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H2S can causemultiple diseases and poses a great threat to human health. However, the precise detection
of extremely toxic H2S at room temperature is still a great challenge. Here, a facile solvent evaporation
induced aggregating assembly (EIAA) method has been applied for the production of ordered
mesoporous carbon (OMCs) in an acidic THF/H2O solution with high-molecular-weight poly(ethylene
oxide)-b-polystyrene (PEO-b-PS) copolymers as the structure-directing agent, formaldehyde and
resorcinol as carbon precursors. Along with the continuous evaporation of THF from the mixed solution,
cylindrical micelles are formed in the solution and further assemble into highly ordered mesostructure.
The obtained OMCs possesses a two-dimensional (2D) hexagonal mesostructure with uniform and large
pore diameter (�19.2 nm), high surface area (599m2/g), and large pore volume (0.92 cm3/g).When being
used as the resonant cantilever gas sensor for room-temperature H2S detection, the OMCs has delivered
not only a superior gas sensing performancewith ultrafast response (14 s) and recovery (21 s) even at low
concentration (2 ppm) but also an excellent selectivity toward H2S among various common interfering
gases. Moreover, the limit of detection is better than 0.2 ppm, indicating its potential application in
environmental monitoring and health protection.
© 2019 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Hydrogen sulfide (H2S) is a highly toxic, corrosive and
flammable gas with a rotten egg-like smell, which is usually
originated from natural gas exploration, oil and gas industries,
sewage treatment, automobile exhaust gas, as well as the
decomposition of organic compounds [1–4]. Exposure to a low
concentration of H2S may lead to critical health problems such as
nose and eye irritation, olfactory nerve paralysis. At a high
concentration (100 ppm), H2S gas may lead an immediate collapse
with loss of breathing and a high death probability [2,5]. In
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addition, H2S is also responsible for the causation of some diseases
such as Down syn-drome, Parkinson’s disease, Alzheimer’s disease,
etc. [5,6]. Therefore, precision detection and monitoring of trace
H2S (ppm or sub-ppm level) at ambient atmosphere is highly
crucial and desirable [1,7,8]. Up to now, bulky instruments such as
gas chromatography-mass spectrometry (GC–MS) and high-
performance liquid chromatography (HPLC) are generally used
to detect H2S with high-accuracy [1,8]. However, these methods
are tedious, labor-intensive and expensive. Compared with the
above-mentioned instruments, semiconductor-based resistive gas
sensors have been considered as appealing candidates due to the
merits of remarkable sensitivity, small volume, low cost and on
spot operation [9–12]. The sensing mechanism of semiconductor-
based sensors is widely considered to be the change in
conductivity when exposed in specific gas, the adsorbed gas
molecules may cause increase/decrease in the resistance of
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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semiconductors [13–17]. Among diverse semiconducting sensing
materials, semiconducting metal oxides (SMOs, such as WO3, ZnO,
In2O3 and SnO2) have been demonstrated as promising candidates
for H2S sensing due to high sensitivity, fast response/recovery
speed and excellent stability [2,18,19]. However, the working
temperature of SMOs-based sensors was usually high
(150�400 �C) for enhanced sensing performance, which signifi-
cantly increases the energy consumption and the cost of gas
sensors [18–22]. In addition, heating up to high temperature may
also lead to the collapse of rational designedmicrostructure, which
is resulting in degradation of sensing performance [23]. Therefore,
it is highly desired to develop H2S gas sensors operated at room
temperature, in order to enhance the device stability, as well as
minimize the energy consumption and cost.

As a kind of mass-type transducer, resonant microcantilever
transforms adsorption induced mass-change into frequency-shift
sensing signal, which has drawn intensive attention because of the
ultra-high sensitivity, high stability and miniaturized device size
[24–26]. More importantly, the working temperature of resonant
cantilever gas sensor was greatly reduced compared to semicon-
ductor-based resistive gas sensors [27]. According to the working
mechanism of resonant microcantilevers, the development of
sensing materials with interconnected pore structure and abun-
dant active sites is of great importance to enhance the sensing
performance [28]. As an important kind of porous materials,
ordered mesoporous carbon (OMCs) has some extensive advan-
tages such as high surface areas, ordered pore arrangement,
hierarchical pore structure and abundant natural sources [29–38],
which can provide numerous active sites for interaction with H2S
vapor and facilitate the rapid and effective diffusion of gas
molecules. Therefore, OMCs is regarded as promising candidates
for resonant microcantilevers gas sensing materials. To date,
various OMCs were fabricated with different mesostructures and
morphologies [39–44]. However,most of the synthetic routeswere
based on the tedious solvent evaporation induced self-assembly
(EISA) approach by using commercially available surfactants (such
as Pluronic P123, F127) [45–50], which is not favorable for large
scale synthesis and precise control of pore sizes as well as wall
thickness. Consequently, it is of great importance to explore facile
and controllable approaches in solution phase to fabricate OMCs
with well-defined mesostructures to achieve excellent sensing
performance.

