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ABSTRACT: Here, we report a Pd/PdOx sensing material that achieves 1-s detection of 4% H: gas (i.e., the lower
explosive limit concentration for Hz) at room temperature in air. The Pd/PdOx material is a network of
interconnected nanoscopic domains of Pd, PdO, and PdO2. Upon exposure to 4% Hz, PdO and PdO: in the
Pd/PdOx« can be immediately reduced to metallic Pd, generating over a >90% drop in electrical resistance. The
mechanistic study reveals that the Pd/PdO: interface in Pd/PdOx is responsible for the ultrafast PdOx reduction.
Metallic Pd at the Pd/PdO: interface enables fast H> dissociation to adsorbed H atoms, which is otherwise the
rate-determining step on PdOz, significantly lowering the PdO: reduction barrier. In addition, the interconnectivity
of Pd, PdO, and PdO: in Pd/PdOx facilitates the reduction of PdO. The 1-s response time of Pd/PdOx under
ambient conditions makes it an excellent alarm for the timely detection of hydrogen gas leaks.

INTRODUCTION

Hydrogen (H) is an attractive fuel option for transportation and electricity generation applications because
it is clean—water is the only product when used in a fuel cell—and can be produced from a variety of
resources such as natural gas, biomass, or by water splitting using renewable power.! Because Hz-air
mixtures are highly explosive, the wide adoption of hydrogen fuel requires immediately detecting the H2
leakage at the locations where Hz is produced, stored, transported, and used.? Hence, the U. S. Department
of Energy (DOE) has set target specifications for Hz safety sensor R&D in terms of the measurement range
(0.1% to 10%), operating temperature (-30°C to 80°C), response time (1 s), gas environment (ambient air,
10% -98% relative humidity), lifetime (10 years), and resistance to interferences (e.g., hydrocarbons).3
Among all the metrics, the response time (tresponse) Of 1 s in ambient air is the most challenging yet crucial
one.* Only a few Hz sensors have been reported to respond to 4% H within 1 s (Table 1).5'° These sensors
can be generally summarized as the following two types: nanogap and plasmonic. For the nanogap
sensors, there are nanoscopic gaps in the Pd sensing material. Upon exposure to Hz, Pd reacts with Hz to
form PdHx. The expanded volume of PdHx relative to Pd closes the nanogaps, resulting in a sudden
electrical resistance drop. When the nanogaps are sufficiently small (< 50 nm), tresponse Can be as short as
75 ms.® For the plasmonic sensors, the sensor response arises from the shift of the localized surface
plasmon resonance peak of Pd-based nanoarchitectures upon Hz absorption by Pd. Their fast response
was achieved by tailoring the volume-to- surface ratio in concert with reducing the apparent activation
energy for H2 absorption by engineering the metal-polymer coating interface 1% ! and the sensing material
composition® 19 13. 14 However, in these prior works, the 1-s response time was achieved either in an inert
gas environment (e.g., N2 and Ar) or under vacuum, not in the ambient air as required by the DOE. Pd-
based sensors typically show degraded performance with reduced sensitivities and sluggish sensing
speeds in the ambient air relative to the inert gas environment because Oz competes with Hz for surface
sites, impeding Hz reactions with Pd.? 16



Table 1. Summary of the room-temperature hydrogen sensors with a response time (tresponse) < 1s in the
literature.

Transducer Background

Materials platform tresponse (S) environment Ref.
PdAu NP @PTFE/PMMA  Optical 1 Vacuum 10
PdAuCu NP Optical 0.4 Vacuum 14
TaPd thin film Optical 0.5 Ar 5
POSS/Pd NP composite Optical 1 Ar n
PdCo alloy Optical 0.85 N2, Vacuum 13
Pd mesowire Electrical 0.075 N2 8
Pd nanogap Electrical 1 N2 9
Pd nanogap Electrical 1 N2 7
Pd ultrathin film Electrical 0.068 N2 12
Pd NP on SiOz film Capacitive 1 N2 6
Pd/PdOx Electrical 1 Air This work

