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Abstract: We report a facile method of synthesizing grain-boundary(GB)-rich platinum
nanoparticle assembly. GBs are formed between platinum nanoparticles during their random
collision and attachment in solution driven by water electrolysis. The GB-rich nanoparticle
assembly exhibits ~400-fold higher catalytic hydrogen oxidation rate than platinum nanoparticles
before assembly, enabling catalytic hydrogen sensing at room temperature without external
heating. Our sensor also demonstrates fast response/recovery (~7 s at >1% H>), nearly no signal
variation during a 280-hour-long stability test, and high selectivity toward hydrogen over 36
interference gases. Furthermore, this sensor can be easily fabricated from commercial
thermometers at a low cost (< $5 per unit). Theoretical calculation results reveal that the high
performance of GB-rich platinum nanoparticle assembly arises from tensile strain at the GBs.

One-Sentence Summary: Connected particles are better than isolated particles.
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Main Text: Hydrogen gas (H2) sensors play a critical role in the hydrogen economy due to the
safety concerns associated with the production, distribution, and utilization of flammable H». The
United States Department of Energy (DOE) has set targets for H2 sensors, in terms of concentration
range (0.1-10%), operating temperature (—30 to 80 °C), response time (<1.0 s), gas environment
(ambient air; 10-98% humidity), and lifetime (>10 years). (1) In addition to these metrics, Ha
sensors should be resistant to poisoning gases (e.g., hydrocarbons, CO, NO2, H2S, SOx),(2, 3)
inexpensive (< $40 per unit),(4) miniaturized, and power-efficient (< 1 W),(5) to ensure their
effectiveness in various applications. There have been enormous efforts to develop high-
performance and efficient Hz sensors; however, it is incredibly challenging to meet all the target
metrics. (4-10)

Typical commercially available Hz sensors are of four types: electrochemical, catalytic, metal-
oxide-semiconductor, and thermal conductivity, claiming over 90% of the H, sensor market. (11,
12) Among the four sensor types, catalytic sensors were found to be the most accurate and robust
sensor type because they show little to no dependence of sensor output on the ambient parameters
such as temperature, pressure, and humidity. (11) Catalytic sensors detect H> based on the
exothermic oxidation reaction of Hx with air on a catalyst surface (typically, Pt), which generates
heat to change the electrical resistance of the catalyst for determining the H. concentration.
However, due to the low activity of Pt catalysts in conventional catalytic Hz sensors, a high
operating temperature of ~500°C is often required (achieved by external heating), causing high
power consumption (~0.5-3.0 W) and severe cross-sensitivity to other combustible gases, such as
hydrocarbons, CO, etc. (2, 11-13) In addition, the performance of catalytic H, sensors is also
affected following exposure to poisoning gases, such as HzS and SO> (even at ppm level), which
adsorb onto the Pt catalyst more strongly than Hz, thereby reducing the number of sites available
to catalyze H» oxidation. (13) To overcome the limitations of catalytic H> sensors, prior efforts
were focused on the miniaturization of the sensors, resulting in lower power consumption and
faster response times. (14-19) However, the cross-sensitivity to combustible gases and
susceptibility to catalyst poisoning is still not addressed.

