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ABSTRACT: Boron-doped and defect-engineered graphene a)  1500°C
. . b)  1750°C
aerogels are prepared using triphenyl boron as a boron O 2000°C

precursor and subsequent heat treatments. The boron ab) B-Doped GA

chemistry and concentration in the graphene lattice are BPh;-GA o) Defect-Engineered GA
found to be highly dependent on the temperature used to

activate boron. At 1500 °C, boron is incorporated at 3.2 atom ‘ ‘

% through a combination of B—C, B—N, and B—O bonds. At O ‘ O ‘

1750 °C, the boron concentration decreases to 0.7 atom %

and is predominantly incorporated through B—N bonding. ‘ “ ‘
Higher temperatures result in complete expulsion of boron “O OO‘O

from the lattice, leaving behind defects that are found to be 1500°C
beneficial for NO, gas detection. The gas sensing properties

are explored to gain insight into the impact of boron chemistry on the sensing performance. A highly sensitive and selective
conductometric NO, sensor is fabricated on a low-power microheater. Defect-engineered graphene aerogels with no boron
remaining have superior gas detection properties. At an optimum sensing temperature of 240 °C, the defect-engineered aerogel
has a theoretical detection limit of 7 ppb for NO, and response and recovery times of 100 and 300 s, respectively, with excellent
selectivity over ammonia and hydrogen. The superior gas sensing performance of defect-engineered graphene aerogels has
remarkable implications for their performance in catalysis and energy storage applications.
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1. INTRODUCTION

Graphene aerogels are an important class of materials made of
2D graphene sheets covalently cross-linked into a 3D structure.
These multifunctional materials have low densities and high
surface areas and largely retain the extraordinary electrical and
thermal properties of their graphene building block.'™ The
excitement surrounding the potential applications of graphene
in supercapacitor and battery electrodes, hydrogen storage,
chemical sensing, and water treatment is mirrored in the field
of graphene aerogels.””"" However, modification of graphene
aerogels is necessary to improve their performance for
mainstream applications.

Many approaches can be used to alter graphene’s electronic
structure, with doping being a popular strategy to enhance the
electronic and catalytic properties of graphitic materials.'>~"°
Two common dopants for graphene are boron and nitrogen
due to their similar atomic radii to carbon and ease of
substitution. Several theoretical studies report that boron
doping of graphene results in improvements in battery,
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supercapacitor, hydrogen storage, and gas sensing perform-
ances.'”'”'® Not only does the introduction of heteroatoms
play a beneficial role, but the introduction of additional defects
into the highly crystalline lattice can also be favorable. These
two chemical modifications can be particularly advantageous to
the performance for molecular gas detection. Theoretical work
indicates that boron-doped graphene and defective graphene
have superior potential for NO, detection due to enhanced
adsorption energies and charge transfer from the graphene to
NO,."® Experimental work on single layer boron-doped
graphene supports these predictions.'” These promising
findings have led researchers to explore doping methods in
graphene aerogels.

A large body of research has explored self-assembly methods
of graphene oxide (GO) composites by incorporating
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Figure 1. (a) Synthesis of BPh;—GAs using infiltration and heat treatment. (b, ¢) SEM and TEM image, with inset diffraction pattern, of BPh;—GA

heated to 2000 °C, respectively.

functional molecules into the synthesis.”’">* While several
studies have used boron and nitrogen incorporation in order to
enhance the performance of graphene aerogels for various
applications, low temperatures are employed resulting in boron
containing functional groups and incomplete reduction of
graphene oxide to graphene.'””*™** Graphene aerogels are
particularly attractive for gas sensing applications due to their
high surface area that facilitates the adsorption of a large
quantity of gas molecules, resulting in a highly sensitive sensor.
Modifications to graphene aerogels for sensing have been
largely limited to the introduction of active sensing materials
into the high surface area structure of the aerogel, such as
nanoparticles or other 2D materials.””~>'

In this work, we use temperatures as high as 2000 °C with
the aim of synthesizing graphene aerogels containing sp>
bonded boron dopants and extensively characterize the
material to validate the sp?-bonded nature of boron. The
temperatures used in this study are also selected for the
controlled formation of additional defects. The evolution of
boron chemistry with temperature is studied, and the effects of
the evolving boron chemistries on the gas sensing properties
are investigated in order to fabricate an optimized NO, gas
sensor using only graphene aerogels as a sensing material. To
our knowledge this is the first report of doping and thermal
dopant ejection to synthesize defect-engineered graphene
aerogels and one of the early reports on the intentional
formation of defects within graphene aerogels.*”