Generally, there are two prerequisites to achieve ultrafast gas detection: first, rapid reaction kinetics
between sensing material and gas analyte, and second, rapid transduction of the above reaction into a
physical character that can be detected.'” In this work, we chose to explore the hydrogen reduction of metal
oxides to realize the 1-s detection of 4% Hz under ambient conditions because (1) metal oxide reduction is
autocatalytic,'® meaning that once the reaction is initiated, it would self-accelerate and quickly complete;
(2) Oz typically binds weakly to pure metal oxides, reducing its adverse impact on the Hz reactions with the
sensing materials; and (3) the reduction of non-conducting or semiconducting metal oxides to conductive
metals yields an instant and substantial electrical resistance drop, enabling effective and rapid signal
transduction. However, to initiate the direct reduction of metal oxides such as PdO, CuO, Cuz0, Agz0, and
NiO by H: is difficult at room temperature and often requires elevated temperatures to complete.*®-2% For
example, the apparent activation energy for directly reducing Cu20 by H: is about 27.4 kcal/mol, and the
reduction process took ~180 min to complete, even at 230 °C. Introducing a metal (e.g., Pt, Pd, Ru)/metal
oxide interface is a possible solution to accelerating the initial metal oxide reduction kinetics. It has been
reported that these metal/metal oxide interfaces create highly reactive oxygen species due to the charge
transfer between metal and oxide.?*3* Moreover, the metal/metal oxide interface allows facile migration of
atomic hydrogen readily dissociated by metals to metal oxides in close proximity (i.e., hydrogen spillover).2%:
3537 The reactive oxygen species and atomic hydrogen react quickly, resulting in the rapid reduction of
metal oxide. Thus, tailoring the metal/metal oxide interface offers a unique opportunity to accomplish the
challenging 1-s detection of H> under ambient conditions by rendering ultrafast metal oxide reduction
kinetics.

Herein, we report a Pd/PdOx material with ultrafast metal oxide reduction kinetics, enabling 1-s detection of
4% H2 under ambient conditions. The Pd/PdOx material was prepared by electrophoretically depositing Pd
nanoparticles (NPs) onto a sensor substrate followed by in situ partial electrochemical oxidation of Pd to
PdOx, forming a network of interconnected nanoscopic domains of Pd, PdO, and PdO2. Upon exposure to
4% H2, PdO: is wholly reduced to metallic Pd, and PdO is partially reduced within just 1 s, leading to a
>90% drop in electrical resistance. The mechanistic study reveals that the Pd/PdO: interface is responsible
for the fast reduction. More specifically, the presence of Pd shifts the rate-determining step for the PdOx
reduction from dissociative chemisorption of H2 molecules on PdOz to the diffusion of adsorbed H atom on
PdO: by first dissociating H2 on metallic Pd, significantly lowering the activation energy barrier of PdO2
reduction from ~0.9 eV to ~0.6 eV.



RESULTS AND DISCUSSION
Pd/PdOx sensors preparation and characterization

Pd/PdOx sensors were fabricated in one step by electrophoretically depositing citrate-capped Pd NPs onto
a sensor substrate at a high potential of 10 V using a three-electrode setup, where Ag/AgCl/sat. KCIl was
used as the reference electrode and a Pt foil as the counter electrode (Figure 1A and S1). Under the high
potential of 10 V, the citrate ligands on Pd NPs were oxidatively removed once the NPs landed on the
electrode, as evidenced by the disappearance of the Cls peak at 288 eV in the X-ray photoelectron
spectrum (XPS) of as-synthesized Pd/PdOx (Figure S2). The loss of ligand protection caused the NPs to
aggregate into a porous network (NP size = 2.7+ 0.3 nm and wire width = 6.6 + 0.8 nm, Figures 1B-D, S3).
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Figure 1. (A) Schematic illustration of the preparation of Pd/PdOx sensors by electrophoretic deposition and
partial in situ oxidation of Pd NPs. (B-D) High—Angle Annular Dark-Field Scanning Transmission Electron



Microscopy (HAADF-STEM) images of B) Pd NP; C) and D) Pd/PdOx electrophoretically deposited at 10 V
(labeled as Pd/PdOx). E) Representative high-resolution TEM and STEM images of Pd/PdOx, and the
corresponding Fast Fourier Transformed (FFT) diffraction patterns for the color-coded regions. White, yellow,
and blue correspond to cubic Pd, tetragonal PdO, and tetragonal PdO.. F) Powder X-ray diffraction (PXRD)
patterns of Pd NPs and Pd/PdOx. The peak assignments were based on the standard PDF cards of No. 00-046-
1043 (cubic Pd), No. 00-041-1107 (tetragonal PdO), No. 00-034-1101 (tetragonal PdO2). G) X-ray photoelectron
spectroscopy (XPS) showing the Pd 3d region of Pd NPs and Pd/PdOx.

