor response and the CO concentration %% %3, According to
these gas adsorption models, the relationship between the CO
concentration, Cg, and the sensor response, Sy (defined
previously as R./R,), can be expressed by Equation 1:

Sg =1+ AgCsP (1)

where A is the prefactor and 8 is the surface species charge
parameter having a value of 1 for O and 0.5 for 02 %% %3, By
fitting the experimental data to Equation 1 (Figure S26), the 8
value of the ADC Pd/SnO, is found to be close to 1, indicating
that the adsorbed oxygen on the ADC Pd/SnO, is mainly O".

Activation of CO on Pd may involve its dissociation or a
weakening of intramolecular bonds by the adsorption on the
Pd sites, e.g. by the partial filling of anti-bonding molecular
orbitals. Consistent with the proposed mechanism for CO
oxidation over ADC Pd on various metal oxides such as CeO,
and TiO, 1334 % jn-situ FTIR measurements in CO-air (Figure 8
and 9) reveal that Pd provides favorable adsorption and
activation sites for CO (bands (A), (B) and (C) in Figure 8b),
from which activated fragments are spilled over onto the
Sn0,, forming CO, by the reactions of adsorbed CO with the
2-fold bridging oxygen forming an oxygen vacancy (R4), and
with the active oxygen species (O°) (R5) (Scheme lla). This
results in the release of electrons back to the conduction band
and locally decreasing depletion layer and consequently a
decrease in the resistance 7282 83 The band around 2300 cm™?
in Figure 8b proves the transient formation of gas-phase CO,
during exposure to CO 7284 (Scheme llb).

CO + 03~ C0z,gas + Voo™ + 2e~ (R.4)

CO+ 07> COpgas + €~ (R.5)

Lastly, in agreement with various infrared spectroscopic
studies °% %6 %7 the weak bands in the 1850-1300 cm* region
in Figure S21 suggest formation of various surface carbonate
and related species (~1600-1300 cm™), upon CO adsorption
and its reaction with active oxygen on the surface of SnO,,
which are consequently decomposed into CO, (~ 1700 cm™)
%8, Specifically, the bands ~ 1400-1350 cm™ implies the
formation of monodentate carbonate (COy3’), as O," most likely

reacts with CO (R.6 and R.7) 8.
CO + 03> CO3 =»CO, + 0™ (R.6)

CO, + 0~ CO3 (R.7)

12 | J. Name., 2012, 00, 1-3

Conclusions

Sn0,-supported Pd single atoms coupling with small
cluster structures were developed via a simple method.
Benefiting from the synergistic effect, coupling the
advantages of Pd single atoms and small clusters on catalysis,
exceptional performance and selectivity toward CO among
commonly existing interference gases were acquired at low
temperatures in comparison to pure SnO, and Pd NPs/Sn0O,.
The results of detailed characterizations confirm that the
unique chemical and electronic structure of ADC Pd/SnO,
possesses moderate adsorption strength for CO and promotes
the adsorption and dissociation of oxygen and CO, creating
which

synergistically facilitate catalysis, decreasing the energy

abundant active interfacial oxygen species,
barrier and significantly improving the sensitivity. This work
may open a robust and versatile avenue for the realization of
a variety of ADCs in chemical sensing, and for the fabrication
of a new generation of sensing materials with enhanced

performance and sensor devices.
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