2. EXPERIMENTAL SECTION

2.1. Aerogel Synthesis. Synthesis of Graphene Aerogels.
Control graphene aerogels are synthesued using a base-
catalyzed synthesis reported previously.” Briefly, a 20 mg/mL
solution of GO in water is sonicated, and a 1:6 by volume
NH,OH:H,0 is added to catalyze the gelation. Gelation is
carried out over 3 days at 80 °C. After gelation, the solvent in
the hydrogel is removed using supercritical carbon dioxide to
yield a graphene oxide aerogel. Thermal reduction is achieved

by treatment at 1050 °C in Ar and subsequent treatment at
either 1500, 1750, or 2000 °C to yield control graphene
aerogels (GA).

Synthesis of BPh;—GA Samples. Control graphene aerogels
reduced at 1050 °C are immersed in a solution of 0.25 M
triphenyl borane (BPh;) in THF under argon protection
overnight. The solution is evaporated, and the BPh;-infiltrated
GA is annealed at either 1500, 1750, or 2000 °C in He to yield
BPh;—GA samples.

2.2. Gas Sensing. Sensor Fabrication. The microheater is
fabricated according to the process in a previous report.’ A
silicon substrate is coated with silicon-rich, low-stress silicon
nitride (100 nm) followed by the deposition of phosphorus-
doped polysilicon (100 nm), which is patterned using
photolithography to form the microheater. Another silicon
nitride layer (100 nm) is deposited and patterned for the
microheater contacts, which are electron-beam-evaporated Ti/
Pt (10/90 nm). The back side of the wafer is patterned and
etched using KOH to release the silicon nitride membrane.
The Ti/Pt electrodes overlaid on the silicon nitride membrane
are used as electrodes for conductometric sensing. The chip is
wire bonded into a 14-pin ceramic dual inline package for
electrical characterization and sensor testing. Conductometric
gas sensors are prepared by integrating a BPh;—GA onto the
low-power microfabricated heater platform. The aerogel is
sonicated into suspension in isopropyl alcohol (0.5 mg/mL). A
1 uL drop (five drops of 0.2 uL each) is placed onto the
microheater chip, while the microheater is heated to 100 °C
and maintained there for 3 h to promote solvent evaporation
and material deposition at the center of the microheater.

Sensing Testing. For sensor testing, the sensor is placed in a
gas flow chamber (~1 cm® volume). Gas exposure and signal
collection are controlled using Labview and an open-source
Java-based instrument and control and measurement software
suite, Zephyr. Different gas streams are controlled with mass
flow controllers (Bronkhurst) to give the desired gas
concentration with a total flow rate of 300 sccm. For sensor
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Figure 2. (a, b) N, adsorption—desorption isotherms and pore size distribution for BPh;—GA heated to 2000 °C, respectively.

signal collection, a bias voltage is applied to the sensing
electrodes, and the sensor’s resistance is measured with a
Keithley 2602A source-meter.

3. RESULTS AND DISCUSSION

3.1. BPh;—GA Synthesis and Characterization. BPh; is
selected as a doping precursor due to the similarities in the
structure to the desired substitutional doping product. As
shown in Figure la, after synthesis of a graphene aerogel, it is
submerged in a solution of triphenyl borane and allowed to
dry. The infiltrated aerogel is then fired at 1500, 1750, or 2000
°C to provide enough thermal energy to drive boron into the
graphene lattice. The resulting changes in morphology, boron
chemistries, concentrations, and sensing performance to NO,
are monitored.

The morphology of BPh;—GA is characterized using
scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) to probe possible structural
changes at the micro- and nanoscale. In Figure 1b, a
representative SEM image of a BPh;—GA fired at 2000 °C is
shown. The morphology after infiltration is unchanged, and the
open porous structure is maintained. This retention of
morphology is independent of temperature used for firing
(Figure S1). TEM analysis shows the traditional wrinkled
structure characteristic of graphene aerogels (Figure 1c) with a
hexagonal diffraction pattern (inset) and lattice spacing of 0.39
nm, close to the ideal spacing for graphene (0.33 nm). The
BPh;—GA samples fired at 1500, 1750, and 2000 °C have
similar 3D and wrinkled morphology, and no flattening on the
scale of around 20 nm is observed with increasing annealing
temperature, consistent with previous reports3 (Figure S2).
Overall, no change in morphology at the nanoscale or
microscale is observed as a function of annealing temperature.

