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Platinum Nanoparticle Loading of Boron Nitride Aerogel
and Its Use as a Novel Material for Low-Power Catalytic

Gas Sensing

Anna Harley-Trochimczyk, Thang Pham, Jiyoung Chang, Ernest Chen, Marcus A. Worsley,

Alex Zettl, William Mickelson, and Roya Maboudian*

A high-surface-area, highly crystalline boron nitride aerogel synthesized

with nonhazardous reactants has been loaded with crystalline platinum
nanoparticles to form a novel nanomaterial that exhibits many advantages for
use in a catalytic gas sensing application. The platinum nanoparticle-loaded
boron nitride aerogel integrated onto a microheater platform allows for calori-
metric propane detection. The boron nitride aerogel exhibits thermal stability
up to 900 °C and supports disperse platinum nanoparticles, with no sintering
observed after 24 h of high-temperature testing. The high thermal conduc-

carbon analogs. For example, h-BN is a
wide band gap insulator (independent of
morphology), yet has high thermal con-
ductivity, high resistance to oxidation,
and the lowest density among non-oxide
ceramics.l*® Having a similar sp%-bonding
configuration to graphite, h-BN can be
synthesized in analogous lower dimen-
sional forms, such as nanotubes (1D)*]
and nanosheets (2D),1% which have high

tivity and low density of the boron nitride aerogel result in an order of mag-
nitude faster response and recovery times (<2 s) than reported on alumina
support and allow for 10% duty cycling of the microheater with no loss in
sensitivity. The resulting 1.5 mW sensor power consumption is two orders of
magnitude less than commercially available catalytic gas sensors and unlocks
the potential for wireless, battery-powered catalytic gas sensing.

1. Introduction

Hexagonal boron nitride (h-BN) is a 2D material that has gen-
erated great interest due to its unique optical, electrical, and
thermal properties.'3] While structurally similar to graphite
and graphene, h-BN has a distinct set of complementary
and, in many cases, advantageous properties compared to its
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specific surface area, among their other
qualities. To exploit the high surface area
of these nanomaterials in a 3D geometry,
there have been efforts to synthesize low
density, high surface area 3D structures
of BN comprised of lower dimensional
nanomaterials.!’~1Y These high surface
area 3D BN materials have been proposed
for hydrogen storage,> '8 hydrocarbon
uptake, 21 and water purification!’:?
due to the enhanced physisorption properties of BN compared
to carbon.?}! In addition to these applications, high surface area
BN is an interesting candidate as a support material for opti-
cally or catalytically active nanoparticles, due to its wide band
gap and chemical inertness. Nanoparticle-loaded boron nitride
has been studied for use in high temperature or harsh environ-
ment catalytic applications in gas?*27l and liquid phases.l?®!
In these previous catalysis-focused works, the porous BN is
of varying crystallinity and specific surface area, and many of
the synthesis processes for the porous BN and the nanoparticle
decoration rely on hazardous liquid precursors and reducing
species. Recently, a novel method for the synthesis of highly
crystalline, high specific surface area, sp?-bonded boron nitride
aerogels using nonhazardous reactants has been developed.!'!!
In this paper, we report the loading of this highly crystalline,
high surface area, mesoporous boron nitride aerogel with well-
dispersed platinum nanoparticles, and as an example of its
utility, we demonstrate low-power, fast, and sensitive catalytic
gas sensing.

To assess the catalytic activity and stability of the Pt nano-
particle-loaded boron nitride aerogel (Pt-BN) presented here,
the aerogel is integrated onto a microheater to form a cata-
lytic gas sensor or micropellistor. Low-power catalytic gas
sensors are in demand for fast leak detection in hydrogen
and hydrocarbon generation, handling, storage, and trans-
port. Early warning of leaks will result in increased safety
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Figure 1. a) TEM of bare boron nitride aerogel. b) High resolution TEM of boron nitride aerogel showing highly crystalline, few layer BN. c) TGA of
boron nitride aerogel?l and graphene aerogel (GA),’! showing improved thermal stability of the BN aerogel.

and environmental protection. Research efforts have focused
on porous alumina supports,?*3! which suffer from low
thermal conductivity, and thin films of catalytic metals, 3032734
which have low active surface area. Boron nitride aerogel
offers enhanced thermal conductivity compared to alumina,
and a high surface area for increased nanoparticle loading in
a constrained volume of the microfabricated sensor. Increased
thermal conductivity of the support allows heat generated
during gas combustion to be efficiently transferred to the
microheater and raise its temperature. Catalytic gas sensing
using the newly developed Pt-BN demonstrates the advantage
of this material.