Here, we report a grain-boundary(GB)-rich Pt nanoparticle (NP) assembly material that
catalyzes H» oxidation in air at room temperature and exhibits low cross-sensitivity and negligible
poisoning effect to common pollutant gases in the atmosphere (e.g., CO, NO2, SOz, H>S, and NH3)
and various combustible organic gases and vapors (e.g., natural gas, alkanes, alkenes, alcohols,
ketones, aldehydes, ethers, aromatic compounds, amine, and acetates). As illustrated in Fig. 1A,
the GB-rich Pt NP assembly was synthesized by performing water electrolysis in an unbuffered,
high-concentration (~1.7 uM) colloidal Pt NP solution. The local high pH of ~14 at the cathode
assists the removal of citrate capping agents from the Pt NP surface (fig. S1). Gas bubbles
generated during water electrolysis promote the random collisions of the destabilized Pt NPs after
ligand removal, driving individual NPs to assemble into NP clusters, chains, networks, and
eventually a macroscopic (sub-centimeter-sized) solid (Fig. 1B-C, fig. S2). Scanning transmission
electron microscopic (STEM) images of Pt NPs and Pt NP assembly show no significant crystallite
size change after the water-electrolysis-driven NP assembly (Pt NPs: 3.6 £ 0.5 nm and Pt NP
assembly: 3.8 + 0.7 nm, Fig. 1B-C). High-resolution TEM (HRTEM) and STEM images revealed
that individual Pt NP building blocks in the Pt NP assembly were primarily connected by GBs.
The representative GBs identified in the Pt NP assembly are X3 (111) twin boundaries, where two
NPs share the low-energy {111} planes (e.g., NP1 and NP2 in Fig. 1D). (20, 21) We also observed
211 (113) GBs (fig. S3) and highly-disordered GBs (e.g., the GBs between the {111} plane of
NP4 and the {200} plane of NP5 in Fig. 1D). It is worth noting that an interface-free structure can
also form when two NPs oriented attach along the {111} planes (e.g., NP3 and NP4 in Fig. 1D).
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The robust and practical nature of this electrosynthetic method was demonstrated by the gram-
scale preparation of Pt NP assembly (fig. S4).
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5 Fig. 1. Electrosynthesis of GB-rich Pt NP assembly from colloidal Pt NPs. (A) Schematic
drawing of the NP assembly process driven by NP collisions under water electrolysis conditions
that results in the formation of a macroscopic GB-rich Pt NP assembly. The local high pH near
the cathode assists the citrate ligand removal from the Pt NP surface, and the electrogenerated
gas bubbles promote the Pt NP collisions in solution. (B and C) Photographs, STEM images, and

10 crystallite size distributions of (B) Pt NPs and (C) Pt NP assembly. (D) High-resolution STEM
image of the GBs between the Pt NP building blocks in Pt NP assembly.
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After synthesis, Pt NP assembly was subjected to critical point drying to prepare a dry powder
(fig. S5). The electrochemically active surface area measured by hydrogen underpotential
deposition of Pt NP assembly powder was 70 + 1 cm?/mg, ~80% lower than that of Pt NPs (340 +
25 cm?/mg, fig. S6), due to the loss of surface area when NPs are assembled. Hz sensors were
prepared by drop-casting a mixture of Pt NP assembly powder and ethanol onto a commercial
thermocouple, followed by drying in air (Fig. 2A, insert). The sensor response is the temperature
change (AT) of the catalyst-coated thermocouple upon exposure to Hz. We found that the Pt NP
assembly was highly active for catalyzing H. oxidation in air. Fig. 2A shows that the sensor
temperature rapidly increased from room temperature of ~22°C to ~360°C in ~10 s, after being
exposed to a stream of 4% H; in air (i.e., the lower explosive limit of Hz). Upon the removal of
H>, the sensor temperature quickly returned to room temperature within 10 s. AT decreases in
response to stepwise decreasing Hz concentrations (C,, ) from 4% to 0.05%, yielding a linear

relationship between AT and C,, at the logarithmic scale (Fig. 2B). In contrast, when the same

loading (~1 mg) of Pt NPs was used to prepare a catalytic Hz sensor, the sensor response is nearly
negligible (< 1°C) evenat C,, =4% (Fig. 2A, insert, and Fig. 2B). The low catalytic activity of Pt

NPs is not caused by their surface ligands blocking the active Pt sites. We ran control experiments
using various Pt catalysts, including ligand-free Pt black with a surface area of 144 + 5 cm?/mg
(fig. S6), Pt powder, Pt NPs after ligand removal, and Adams' catalyst (PtO>) (fig. S7). None of
them shows similar or even close catalytic activity to Pt NP assembly, suggesting the high catalytic
activity of Pt NP assembly originates from its unique structure.