Analysis of high-resolution transmission electron microscopic (HRTEM) images reveals that the deposited
Pd material is composed of interconnected nanoscopic domains of Pd, PdO, and PdO2, as supported by
the fast Fourier transform (FFT) diffraction patterns that match well with cubic Pd, tetragonal PdO, and
tetragonal PdO: (Figure 1E). The powder X-ray diffraction (PXRD) pattern also exhibits the signature peaks
of Pd, PdO, and PdOz, for example, the {111} peak for Pd, the {101} peak for PdO, and the {112} peak for
PdO: in Figure 1F. As a reference, the Pd NP precursor only shows the PXRD peaks of Pd. Moreover, the
XPS measurements demonstrated that a new Pd 3ds2 peak emerged at ~337eV (Figure 1G), consistent
with the PdO phase.*® Numerical fitting of the XPS data reveals that Pd/PdOx contains 29% Pd, 48% PdO,
and 23% PdO: (Table S1). All the structural characterization data have confirmed the partial Pd oxidation
to PdO and PdO: during the electrophoretic deposition process. The formation of PdO and PdO: is
expected because our electrode potential is higher than the equilibrium potential of a hydrated PdO and
hydrated PdO2 mixture (~1.23 V vs. standard hydrogen electrode).®®* However, according to the Pourbaix
diagram for Pd, Pd should not be thermodynamically stable at 10 V and pH= ~1 (experimentally measured
near the sensor substrate during electrodeposition).*® The co-existence of Pd, PdO, and PdO: phases in
Pd/PdOx is possible because the poor conductivity of PdO and PdO: lowers the actual potential applied on
some Pd NPs, avoiding the total conversion of Pd to PdOx.

H2 sensing performance

The performance of Pd/PdOx sensors was tested using a homebuilt apparatus (Figure S4). The response
time (tresponse) Was defined as the time required for the signal to vary by 90%. Strikingly, the Pd/PdOx sensor
resistance drops steeply by over 90% in 1 s upon exposure to 4% H: in ambient air (Figure 2A). The XRD
and XPS analysis of the Pd/PdOx sensor after H> exposure shows the complete reduction of PdO: to Pd
and ~65% reduction of PdO to Pd (Figure S5, Table S2), confirming that the rapid PdOx reduction is
responsible for the ultrashort tresponse @and high sensor response. The sensor does not recover after Hz
removal because PdOx reduction is irreversible. tresponse becomes longer while sensor response becomes
smaller with decreasing Hz-concentration (Chz2) (Figures 2A, S6). Relative humidity has an impact on the
sensor performance: tresponse is 1 s at a humidity level < 25% but gets longer at higher humidity levels (for
example, ~4 s at 50%) due to the competitive adsorption between water vapor and Hz onto the sensor
surface. However, relative humidity did not change the sensor response (Figures 2B, S7).