2. Results and Discussion

2.1. Synthesis and Characterization of Platinum-Loaded Boron
Nitride Aerogel

Boron nitride aerogel acts as an ideal catalyst support due to
its high specific surface area, good thermal stability, and high
thermal conductivity. BN aerogel synthesis follows the pro-
cedure of Rousseas et al.'!l where graphene aerogel (GA) is
converted to boron nitride aerogel through the carbothermic
reduction of boron oxide and concurrent nitridation with
nitrogen gas. The resulting few layer sp>-bonded BN maintains
the microporous structure of the graphene aerogel and has a
high specific surface area (=500 m? g~!). The high specific sur-
face area allows, in principle, for high catalyst nanoparticle
loading while minimizing the mass of the catalyst support.
Furthermore, BN exhibits a high resistance to oxidation at ele-
vated temperature,l!l which is paramount to robust long-term
operation in high temperature catalysis applications. The syn-
thesized BN aerogel also maintains a high degree of crystal-
linity imparted by the graphene aerogel, and in fact, the degree
of crystallinity may increase during the conversion process.!]
The highly crystalline aerogel allows the thermal conductivity
of the h-BN to be preserved better than a porous BN structure
with less order. Hexagonal BN has high thermal conductivity
(=250 W m™! K71),l% especially compared to alumina, the most
common catalyst support (=10 W m™ K7).°) The thermal
conductivity of the BN aerogel allows heat generated during

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

exothermic reactions to be more effectively dissipated. Without
this heat dissipation, hot spots can build up and cause sintering
of the catalytic nanoparticles or damage to the support itself.

The as-synthesized BN aerogel can be seen in Figure la
with a transmission electron microscopy (TEM) image showing
the wrinkled BN sheets displaying features on the tens of
nanometers scale. As seen in the high-resolution TEM image in
Figure 1b, the aerogel is comprised of highly crystalline few-layer
BN. The junctions between BN sheets within the aerogel are
comprised of covalent bonds, which lead to improved thermal
conductivity compared to randomly stacked BN sheets.’®
Thermogravimetric analysis (TGA) of the boron nitride
aerogel compared to the graphene aerogel starting materiall®’]
shows the improved thermal stability, with graphene aerogel
showing a 50% loss in mass by 575 °C, while the boron nitride
aerogel has <1% change in mass during heating up to 900 °C
(Figure 1c).

Noble metals, especially platinum and palladium, have been
widely used for catalysis, especially oxidation reactions that
require high temperatures for appreciable reaction rates.>®!
Platinum nanoparticle size, crystallinity, and interaction with
the support all affect catalytic activity. In this paper, platinum
catalyst loading of the BN aerogel is achieved by immersing the
aerogel in chloroplatinic acid in ethanol, drying, and annealing
in argon at high temperature to form crystalline platinum
nanoparticles (Experimental Section). Optical images of the
boron nitride aerogel before and after platinum loading can be
found in Figure S1 (Supporting Information). From measure-
ment of the aerogel weight before and after platinum loading,
a platinum weight ratio of 45% is calculated. Specific surface
area of the platinum nanoparticle-loaded boron nitride aerogel
is 275 m? g7!. The decrease in the specific surface area from
the bare aerogel is expected since the high loading of platinum
increases the weight without significantly changing the surface
area. Scanning electron microscopy (SEM) images of the Pt-BN
show that the porosity and high surface area of the aerogel, as
seen by TEM, are representative of the entire aerogel structure
and are not diminished after the nanoparticle loading pro-
cess (Figure 2a). In Figure 2b, a TEM image of the platinum
nanoparticle-loaded boron nitride aerogel confirms the pres-
ence of crystalline nanoparticles with average diameter of
17 nm * 6 nm, based on 150 particles (distribution of particle
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Figure 2. a) SEM of BN aerogel after Pt nanoparticle loading showing retained porosity and high surface area. b) TEM of BN aerogel after Pt nanopar-
ticle loading. c) Size distribution of platinum nanoparticles. d) EDAX results confirming presence of B, N, and Pt. €) XRD spectra showing BN (002)
peak and Pt (111), (200), and (220) peaks. f) TEM image of Pt-BN after heating in open-air furnace for 24 h at 500 °C shows no sintering or aggrega-

tion of platinum nanoparticles.

size shown in Figure 2c). Additional TEM images used for
particle analysis can be found in Figure S2 (Supporting
Information).