Herein, we have developed a simple and facile solvent
evaporation induced aggregating assembly (EIAA) strategy to
synthesize OMCs with uniform and large pore sizes, two-
dimensional (2D) hexagonal mesostructure and excellent pore
interconnectivity, in which laboratory-made water insoluble block
copolymer PEO-b-PS as template, formaldehyde and resorcinol as
carbon precursors, acidic mixture of tetrahydrofuran (THF) and
H2O as reaction medium. In this approach, ordered mesostructure
was self-assembled at the liquid (THF)-liquid (H2O) interface with
the selective evaporation of the THF solvent from THF-rich
solution. The obtained mesostructured composites were carbon-
ized by pyrolysis treatment in N2 atmosphere, resulting in OMCs
with uniform and large mesopore size (19.2 nm), high surface area
(599 m2/g) and large pore volume (0.92 cm3/g). More importantly,
the resultant OMCs was used to fabricate a resonant cantilever gas
sensor which can work at room temperature and exhibit
significantly excellent H2S gas sensing performance with fast
response (14 s) and recovery (21 s), ultralow limit of detection of
0.2 ppm, as well as good selectivity, which contributes to their
good merits of unique porous structure and numerous active sites.
Such a good performance making them be an excellent candidate
as high-performance gas sensors. This facile EIAA approach opens
up new horizons for synthesis of highly ordered mesoporous
materials with different frameworks.
Monomethyl poly(ethylene oxide) (Mw: 5000 g/mol, designed
as PEO5000), 2-bromoisobutyryl bromide, copper(I) bromidewere
purchased from Sigma-Aldrich. N,N,N0,N0,N00-pentamethyl dieth-
ylenetriamine (PMDETA) was purchased from Arcos. Tetrahydro-
furan (THF), Pyridine, ethanol, styrene, anhydrous ethyl ether,
petroleum ether (30� 60 �C), Al2O3, resorcinol, formaldehyde
aqueous solution (37wt%) and hydrochloric acid were purchased
from Sino-Pharm Chemical Reagent Co., Ltd. Chemicals and
solvents in analytical grade were purchased and used as received.

OMCs were prepared through the EIAA approach by using
amphiphilic diblock copolymer PEO-b-PS as the structure directing
agent. In a typical synthesis, PEO-b-PS with high molecular weight
was prepared via atom transfer radical polymerization (ATRP)
approach according to our previous work [51]. This template has a
molecular composition of PEO114-b-PS199 with narrow molecular
weight distribution (polydispersity index, PDI = 1.13) according to
gel permeation chromatography (GPC) and 1H-NMR. In a typical
synthesis of OMCs, PEO-b-PS template (45mg) was first dissolved
in THF (15.0mL) andwater (2.0mL) to form clear solution in a glass
vial under stirring. Meanwhile, resorcinol (0.10 g) was dropwise
added into the above transparent solution under continuous
magnetic stirring. After that, the solution was left to stand for
evaporation of THF at room temperature in air in a hood under
continuous stirring. After stirring at room temperature for 3 h,
formaldehyde aqueous solution (0.14mL) and hydrochloric acid
(0.02mL) were added. The reaction was allowed to proceed under
stirring until the THF solvent was completely evaporated. After
30�40 h, red PEO-b-PS/Resorcinol-formaldehyde (RF) composite
product were precipitated from the solution and collected by
centrifugation, followed by washed with water for three times and
dried in an over at 60 �C. Finally, the OMCs with 2D hexagonal
mesostructure and large pore size were obtained after annealing
under nitrogen at 600 �C for 3 h to remove PEO-b-PS template.