The response and recovery times of Pt NP assembly sensor, defined as the time to reach 90%
of the total signal, were ~7 sat C,, >1% and extended to ~1 min at 0.05% (Fig. 2C). Such negative

dependence of sensor response and recovery times on C,, is common for Hz sensors because low
C,,, Is associated with a slow reaction rate between Hz and the sensing material. (4, 5, 7) Even

though the response time of Pt NP assembly sensor does not meet the DOE target of 1 s, it is still
comparable to, or better than, the performance of existing catalytic H, sensors on the market (~10-
30 s).(22, 23) It is also important to point out that the Pt NP assembly sensor is capable of
discriminating different H2 concentrations in 1 s based on its transient temperature change (fig.
S8). Due to the self-heating effect of Pt NP assembly during catalytic H> sensing, the sensor is
operational over a wide ambient temperature range from —30°C to 80°C and a humidity range from
0 to 98% (Fig. 2D-E, fig. S9). In particular, whenC,, > 2%, the sensor response, response and

recovery times are not affected by the ambient temperature and humidity.

Most impressive is the low cross-sensitivity and anti-poisoning properties of Pt NP assembly.
To evaluate these two metrics accurately, we adopted the interference/cross-sensitivity test
protocol developed by the Safety Sensor Testing Laboratory at the DOE National Renewable
Energy Laboratory with slight modifications (fig. S10).(24) Fig. 2F plots the percentage change
of sensor temperature when exposed to 36 different interference gases, including CO, NO2, SO,
H>S NHzs, and various organic gas and vapors such as natural gas, hexane, benzene, formaldehyde,
methanol, etc., in the absence and presence of 4% H (see raw data in fig. S10). None of the
interference gases has caused more than a 10% change in the sensor response, which is incredible
because commercial catalytic H, sensors are known to suffer from severe cross-sensitivity to
combustible gases and vapors (for example, the relative sensitivity for CHs and Hy is about 1). (23)
After being exposed to these interference gases, the sensor always returned to the initial state and
produced the same response to H as the calibrated value (fig. S10), indicating no irreversible
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poisoning effect. Furthermore, the Pt NP assembly sensor exhibited high long-term stability. The
sensor response remained constant during a 281-hour-long 288-test-cycles test (Fig. 2G, fig. S11).
The relative standard deviation of sensor response was ~1% for C,, > 1%. The variation in sensor

response ata low C,, of 0.05% is possibly due to the slight room temperature fluctuation. Because

the sensor readout is temperature, our Hz sensors can be fabricated using any commercially
available thermometers, including thermocouples, thermistors, and even liquid-in-glass laboratory
thermometers (fig. S12), making the sensor inexpensive (as low as < $5 per unit) and easily
miniaturized (size < 2 mm). Furthermore, we built a portable and wireless gas sensing system
prototype that can be loaded onto a commercial drone and demonstrated its practicality for H» leak
detection (fig. S13, Movies S1, S2).
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Fig. 2. Catalytic hydrogen sensing performance of Pt NP assembly at room temperature.
(A) Temperature readout (T) of the catalytic hydrogen sensors built using Pt NPs (blue dots) and
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Pt NP assembly (orange dots) in response to stepwise decreasing Hz concentrations (C,, ) from

4% to 0.05% in air at room temperature. The sensor temperature was recorded at 1 point per
second. Inserts of (A) are photograph of a catalytic hydrogen sensor which is a J-type
thermocouple coated with Pt NPs or Pt NP assembly, and an expanded view of the temperature
response curves. (B) Sensor response (AT= T - Tambient, Where Tamnient IS the ambient temperature)
as a function of C,, for Pt NPs (blue dots) and Pt NP assembly (orange dots). (C) Response time

(tresponse) and recovery time (trecovery) Of the catalytic hydrogen sensor based on Pt NP assembly at
various C,, . (D to E) Measured AT as a function of C,, when the Pt NP assembly-based sensor

was operated at (D) an ambient temperature range from -30°C to 80°C and (E) a humidity range
from 0% to 98%. (F) The percentage change of sensor response when exposed to 36 different
interference gases (including CO, NO2, SOz, H.S, NH3, and various organic gases and vapors
such as formaldehyde, methanol, etc.) in the absence and presence of 4% H> in air. The
concentrations of the interference gases are 4%, except for NO, and SO> (4 ppm), ethylene (40
ppm), and H2S (0.4 ppm). Error bars denote the standard deviations of at least three independent
measurements. (G) Stability of the Pt NP assembly-based hydrogen sensor during a 280-hour-
long 288-test-cycles test. In each cycle, C,, was decreased from 4% to 0.05% stepwise as in (A).