To determine the chemical composition and physical struc-
ture of the nanoparticles, energy dispersive X-ray spectroscopy
(EDAX) and X-ray diffraction (XRD) are performed. The EDAX
spectra in Figure 2d confirms the presence of Pt, as well as B
and N (the Si peak is from the sample substrate) with no detect-
ible amount of chlorine, suggesting that the platinum salt has
been completely reduced to elemental platinum. No presence
of carbon is detected in the EDAX measurements, suggesting
complete conversion of the graphene aerogel in the formation
of the BN aerogel. The presence of metallic platinum is further
confirmed via XRD in Figure 2e, which shows the characteristic
(111), (200), and (220) peaks of the Pt face-centered cubic struc-
ture, as well as the BN (002) peak. The crystalline nature of the
platinum nanoparticles is also evident in the faceted shapes
observed in the TEM images. The relatively low intensity of the
BN (002) peak in the XRD spectra results from the high loading
of platinum and the low density of the BN aerogel.

Interaction between the Pt nanoparticles and the BN support
is important for maintaining nanoparticle dispersion, especially
during high temperature operation. The Pt-BN reported here
maintains good stability of the nanoparticle size and dispersion
after heating in air at 500 °C for 24 h, as shown in Figure 2f. No
measurable platinum nanoparticle sintering is observed. Anal-
ysis of platinum nanoparticle size and size distribution leads
to an average particle size of 17.6 nm * 5 nm, which is not sta-
tistically different from the Pt-BN before heating (nanoparticle
size distribution and additional TEM images in Figure S3,
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Supporting Information). Prior work has suggested that a
high degree of BN crystallinity led to platinum aggregation
at elevated temperature due to the weaker interaction of the
crystal face of h-BN with Pt compared to the edges or defects.l*"]
Despite having a high degree of crystallinity in the boron nitride
aerogel reported here, the platinum remains well dispersed and
tightly adhered. For the TEM analysis, the Pt-BN is sonicated
in isopropyl alcohol for 30 min before dispensing on a lacey
carbon grid. Despite this, the TEM images show high nanopar-
ticle density on the BN sheets and no free Pt nanoparticles vis-
ible on the lacey carbon, indicating a strong interaction between
the Pt nanoparticles and BN. Partial encapsulation of the nano-
particle within the pores of the BN aerogel or chemical stabili-
zation from defects at the cross-linking sites within the aerogel
may explain the improved platinum dispersion within the BN
aerogel. The mesoporosity of the BN aerogel effectively pre-
vents sintering of the platinum nanoparticles, allowing activity
to be maintained even during high temperature operation.

2.2. Catalytic Gas Sensing Performance

Catalytic gas sensors are prepared by drop casting a suspension
of Pt-BN (or BN) aerogel material onto a low-power microfabri-
cated heater platform (Experimental Section). The microheater
used in this work consists of a polycrystalline silicon (poly-
silicon) trace encapsulated in a thin silicon nitride membrane
and can reach 500 °C with only 15 mW peak power. Details
of the microheater fabrication and characterization have been
published previously.#**!l The cross-sectional schematic of
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Figure 3. a) Schematic of sensor cross-section. Pt-BN is drop cast on top
of microheater platform. When the sensor is exposed to catalytic gas, the
gas reacts with oxygen on the surface of the platinum nanoparticles and
releases heat, which increases the temperature and, correspondingly, the
resistance of the polysilicon microheater. b) Optical images of one micro-
heater before and after Pt-BN deposition. The dotted line on bare the
microheater image indicates where cross-section in (a) would be located.

the fabricated sensor in Figure 3a and the optical images in
Figure 3b show the Pt-BN deposited on the heater area of one
microheater. Sensor testing is performed using propane gas
as a representative combustible gas because it is a commonly
used hydrocarbon in heating, cooking, power generation, oil
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recovery,*>#3 and even refrigeration.***] When the sensor is
exposed to propane gas in air, combustion of propane on the
surface of the platinum nanoparticles releases heat, which
increases the temperature and the resistance of the polysil-
icon microheater, since it has a positive thermal coefficient of
resistance (TCR) (Figure S4, Supporting Information). Sensor
response is reported as (R —Rg)/Ry X 100%, where R, is the
average resistance in air and R is the average resistance during
exposure to a given concentration of propane. Sensor testing is
performed in synthetic air to control the oxygen concentration.
A microheater operating temperature of 500 °C gives the best
sensitivity while remaining in the linear TCR window of the
polysilicon. Because the lower explosive limit of propane in air
is 21 000 ppm or 2.1%,4¢ tests are performed with gas concen-
trations from 5000 to 20 000 ppm. Sensor tests performed with
bare BN showed no response to propane.