High surface area and porosity are important properties of
graphene aerogels and vital to many of their functionalities.
The nitrogen adsorption/desorption isotherm for a 2000 °C
fired BPh;—GA is shown in Figure 2a displaying a type-IV
hysteresis loop (IUPAC definition) typical of mesoporous
materials. The calculated BET surface area for BPh;—GA fired
at 2000 °C is about 160 m?/ g, which is smaller than control
graphene aerogels (~1000 m*/g). The reduced surface area is
likely due to surface tension effects during THF evaporation
after infiltration of BPh;. While there is a decrease in the

surface area as a result of the BPh;—GA, the resulting aerogel
still possesses a high surface area and pore volume sufficient for
many applications. The pore size distribution shown in Figure
2b has a strong peak at about 3.5 nm and a tail into the larger
pore regime reflecting the large surface area of the BPh;—GA.

In order to characterize crystallinity, boron concentration,
and boron chemistries in the graphene aerogel after the firing
process, Raman spectroscopy, X-ray photoelectron spectros-
copy (XPS), and X-ray absorption spectroscopy (XAS) are
utilized. Raman spectroscopy is a powerful tool to study
graphene and gives insight into the crystallinity and defect
concentration in the material. The Raman spectrum of
graphene has a G peak corresponding to the in-plane E,,
phonon around 1590 cm™}, a second-order two-phonon mode
identified as the 2D peak at 2700 cm™, and a D peak due to
defects in the material at 1350 cm™". The ratio of the intensity
of the D peak to the G peak (Ip/I;) is a common metric for
evaluating the quality of graphene. Introduction of a
heteroatom into the lattice would increase the D to G ratio,
and it has been used as an indicator of doping levels.*® Figures
3 a b contain the Raman spectra of BPh;—GA and GA
samples, fired at various temperatures. For GA samples, a
decrease in Ip/I; and sharpening of the G peak is observed
with increased firing temperature. These trends and Ip/Ig
values measured are in agreement with previous work.” This
behavior is mirrored in BPh;—GA samples, but the Ip/I; is
increased at all heat treatments when compared to GA
samples. At 1500 and 1750 °C firing temperatures, Ip/I; in
BPh;—GA increases by 21% and 14% relative to the control,
respectively. The largest increase occurs at 2000 °C for which
the BPh;—GA has a Ip/I; 58% larger than the control,
indicating that there is an increased number of defects after
BPh; treatment.

In order to determine if the increased defects in the BPh;—
GA samples are due to incorporation of boron, XPS and XAS
are performed. Boron 1s XPS spectra for aerogels fired at 1500,
1750, and 2000 °C are shown in Figure 3c. A clear trend is
present in the atomic concentration of boron incorporated. At
1500 °C, boron is incorporated at 3.2 atom %; after firing at
1750 °C the boron level drops to 0.7%; and after the 2000 °C
treatment no detectable boron remains in the lattice.
Importantly, bonds that incorporate boron into the material
vary with temperature. After firing at 1500 °C, boron is
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Figure 3. (2, b) Raman spectra of BPh;—GAs and GAs fired at increasing temperatures, respectively. (c) B 1s XPS spectra of BPh;—GAs fired at
increasing temperatures. (d) XAS spectra for BPh;—GAs fired at increased temperature. Spectra normalized and offset for clarity.

incorporated through B,0; BC,0, BN, BC,N/BN,C, BC;
and B—B bonds indicated by peaks at 192.9, 191.5, 190.1,
188.8, 187.4, and 185.6 €V, respectively. Given that graphene
oxide is used as a precursor, the presence of boron and oxygen
bonding is not surprising. However, no nitrogen source is used
in the BPh;—GA samples that is not present in the control,
making B—N bonding unexpected. BN is known to be a
thermodynamically favorable phase, and the source of nitrogen
in this case is likely due to nitrogen in the air present in the
aerogel pores.’* At 1750 °C there is a change in the boron
chemistry, and B—N is the predominant source of boron
incorporation. Aerogels fired at 2000 °C have no detectable
boron which we attribute to boron being annealed out and
expelled from the lattice at such high temperatures through a
self-healing mechanism.””*® Changes in boron chemistries are
summarized in Table S1. Additionally, at such low doping
levels no change in the carbon spectrum is visible (Figure S3).