Next, we assessed the cross-sensitivity of the Pd/PdOx sensor toward 32 different interference gases,
including CO, NOz, NO, SO, H2S, NHs, and various organic gas and vapors such as natural gas, hexane,
benzene, formaldehyde, methanol, etc. All interference gases have a concentration of 4% in air, except for
H2S (0.4 ppm), NO2, NO, and SO:2 (4 ppm for each), and ethylene (40 ppm). The interference test results
show that the Pd/PdOx sensors only exhibit weak cross-sensitivity (~10 to 30%) toward CO, CH4, and NHs,
and negligible response (<5%) to other interference gases, relative to Hz (Figures 2C, S8). The weak cross-
sensitivity to CO and CHa is because CO and CH4 can partially reduce PdOxto Pd, but to a much less
extent than Hz. Interestingly, the reactivity of Pd/PdOx toward CO and CH4 was also different: CO reacted
mostly with PdO, whereas CH4 selectively reacted with PdOz (Figure S9, Table S3). These findings are
consistent with the literature reports that different Pd-O species exhibit different reactivities toward CO and
CH4.38.41.42 pd, PdO, or a Pd/PdO mixed phase is not active for CH4 activation at room temperature.3® In
comparison, adsorbed O on metallic Pd could be reduced by CO within a few minutes already at a
temperature as low as 223 K, while the more deeply oxidized Pd was much less reactive and required an
elevated temperature.*? Because of such reactivity differences, the Pd/PdOx sensor could still show a rapid
(~3 s) and significant response (> 70%) to 4% H2 even after being exposed to 4% CO for 5 min (Figure
2D), indicating the excellent CO-poisoning tolerance of the Pd/PdOx sensor. For NHs, the composition of
Pd/PdOx did not show a noticeable change after the test (Figure S9, Table S3), suggesting that the sensor



response did not arise from PdOx reduction. The sensor resistance increased after introducing NHs and
partially recovered once NHs was removed (Figure S8), which is characteristic of a p-type semiconductor
gas sensor in response to a reducing gas analyte such as NHs,*® consistent with the p-type nature of PdO.**
45 |t is also worth noting that the reaction kinetics between CO, CHa, and NHs with Pd/PdOx is much slower
than Hz, taking at least ten times longer to complete (Figure S8). Moreover, our one-step electrophoretic
synthesis simplifies the sensor fabrication, undoubtedly lowering the production cost and ensuring
reproducibility among devices. Indeed, we tested five independently prepared Pd/PdOx sensors and found
a remarkably low device-to-device sensor response variation of <3% and a constant tresponse Of 1 s (Figure
2E).
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Figure 2. A) Dynamic sensing resistance curves of Pd/PdOx in response to H: at different concentrations
(0.05%—4%) at room temperature in air. The data acquisition rate is 1 Hz, meaning each data pointis 1 s. Ro is
the baseline resistance. B) Humidity dependence of Pd/PdOx towards 4% H2 with humidity ranging from 0% to
98% at room temperature. The insert shows the response-recovery curve in the first ten seconds upon exposure
to Hz2 gas. C) The percentage change of sensor response upon exposure to 32 different interference gases. The
concentrations of interference gases are 4%, except for ethylene (40 ppm), NO:z (4 ppm), NO (4 ppm), SO2 (4
ppm), H2S (0.4 ppm). D) The CO poisoning test by exposing the Pd/PdOx sensor to 4% CO and 4% H: in
succession. E) Dynamic sensing resistance curves of 5 independently prepared Pd/PdOx sensors in response to
4% Ho.

Mechanistic understanding

The exceptionally rapid response of Pd/PdOx sensors to Hz undoubtedly results from the ultrafast PdOx
reduction kinetics. However, due to the complex structure of Pd/PdOy, it is challenging to precisely identify
the active sites that are responsible for the fast reduction. Thus, we started the mechanistic study by
investigating the composition effect on tresponse. The composition of Pd/PdOxwas varied by applying different
electrode potentials during electrophoretic deposition. The XPS results show that the Pd/PdOx materials
prepared under 1V, 2V, 5V, and 10 V were all composed of Pd, PdO, and PdO: and citrate ligands were