The high H: sensing performance of Pt NP assembly ultimately originates from its ability to
efficiently catalyze H, oxidation even at room temperature. To understand how Pt NPs acquire
such high activity after simple assembly, we compared the structures of Pt NPs and their assembly.
X-ray absorption spectroscopy (XAS) results show different Debye-Waller factors (Pt NPs: 8.2
+0.1 and Pt NP assembly:10+0.1, unit: 10 A?), suggesting that Pt NP assembly has higher local
structural disorder than Pt NPs, but similar fitted Pt-Pt bond lengths (Pt NPs: 0.277 + 0.002 nm;
Pt NP assembly: 0.278 + 0.002 nm) show no global lattice expansion or shrinkage (fig. S14). (25)

High-resolution x-ray diffraction (XRD) spectra of Pt NPs and Pt NP assembly in Fig. 3A
present similar structural information as the XAS result. The XRD peaks of Pt NP assembly show
broadening but no peak position change, relative to Pt NPs (Fig. 3A-B, fig. S15). Microstrain,
crystallite size, and instrumental errors together determine XRD peak broadening but do not
change the peak position. (26-28) The result in Fig. 3A suggests only increased microstrain is
present in the Pt NP assembly, given the same instrumental errors and similar crystallite sizes of
Pt NPs and Pt NP assembly (Fig. 1B-C). More interestingly, the XRD peak broadening for Pt NP
assembly is anisotropic and asymmetric. Specifically, the peak broadening is more significant for
the (111) peak (~17%) than others (e.g., 10% for (200) and 4% for (311) in Fig. 3B). The (111)
XRD peak of Pt NP assembly was broadened by ~18% on the left side but ~10% on the right at
half maximum. The anisotropy and asymmetry in peak broadening should be attributed to the
dominance of 3 GBs that form along the {111}direction in Pt NP assembly and the tensile strain
associated with these GBs.(27)

To further test this premise, we focused on the {111} planes and compared them with {200}
planes using HRTEM (Fig. 3C-D). (21) We observed a lattice expansion of ~0.1 nm (i.e., tensile
strain) in the £3 GB region of Pt NP assembly, shown by an offset between the TEM intensity
profiles along the {111} planes of Pt NP and Pt NP assembly in Fig. 3E. In contrast, there was no
apparent offset for their {200} profiles (Fig. 3F), possibly because {200} planes do not cross the
GB. Based on TEM results, statistics of the d-spacing values for {111} and {200} planes also
revealed that the d-spacing of Pt NP assembly exhibited a broader (~20%) distribution than Pt NPs,
but their averaged spacings for {111} and {200} are almost the same: 0.226/0.225 nm and
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0.195/0.196 nm, respectively (Fig. 3G, fig. S16), consistent with the observed XRD peak
broadening for Pt NP assembly.
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Fig. 3. Structural characterization of the GBs in Pt NP assembly. (A) High-resolution XRD
spectra of Pt NPs and Pt NP assembly showing the (111) and (200) diffraction peaks. (B) Full
width at half maximum (FWHM) of the XRD peaks for Pt NPs and Pt NP assembly. (C-D)
HRTEM images of (A) Pt NP and (B) Pt NP assembly near a £3 GB. (E-F) The integrated pixel
intensities of Pt NP and Pt NP assembly along (C) {111} and (D) {200} spacing directions. The
peaks and valleys represent the atoms and gaps, respectively. The spacings of Pt {111} and Pt
{200} planes were averaged over 3 atomic layers for high accuracy as labeled in (A) and (B).
The lattice expansion at the £3 GB along the {111} direction leads to an offset between the
intensity profiles of Pt NP and Pt NP assembly in (C). (G) Statistics of d spacings for the (111)
and (200) facets, analyzed under the TEM pixel size of 0.0149 nm, shows Pt NP assembly has a
similar mean value as Pt NP assembly but a broader distribution of d spacings than NPs (for
(111), standard deviation: 0.021 vs 0.017 nm; for (200), standard deviation: 0.019 vs 0.015 nm).