As a highly sensitive tool to characterize the element-specific
local bonding environment, XAS is used to determine if boron
is incorporated into the lattice of the BPh;—GA samples
through sp? bonds or simply resides within a functional group
on the surface through sp® bonds. The boron XAS spectrum is
shown in Figure 3d. Two important features appear at 191.7
and 193.6 eV; these arise from sp>-hybridized boron bonded to
nitrogen and oxygen, respectively. Comparison of the B, C, and
N spectra against previous studies confirms the incorporation
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of B and N as dopants, rather than forming isolated regions of
B,C or hBN (Figure $4).°”* At 1500 °C, the B—N 7* peak at
191.7 eV dominates, but a smaller feature is also observed at
190.5 eV, which is attributed to substitutional doping of boron
in an sp>hybridized, B—C; environment.*® Additionally, a
small peak at 193.6 €V is present due to the oxidized species on
the surface. Aerogels fired at 1750 °C have a similar dominant
peak at 191.7 eV, but there is a decrease in the relative
intensity of the B—C; features, in agreement with XPS data.
There is also an increase in surface oxide species, as the
oxidized boron peak increases in prominence. The BPh;—GA
sample fired at 2000 °C displays dramatically reduced signal
strength, and consequently no clear structure can be resolved.

Each method provides complementary information in
providing a clear picture of the evolution of boron
incorporation with annealing temperature. The BPh;—GA
samples fired at 1500 °C have boron incorporation through
similar levels of B—N and B—C bonding, with additional
oxidized boron. Aerogels fired at 1750 °C have an overall
decreased level of boron incorporated, and the incorporation is
predominantly through B—N bonds. Importantly, boron is
bound in the material through substitutional doping via sp*
bonds as opposed to boron functional groups on the surface.
Finally, the BPh;—GA samples treated at 2000 °C contain no
detectable boron. However, Raman spectroscopy indicates that
this material has an increased density of defects. These defects
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can serve as active sites for catalysis and gas sensing and
provide a route toward defect-engineering of graphene
aerogels.

3.2. Gas Sensing Performance. The gas sensing
properties of aerogels with different boron chemistries are
explored by preparing aerogels on a low-power microheater
chip shown in Figure 4a. A microheater chip (3.5 X 3.5 mm?)
contains four microheater sensors, with each sensor having
four electrical contacts, two for the microheater leads and two
for electrical probing of the sensing layer (Figure 4b). Taking
the 2000 °C BPh;—GA sample as an example, nearly linear
current vs voltage behavior of the BPh;—GA sensor suggests an
ohmic contact between the aerogel and sensor electrode
(Figure 4c). Figures 4d—g and Table S2 show the responses of
GA and BPh;—GA sensors to different concentrations of NO,
at room temperature (20 °C) for S min duration pulses. There
is a clear change in the sensing performance for BPh;—GA
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materials fired at different temperatures. The resistance of all
sensors decreases upon exposure to NO, gas, demonstrating a
p-type behavior, in agreement with experimental and
theoretical findings of NO, on graphene.zg’39 Notably, the
GA is unable to detect NO, concentrations below 0.5 ppm and
has a response of 2.6% to 2 ppm of NO,. The sensors based on
BPh;—GA annealed at 1500 °C have an enhanced detection
limit and respond to concentrations as low as 0.0S ppm of NO,
with the same signal response to 2 ppm of NO, as the control.
The sensors based on 1750 °C BPh;—GA have a detection
limit the same as the control but have an enhanced response to
2 ppm of NO, with a 4.6% change in resistance. Lastly, the
sensors based on BPh;—GA annealed at 2000 °C detect NO,
concentrations of 0.05 ppm, a factor of 10 enhancement with
respect to the control. Additionally, the response of the
material is improved threefold and has an 8% change in
resistance to 2 ppm of NO,. The changes in sensing
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performance may be attributed to the distinct boron
chemistries or defects left behind as a result of BPh, treatment.
Boron incorporated through substitutional doping via B—C;
bonds yields active sites for NO, adsorption.'® Thus, the 1500
°C BPh;—GA, which contains 23% B incorporation through
B—C; bonds and 33% through B—Nj;, has a decreased
detection limit. Boron incorporation through B—N bonds is
not thought to be beneficial to sensing performance, and the
effect of BC,N/BN,C is unknown. Therefore, the predominant
B incorporation through 53% B—N bonds in the 1750 °C
BPh;—GA is not contributing to sensing, and the detection
limit is not enhanced. The BPh;—GA treated at 2000 °C has
no detectable boron but rather an increased density of defects
left behind due to boron expulsion from the lattice. These
defects are active sites for NO, adsorption and contribute to
the sensing behavior of the material, making defect-engineered
aerogels excellent NO, sensors. Due to the enhanced detection
limit and sensitivity of defect-engineered BPh;—GA, the
sensors based on 2000 °C BPh;—GA are further characterized.