also removed during electrosynthesis for all samples (Figures S2, S10). As the electrode potential was
increased from 1 V to 10 V, the Pd° content gradually decreased from 43% to 29%, PdO: increased from
12% to 23%, and PdO stayed at ~50% (Table S1). Upon exposure to 4% H: in air, all Pd/PdOx sensors
exhibited a substantial resistance decrease due to the PdOx reduction to metallic Pd (Figures 3A, S11-12,
and Table S2). However, there are two noticeable differences between the response curves of the Pd/PdOx
sensors prepared at 5 and 10 V and those prepared at 1 V and 2 V (Figure 3A). First, tresponse Of the 1 V
and 2 V sensors (6 s and 11 s, respectively) are much longer than the 1 s of the 5V and 10 V ones. Second,
their responses are also smaller. Because the compositional differences among these samples were mainly
from Pd and PdO, it is reasonable to hypothesize that Pd and PdO: are the two critical ingredients in
Pd/PdOx to achieve fast reduction.
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Figure 3. A) Dynamic sensing resistance curves of Pd/PdOx prepared by electrophoretic deposition using various
potentials of 1-10 V towards 4% H. B) Dynamic sensing resistance curves at 4% H: for the Pd/PdOx samples
after thermal treatment at 400°C for 1, 3, and 6 h in air. C) Dynamic sensing resistance curves of commercial Pd
oxide (PdOx/C), Pd black, and the physical mixture of the two (PdOx&Pd black/C) to 4% H.. The inset shows the
expanded view in the first ten seconds upon exposure to Ha.

To test our hypothesis, we first thermally annealed the Pd/PdOx in air to eliminate metallic Pd by oxidizing
it to PdO and PdO.. After thermal treatment for 6 hours, Pd in Pd/PdOx was converted to PdO and PdO:
(PdO: 67.1 and PdOz2: 32.9%, Figure S13, Table S4). The sensing response of thermally treated Pd/PdOx



was completely different from that of the initial Pd/PdOx. For the 6-hour sample, the sensor showed the
typical behavior of a p-type semiconductor gas sensor: the electrical resistance increased in response to
H2 with tresponse Of 32 s at 4% H2 (Figure 3B). PdOx was also not reduced to metallic Pd after exposure to
4% Hz for 5 min (Figure S14, Table S4). For Pd/PdOx samples with 1- and 3-hour-long thermal treatment,
their sensing behaviors lay in between semiconductor sensing and metal oxide reduction sensing (Figure
3B). The same p-type semiconductor sensing characteristics and no oxide reduction were observed for
commercial Pd oxide (PdOx/C) with a similar chemical composition of PdO: 72.7% and PdO2: 27.3%
(Figures 3C, S16, and Table S5-S6). The above observations are consistent with the literature report that
the onset of the reduction of pure metal oxides such as PdO occurs at temperatures higher than 500—
700 K.*¢ We also carried out a control experiment by annealing Pd/PdOx in Ar at 400°C for 6 h. The
annealed sample largely retained its composition and showed similar metal oxide reduction sensing
behavior as the untreated sensors (Figure S15, Table S4). The above results show that the presence of
metallic Pd is critical to initiating the rapid reduction of PdOx at room temperature.

Next, we attempted to prepare Pd/PdO with similar morphology as Pd/PdOx at potentials lower than 1 V to
prove the essential role of PdO: in the rapid PdOx reduction. However, we found the incomplete removal of
citrate ligands from the Pd surface during the electrophoretic deposition, leading to inconclusive results.
Therefore, we turned to the commercial ligand-free Pd black containing 46.5% Pd and 53.5% PdO (Pd
black/C, Figure S16, and Table S5). The Pd black/C sensor exhibited p-type semiconductor sensing
behavior (Figure 3C), the same as other Pd/PdO sensors reported in the literature.*”» 48 The XPS analysis
revealed that the PdO content of Pd black did not change after exposure to 4% H: (Figure S16, Table S6),
indicating that Hz reduction of PdO is insignificant even in the presence of Pd® at room temperature.
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Figure 4. DFT-calculated energy profiles for hydrogen reduction of PdO and PdO: to form water on (A) PdO2
(110) surface, (B) PdO(101) surface, (C) Pd NP on a PdO:2 surface containing a Pd(111)/PdO2(110) interface,
and (D) Pd NP on a PdO surface containing a Pd(111)/PdO(101) interface. The configurations at the bottom
show a schematic representation of reactants and products in every reaction step. Cyan, red, and white balls
represent Pd, O, and H atoms. RDS stands for the rate-determining step.