10

15

20

25

. . . | [ ! . |
7% 5% -25% 0% 2.5% 5% 7% -3% -1.5% 0% 1.5% 3%
Strain Strain
Strain with respect to Pt NP (%)
C, o 1 273 4 5 D
' ' ' ' ' T _- Transition state
-7 / \
—_ _0 - < / \
L1, J 102/ e
= 0 I o~ - — - Associative 3> 0.5 / T \
8‘)' i 7 Dissociative | 5 s 0.60 ‘.
2 o OO Pt(111)slab | & : N
- A 4 PtNP . | OH*
= * Pt GB =
[ i
-10 .
-0l I B R R S
2|5t7-5Pt bond |ezn'§?1 A) 285 Reaction coordinate

Fig. 4. Effect of GB on the catalytic hydrogen oxidation performance. (A) High-resolution
STEM image of a X3 grain boundary between two Pt NPs in Pt NP assembly and its strain
mapping near the grain boundary. (B) Calculated strain distribution in a £3 GB model (formed
between two Ptyo1 NPs). The strain values are referenced to the isolated Ptao1 NP (111) facet. (C)
Calculated hydrogen oxidation rate on Pt (111) slabs with different Pt-Pt bond lengths (circles),
isolated Ptoo: NP (111) facet (triangles), and the £3 GB (pentagons). The associative and
dissociative reaction pathways are marked green and orange, respectively. (D) Calculated
minimum energy path of the rate-determining step in the dissociative pathway: O* + H* > OH*,
on the Ptoor NP (111) facet and the Ptsgz £3 GB. Insets show the corresponding transition states
on NP and GB.

We further quantitatively analyzed the strain field near GBs in the Pt NP assembly from
atomic-resolution STEM images using a geometric phase analysis algorithm.(29) Fig. 4A shows
a tensile strain of up to 7% along the x-axis direction (i.e., the direction normal to {111} planes)
is localized at a £3 (111) GB. Density functional theory (DFT) calculations performed on a £3 GB
model formed between two Pt2o1 NPs confirmed the presence of tensile strain near the 3 GB (Fig.
4B, fig. S17-18). We further studied the two possible Hz oxidation mechanisms over Pt (111)
surface: associative and dissociative pathways (fig. S19).(30) DFT results in Fig. 4C and fig. S19-
20 show that the associative pathway dominates for Pt (111) slabs and Ptao: NP (111) facet, owing
to its lower energy barrier at the rate-determining step (i.e., OOH* formation, 0.38~0.42 eV, Table
S1) than that of the dissociative pathway (O2* dissociation: 0.54~0.72 eV or OH* formation:
0.75~1.02 eV, Table S2). Furthermore, we found a substantial enhancement of the associative H»
oxidation rate due to the tensile strain on Pt (111) surfaces (green circles in Fig. 4C). Such
enhancement was also observed for Pt GB with tensile strain relative to isolated Pt NP (green
pentagon vs triangle in Fig. 4C). More excitingly, we discovered the GB also extensively reduced
the activation barriers of O>* dissociation to merely 0.008 eV (Table S2, fig. S21) and subsequent
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hydrogenation of atomic O* to 0.60 eV (Fig. 4D), greatly accelerating H> oxidation through the
dissociative pathway as well (orange pentagon, Fig. 4C).

This work demonstrates a facile and scalable approach for synthesizing a GB-rich Pt NP
assembly and its practical use as an exceptionally high-performance catalytic hydrogen sensor that
operates at room temperature. Furthermore, given the recently discovered high activities of GBs
for other catalytic reactions such as CO: electroreduction and methane activation,(31-33) this
synthetic approach will be powerful for studying the activity at GBs between NPs because the
crystallite size of the NP precursors is largely retained in the NP-assembly, making the comparison
between the activities with and without GBs straightforward.
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