The low density and high thermal conductivity of BN enables
superior catalytic gas sensing performance in terms of response
and recovery time and sensor power consumption. The Pt-BN
sensor resistance over time shown in Figure 4a exhibits low
noise and fast response and recovery through range of pro-
pane concentrations tested. Because boron nitride has a high
thermal conductivity, heat generated during propane combus-
tion can be efficiently transferred to the microheater and raise
its temperature. Additionally, the low density and high surface
area means a minimized mass of the support material within
a given volume so less of the heat generated in the exothermic
reaction will go to heating the support. Graphene aerogel has
similar advantages of surface area and thermal conductivity and
performs well for hydrogen sensing,*”! but methane and other
lower alkanes require higher catalyst temperatures for detection
(=500 °C), which is above the long-term thermal stability range
for graphene aerogel (see Figure 1c). Closer analysis of the data
in Figure 4a shows the average time to reach 90% of the full
sensor response (ty) is only 1.35 s for the response and 0.6 s
for the recovery (Figure 4b shows a closer view of the response
and recovery for 15 000 ppm as a sample). In comparison, com-
mercial products and reports from literature using a porous alu-
mina support have shown response times from 10 to 20 s.13047]
The sensor power consumption also benefits from this fast
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Figure 4. a) Pt-BN sensor resistance when exposed to varying propane concentrations showing stable, fast response. b) Sensor response (left) and
recovery (right) shown in close up for 15 000 ppm propane exposure. c) Response of Pt-BN sensor versus propane concentration while heated to
500 °C continuously (squares) and for 100 ms every second (circles), which lowers the overall power consumption to only 1.5 mW.
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Figure 5. a) Normalized response to propane (2% or 20 000 ppm) versus time for Pt-BN sensors (squares), Pt-GA (diamonds), and an evaporated
Pt thin film (triangles), showing the enhanced stability of Pt-BN sensor. AFM images of platinum thin film b) as evaporated (root mean square (RMS)
roughness = 1.62 nm) and c) after 6 h of high temperature testing (RMS roughness = 12.18 nm) showing film agglomeration (Z-range of 100 nm in

both images).

response and recovery, as it makes duty cycling of the micro-
heater possible. Figure 4c shows the sensor response versus
propane concentration for continuous heating and heating
for 100 ms every second, thereby reducing the average power
from 15 to 1.5 mW without compromising response magnitude
or measurement frequency. Single mW power consumption
represents a two order of magnitude reduction from commer-
cially available catalytic gas sensors.*8! Along with minimizing
power requirements, cycling the microheater through various
temperatures can also allow for selective measurement of com-
bustible gases. Each combustible gas has a unique response
curve over a range of temperatures and if this is well character-
ized for a set of gases in a mixture of interest, measurements
collected from the catalytic gas sensor at various temperatures
can be analyzed to give single component response.*’]

Stable, reproducible sensor performance relies both on the
stability of the boron nitride support and the platinum nano-
particles. Previous works using BN as a catalyst support have
suggested that the high thermal conductivity of BN improves
the catalyst lifetime by dissipating heat generated in oxidation
reactions and preventing the buildup of hot spots that can cause
serious nanoparticle sintering.**°% As discussed with Figure 2f,
high temperature treatment of the Pt-BN does not result in an
increase in platinum nanoparticle size over 24 h at 500 °C. To
determine whether this stable Pt nanoparticle size on the BN
aerogel translates to more stable catalyst performance, Pt-BN
sensors were tested for several hours and compared to sensors
fabricated with other forms of Pt. Figure 5a shows the normal-
ized response to 2% (20 000 ppm) propane of Pt-BN sensors
compared to sensors made with platinum nanoparticle-loaded
graphene aerogel (Pt-GA) and an evaporated Pt thin film. It is
evident that the response of the Pt-BN sensor is significantly
more stable than both the Pt-GA and the Pt thin film, with only
a 14% decrease over 18 h of operation compared to a drop of
50% in 2-3 h for the other sensors. Atomic force microscopy
(AFM) of the platinum thin film, shown in Figure 5b,c, reveals
that the film undergoes agglomeration during high tempera-
ture testing. Optical analysis of the Pt-GA after 4 h of testing
shows a loss of material that can be attributed to the graphene
aerogel support burning off.>"
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3. Conclusion