Thus far, our compositional study has shown that neither Pd/PdO nor PAO/PdO: could effectively react with
4% H. at room temperature to be reduced to Pd, supporting our hypothesis that Pd and PdO: are
responsible for the rapid reduction. Certainly, we did not consider the possible contributions of the unique
nanostructures of Pd/PdOx to the rapid oxide reduction at room temperature, which could be significant.
Thus, to assess whether the unique nanostructure of Pd/PdOx (i.e., interconnected nanodomains of Pd,
PdO, and PdO>) indeed plays a critical role in the rapid reduction of PdOx, we prepared a composite of Pd,
PdO, PdO: by physically mixing commercial Pd black and PdOx/C. The PdOx&Pd black/C composite has a
similar composition (Pd: PdO: PdO2= 23%: 63%:14%) as our Pd/PdOx material but without the nanoscopic
structural features. Intriguingly, the PdOx&Pd black/C sensor showed a similar rapid resistance drop by 40%
in the first 3 s as the Pd/PdOxsensor (Figure 3C). XPS result shows that the resistance drop was exclusively
caused by the reduction of PdO2 to metallic Pd, and the PdO content did not change (Figure S16 and Table
S6). After the initial 3 s, the unreduced PdO in PdOx&Pd black/C led to the p-type semiconductor sensing
response (Figure 3C). These results indicate that (1) when Pd and PdO: are adjacent either via grain
boundaries as in Pd/PdOx samples (Figure 1E) or simply physical contact as in the PdOx&Pd black/C, they
can trigger the rapid reduction; and (2) the interconnected nanodomains of Pd, PdO, and PdO: enables the
reduction of PdO by 4% Hz at room temperature which would otherwise not occur.

To understand why the Pd/PdO2 combination significantly accelerates the PdOx reduction whereas Pd/PdO
does not, we carried out density functional theory (DFT) calculations of the energy profiles for metal oxide
reaction with Hz on PdO2(110) surface, PdO(101) surface, Pd(111)/PdO2(110) interface and
Pd(111)/PdO(101) interface (Figure 4). The calculated energy profiles in Figures 4A-B show that the
PdO2(110) and PdO(101) surfaces have different rate-determining steps (RDS): H2* dissociation for
PdO2(110) and H* diffusion for PdO(101). For the Pd(111)/PdO2(110) interface, the sluggish Ha*
dissociation on PdO2(110) is bypassed by the alternative low-barrier pathway on Pd (111) surface (Hz2*
dissociation energy: 0.92 eV — 0.12 eV, Figure 4C). The energy barriers for H* diffusing from Pd (111) to
PdO:2 (110) surface, and subsequent H20* formation process were 0.60 and 0.22 eV, respectively (S3 -
S4 and S4 — S5 in Figure 4C). Therefore, the RDS for PdO:2 reduction switches from Hz* dissociation to
H* diffusion when Pd/PdO: interface is present. We have also found another possible H* diffusion pathway
from Pd to PdO: via a bridging binding geometry of H* at the Pd/PdO: interface, which could further reduce
the diffusion energy barrier to 0.40 eV (Figure S17). In contrast, although accelerated H2* dissociation on
Pd also took place at the Pd(111)/PdO(101) interface, the H* diffusion remains as the RDS for PdO
reduction (Figure 4D), suggesting that the reduction kinetics of PdO (101) benefit much less from the
Pd/PdO interface. The above DFT results clearly explain the essential role of Pd/PdO: interface in achieving
ultra-fast metal oxide reduction, in excellent agreement with experimental observation in Figure 3.

CONCLUSION

In conclusion, we reported a Pd/PdOx material with ultrafast hydrogen reduction kinetics, enabling 1-s
detection of 4% H:2 in ambient air. The mechanistic study reveals that the Pd/PdO: interface in Pd/PdOx
should be responsible for the rapid reduction of PdOx. The presence of metallic Pd allows rapid H2
dissociation to adsorbed H atoms, overcoming the RDS in PdO:2 reduction. In contrast, because the RDS
of PdO reduction is the adsorbed H atom diffusion on PdO, not the H2 dissociation, PdO reduction does not
benefit from the facile Hz dissociation at the Pd/PdO interface. However, the interconnectivity of Pd, PdO,
and PdO: in Pd/PdOx enables the reduction of PdO, which would otherwise not occur. Due to the
irreversible nature of PdOx reduction to Pd, the Pd/PdOx sensor does not recover after H2 exposure and
thus can only be used as a Hz alarm. We are now exploring other combinations of metal and high-valance
metal oxide to develop 1-s response time H: alarms that can be "reset" by regenerating the metal oxide
after the alarm is triggered.