The effect of heater temperature on the 2000 °C BPh;—GA
sensor is reported in Figure S. Figure Sa displays the response
of the sensor during exposure to 2 ppm of NO, for 3 cycles,
with the temperature of the chip ranging from 70 to 280 °C.
When exposed to 2 ppm of NO, flow, the percentage response
decreases after repeating the three sensing cycles, for all
temperatures, while the percentage recovery increases with
increased temperature (Figure Sb,c). Due to the high binding
energy of NO, on the defect-engineered GA, the binding sites
become tightly occupied by NO, molecules after adsorption.
At lower temperatures, the thermal energy is insufficient to
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overcome the activation energy for NO, desorption. Therefore,
as the adsorption/desorption cycles are repeated, the initial
resistance is reduced as a result of nonrecoverable response.
Additionally, as the temperature increases from 70 to 240 °C,
the percentage response of the sensor increases, and the
recovery characteristics improve. This is due to the high
temperature accelerating the adsorption and desorption of
NO, gas molecules on the aerogel surface. However, in the
temperature range of 240—280 °C, both the response and
recovery changes are slight, with response time around 100 s
and recovery time around 300 s. Considering the response and
recovery characteristics to NO, and the power consumption of
the device, a sensor temperature of 240 °C is considered the
optimum operating temperature, and further tests are taken at
this sensing temperature.

The 2000 °C BPh;—GA sensor response to varied
concentrations of NO, from 0.05 to 2 ppm at 240 °C is
shown in Figures 6a and 6b. The sensor response is clearly
detectable at extremely low concentrations of 50 ppb and
exhibits minimal noise. Although the minimum NO, delivery
concentration is SO ppb due to limitations with the
experimental setup, the detection limit of the BPh;—GA
sensor based on the signal-to-noise ratio of 3 is estimated at 7
ppb.*® Additionally, the sensor has fast response and recovery
times for all NO, concentrations between 90 and 120 and 300
s, respectively.

The most remarkable benefit of defect engineering is the
improved selectivity to NO,, compared to the GA. As shown
in Figure 6¢, the 2000 °C BPh;—GA sensor shows excellent
selectivity to NO, at a much lower concentration (2 ppm),
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with a weak response to higher concentrations of NH; and H,.
In contrast, the GA sensor does not exhibit such high
selectivity as it responds to H,, NH;, and NO,, with the
highest response percentage to 2000 ppm of H, at 240 °C
(Figure 6d). Based on first-principles calculations, the
introduction of defects into the aerogel results in a binding
affinity for NO, 12 and 6 times larger than for NH; and H,,
respectively, resulting in more favorable adsorption and
selectivity for NO, than other gases.'®"'

4. CONCLUSION

In conclusion, boron-doped and defect-engineered graphene
aerogels are synthesized using triphenyl borane as a precursor
and subsequent heat treatments. High-temperature firing at
1500 and 1750 °C yields boron-doped graphene aerogels, and
firing at 2000 °C produces graphene aerogels with enhanced
defects. Conductometric gas sensors are fabricated using B-
doped and defect-engineered aerogels as the active sensing
material. While all aerogels have superior gas sensing
performance to NO, compared to control graphene aerogels,
defect-engineered aerogels have the greatest performance
enhancement. At an optimum sensing temperature of 240
°C, the defect-engineered aerogel has a theoretical detection
limit of 7 ppb and response and recovery times of 100 and 300
s, respectively, with remarkable selectivity for NO, over
ammonia and hydrogen. Defect-engineered aerogels are
expected to have enhanced performance for numerous other
applications including catalysis due to the increased number of
active sites.
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