In summary, a high surface area, highly crystalline boron
nitride aerogel synthesized with nonhazardous reactants has
been loaded with crystalline platinum nanoparticles to form a
novel nanomaterial that exhibits many advantages for use in a
catalytic gas sensing application. Platinum nanoparticle-loaded
boron nitride aerogel integrated onto a microheater platform
allows for calorimetric propane detection. Boron nitride aerogel
exhibits thermal stability up to 900 °C and supports disperse
platinum nanoparticles, with no sintering observed after
24 h of high temperature testing. The high thermal conductivity
and low density of the boron nitride aerogel results in an order
of magnitude faster response and recovery times (<2 s) than
reported on alumina support and allows for 10% duty cycling
of the microheater with no loss in sensitivity. The resulting
1.5 mW sensor power consumption is two orders of magni-
tude less than commercially available catalytic gas sensors and
unlocks the potential for wireless, battery-powered catalytic gas
sensing. The approach presented in this paper can be extended
to nanoparticle loading of metals other than platinum, allowing
improved performance for other hydrocarbon sensing.

4. Experimental Section

Pt-BN Synthesis: Details of BN aerogel synthesis can be found
Rousseas et al.l'l In summary, graphene aerogel is converted to BN
aerogel via carbothermic reduction in the presence of B,O3 vapor and N,
gas at high temperature (1600-1800 °C). The as-synthesized BN aerogel
was then infiltrated with solution of acid chloroplatinic (H,PtClg) (Sigma
Aldrich) and ethanol with concentration of 0.5 m. The sample was
annealed in conventional tube furnace under Ar (50 sccm) at 600 °C for
2 h in order to thermally reduce the platinum complex to pure Pt metal.

Pt-BN Characterization: BN and Pt-BN aerogels were dispersed in
isopropanol by sonication and then dropped cast onto lacey carbon
grid for TEM characterization using JOEL 2010 microscope. SEM (FEI
Sirion XL30) with elemental analysis capacity using EDAX was used to
investigate the aerogel morphology and Pt loading. X-ray diffraction
for elemental and structure analysis used an AXS D8 Discover General
Area Detector Diffraction System from Bruker with radiation from a Cu
target (Ko, A = 0.15406 nm). Specific surface area was calculated from
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the nitrogen adsorption isotherm using the Brunauer—Teller—Emmett
method with a Micromeritics ASAP 2420 porosimeter.

Sensor Fabrication: Microheater fabrication is described in full by
Harley-Trochimczyk et al.l* Briefly, a silicon substrate was coated
with silicon-rich low-stress nitride (100 nm), followed by boron-doped
polysilicon (100 nm), which was patterned to form the microheater.
Another silicon nitride layer (100 nm) was deposited and windows were
patterned for the microheater contacts, which were e-beam evaporated
titanium/platinum (10/90 nm). The back side of the wafer was patterned
and etched to expose the silicon substrate, which was etched in KOH
to release the silicon nitride membrane. The Ti/Pt electrodes overlaid
on the microheater, seen in Figure 3b, are not used in this sensor
measurement and are not included in the cross-section in Figure 3a.
One microheater chip (3.5 mm X 3.5 mm) is wire bonded into a 14-pin
cer-dip package for electrical characterization and sensor testing. BN
and Pt-BN aerogels were dispersed in isopropanol by sonication and
drop cast (six drops of 0.6 pL each) onto the microheater chip while
one of the microheaters was powered to 65 °C to promote solvent
evaporation and material deposition at the center of the microheater.

Gas Sensing System: The sensor was placed in a gas flow chamber
(1 mL volume). Gas exposure and signal collection were done using
Labview and an open-source Java-based instrument and control and
measurement software suite, Zephyr.”d Gas tanks of pure nitrogen, pure
oxygen, and 5% propane balanced in nitrogen (Praxair) were controlled
with mass flow controllers (Bronkhurst) and mixed to give the desired
oxygen (21%) and propane concentrations (0%-2%) with a total flow
rate of 300 sccm. For sensor signal collection, a bias voltage was applied
to the microheater and the microheater resistance was measured with a
Keithley 2602 source-meter.

Pt Thin Film Fabrication and Characterization: Silicon dioxide (20 nm)
and platinum (6 nm) were thermally evaporated (Thermionics VE-100
Vacuum Evaporator) onto the microheater chip with one set of wire-bond
pads physically masked. The silicon dioxide prevented the platinum thin
film from creating a shorting path between microheater contacts. The
microheater was wire bonded into the cer-dip package and tested in the
gas sensing system described above. After testing, the microheater chip
was removed from the cer-dip package and atomic force microscopy
was performed (Digital Instruments NanoScope llla, tapping mode) to
characterize the agglomeration of the film.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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