METHODS

Preparation of Pd NPs. Pd NPs were synthesized using a modified approach in the literature. Briefly, 20
mL aqueous solution of 0.14 mmol potassium tetrachloropalladate(ll) (Sigma Aldrich) was added in 400 mL
of DI water at ambient temperature. After one minute, 10 mL aqueous solution of 0.84 mmol sodium citrate
tribasic dehydrate (Sigma Aldrich) was added. After waiting for another one minute, 5 mL of the freshly
prepared ice-cold aqueous mixed solution of 0.14 mmol sodium borohydride (Sigma Aldrich) and 0.56 mmol
sodium citrate tribasic dehydrate was added and the reaction lasted for another 10 min. The whole reaction
is carried out under magnetic stirring at 700 rpm. Before electrophoretic deposition, the as-synthesized Pd
NP solution was concentrated using a rotary evaporator by 2-fold to a final volume of ~200 mL and Pd NP
concentration of ~1.0 M.

Estimation of the Pd NP concentration. The concentration of the Pd NP solution was calculated to be
~1.0 uM as follows:

The volume of a Pd NP: Vpednps = %x 7 %r3=10.3nm?

(the average size of 2.7 nm derived from STEM images)

The volume of a fcc Pd unit cell found in the PDF card No. 00-046-1043: Ved unit cell = 0.059 nm?3
The number of unit cells in one Pd NP: Nceil = Vpd nps/VPd unit cell = 175

The total number of Pd atoms in one Pd NP: Npg = 4 X Nceil = 700

The concentration of Pd atoms in the Pd NP solution: Cpd = Npda/Vpd solution = 0.7 mM

The Pd NP concentration: Cpd nps = Cpd/Npd = 1.0 yM

Preparation of Pd/PdOx sensors. The 1.0 uyM Pd NP solution was used for electrophoretic deposition
using a CHI 650E potentiostat, where a sensor substrate as the working electrode, a Pt foil (~385 mm?) as
the counter electrode, an Ag/AgCI electrode in saturated KCI as the reference electrode (Figure S1). The
sensor substrate is an electrical insulator made of a sintered alumina plate with interdigitated Pt electrodes
on one side. The distance between two neighboring Pt electrodes is 0.4 mm. Before electrophoretic
deposition, the sensor substrates were washed with DI water and acetone and then dried. Prior to use, the
Pt foil was electrochemically polished in 0.5 M H2SO4 by running cyclic voltammograms between 1.1 V and
-0.23 V at a scan rate of 0.1 V/s for 50 cycles, followed by washing with DI water and acetone. In a typical
deposition, a positive potential was applied to the working electrode (merely immersing the interdigitated
electrode part in the Pd NP solution) for 2h. Subsequently, the deposited sensor substrate was taken out
from the reaction and dried in air under ambient conditions. In this work, four positive potentials of 1, 2, 5,
and 10 V were used to prepare Pd/PdOx with different oxidation states.

Preparation of other Pd sensing materials. Apart from potential regulation, the composition of the
sensing materials was tuned by annealing Pd/PdOx sensors at 400°C in air for 1, 3, and 6 h using a hotplate
(Thermo Scientific). For comparison, the Pd/PdOx sensors were also heated in Ar at 400°C for 6 h using a
Schlenk flask.

1 mg powder of commercial PdOx (PdOx/C, Sigma Aldrich), Pd black (Pd black/C, Sigma Aldrich), or the
mixture of PdOx/Pd black in the molar ratio of 1:1 (PdOx&Pd black/C mixture) were respectively dispersed
in 100 uL ethanol to prepare their corresponding slurries. 10 uL of the obtained slurries were drop-casted
on the sensor substrate and then dried at ambient air naturally.

Gas sensing tests. The sensing measurements were carried out using a home-built apparatus at room
temperature (22°C). Specifically, the test setup consists of four parts: 1) Gas cylinders of synthetic air and
high purity of hydrogen (Airgas Co., Ltd); 2) Mass flowrate controllers (MFC, Bronkhorst) for regulating gas
flow rates; 3) Data acquisition meter (Keysight/Agilent 34972A LXI) for measuring the electrical resistance
in real-time; 4) A PC connected to the meter for recording the resistance data. In a typical Hz sensing test
protocol, the Pd/PdOx sensors were first stabilized in air for 1 hour at a constant flow rate of 1000 sccm.
When the sensors reached a constant electrical resistance of ca. 0.1 MQ, the desired concentration of H2
was achieved by varying the flow rate ratio of H2 and air flowed over the sensors for 5 min, and then
removed H: from the mixed gas. The total flow rate in this test was maintained at 1000 sccm. The
measurements for other interference gases in the selectivity study used the same protocol as H2. The
concentration for most of the interference gases was 4%, except H2S (0.4 ppm), NO:z (4 ppm), SO2 (4 ppm),
ethylene (40 ppm). H2S, NO, NO2, SO, ethylene, and methane were purchased from Airgas Co., Ltd. The



sources of the other interference gases were bought from Sigma Aldrich as high purity of liquids, and their
concentrations were adjusted by the flow rate ratio of pure air and air bubbling through corresponding liquids.
The relative humidity was calculated by the ratio of wet air (after bubbling through DI water) and dry air.

Material characterization. The surface morphology of the Pd/PdOx sensors was collected using a JEOL
JSM 7600F SEM. A JEOL 3100R05 TEM (Double Cs Corrected TEM/STEM) was utilized to collect high-
angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) images for further
structural characterization and analysis. The TEM samples were prepared by touching the deposited sensor
surface using a TEM grid (carbon-coated 200-mesh Cu grids) to transfer the solid sample to the grid. Since
the alumina (relatively strong intensity) and Pt electrode (the peak position relatively close to Pd) from the
sensor substrate has obvious interference with the analysis of Pd/PdOx, Pd NPs were deposited on the
carbon papers (FuelCellStore, SKU: 1594008-1) using the same protocol in the powder X-ray diffraction
(PXRD) test (Bruker D2 Phaser diffractometer). X-ray diffraction patterns were analyzed by the powder
diffraction file database of the International Center for Diffraction Data. X-ray photoelectron spectroscopy
(XPS) characterizations were performed using an Al K-alpha X-ray Photoelectron Spectrometer (Thermo
Scientific, K-alpha). XPS spectra were fitted by a composite function (30% Lorentzian+70% Gaussian)
using Avantage software. All the XPS spectra were calibrated by the position of the C 1s peak at 284.8 eV.

Theoretical calculations. All calculations were performed via the Vienna Ab Initio simulation package
utilizing DFT* %0, Core electrons were described using the projected-augmented wave (PAW) method>'.
The Kohn-Sham wave functions were expanded on a plane-wave basis with a kinetic energy cutoff of 400
eV to describe the valence electrons. The generalized gradient approximation using the Perdew-Burke-
Ernzerhof functional was employed to evaluate the exchange-correlation energy®?.

The PdO (101) and PdO:2 (110) surfaces were modeled with a four-layer (2x4) PdO(101) supercell and
PdO2 (110) supercell, respectively. The bottom two layers of the surface were kept frozen, while the other
layers and adsorbed gas molecules were set free to relax. A vacuum of >14 A was added to all surface
models to ensure no appreciable interaction between periodic images. The Monkhorst-Pack scheme was
employed to sample the Brillouin zone using a 3x3x1 k-point grid for atomic structure optimization®3. The
interface of PdO (or PdO2) supported Pd nanoparticle is modeled by a periodic one-dimensional Pd rod
deposited along the [010] direction of a PdO (101) slab (or PdO2 (110) slab). For Pd/PdO and Pd/PdO:
models, a vacuum space of >14 A was added to prevent any appreciable interaction between periodic
images. The Brillouin zone was sampled only on Gamma point for geometry optimization. All geometries
were considered optimized when the force on each atom was < 0.025 eV/A. The location and energy of
transition states were calculated with the climbing-image nudged elastic band method>* 5.

Supporting information
The Supporting Information is available free of charge on the ACS Publications website.
Experimental details and XPS results.
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