Transmission electron microscopy (TEM) measurements were
carried out on a JEOL 2100 microscope (Japan) operated at 200 kV.
Field-emission scanning electron microscopy (FESEM) images
were obtained on the Hitachi model S-4800 field emission
scanning microscope. Nitrogen adsorption-desorption isotherms
were measured at 77 K with a Micromeritics Tristar 3020 analyzer.
Beforemeasurement, the samples were degassed under vacuum at
180 �C for at least 6 h. The specific surface areawas calculated using
the Brunauer-Emmett-Teller (BET) method using the adsorption
data in a relative pressure (P/P0) range from 0.005 to 0.25. The pore
volume and pore size distribution were calculated by using the
Barrett-Joyner-Halenda (BJH) model from the adsorption branches
of isotherms. The total pore volumes (V) were estimated according
to the adsorbed amount at a relative pressure P/P0 of 0.995. Raman
spectra were recorded using micro-Raman spectroscopy
(Renishaw inVia Reflex, excited by 633 nm He-Ne red laser,
Britain). X-ray photoelectron spectroscopy (XPS, PHI-5000C ESCA)
was collected with Mg Kα [28_TD$DIFF] radiation (hn =1253.6 eV) and Al Kα
radiation (hn = 1486.6 eV). All of the binding energy values were
charge corrected to the adventitious carbon (C 1s = 284.6 eV).

OMCs material (10mg) was dispersed into deionized water
(1.0mL) to form a crude suspension under ultrasonic treatment,
which was used as ink in the following material deposition
experiment. Then, several drops of the obtained ink were printed
on the top-surface of microcantilever by using a commercial GIX II
Microplotter (Sonoplot Inc.). After that, the microcantilever was
dried in an oven at 60 �C for 2 h. For sensing performances
measurement, the as-fabricated sensor was put into a home-made
testing chamber (20 L). And a commercial frequency counter
(Agilent, model 53131A) was connected to the cantilever sensor for
date acquisition. Before gas sensing, the frequency value of
cantilever sensor is recorded as baseline signal. After that, certain
concentration H2S was diluted by injecting certain volume gas into
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the testing chamber with known volume of 20 L. After one-cycle
gas detection, the testing chamber was switching opened to clean
air atmosphere. The above-mentioned measurements were con-
ducted under air atmosphere and room temperature (25 �C). The
sensing response was denoted as Df (the frequency change of
sensors before and after exposing to target gases).

Amphiphilic diblock copolymer PEO114-b-PS199 (molecular
weight 25636 g/mol, polydispersity index 1.13) was synthesized
via an atom transfer radical polymerization (ATRP) approach.
Because of the hydrophobic property of PS segments, PEO-b-PS
templatewas first dissolved in themix solutionwith a high ratio of
THF solvent, which is a good solvent for both PEO and PS segments.
Fig.1 presents the EIAA process for the orderedmesoporous carbon
starting from THF/H2O solution containing the block copolymer
template. With the continuous evaporation of THF at room
temperature, the solvency power of the solution for block
copolymer template decreased sharply because water is the poor
solvent for PS segments, and the good solvent for PEO segments. It
induces the copolymer self-assemble into cylindricalmicelles with
PS block as core surrounded by PEO shells under stirring. After
adding resorcinol, the resorcinol species can interact with PEO
segment via hydrogen bonds to form cylindrical composite
micelles. Then, formaldehyde and hydrochloric acid was intro-
duced, forming cylindrical core-shell micelles with rod-like PS
microdomains covered by PEO/Resorcinol-formaldehyde (RF) resin
composites after the polymerization of resorcinol and formalde-
hyde. With the continuous evaporation of THF, highly ordered 2D
mesoporous structurewas obtained due to the balance of repulsion
force of negatively charged rods and the van der Waals attraction
force (Step 1). As a result, reddish precipitate could be separated
from the solution phase. Such ordered mesostructure can be
subsequently solidified by thermal treatment at 60 �C to increase
cross-linking degree of RF polymer (Step 2). Finally, the OMCs with
2D hexagonal mesostructure and large pore size were obtained
[(Fig._1)TD$FIG]

Fig. 1. Schematic illustration for the synthesis of OMCs via EIAA approach strategy. Step 1
evaporates, and the cylindrical nanocomposites further assemble into an ordered p6mmm
and thermosetting in oven at 60 �C for further solidification. Step 3: Pyrolysis of the comp
OMCs with uniform pore sizes.

[(Fig._2)TD$FIG]

Fig. 2. (a) SAXS patterns of the (1) as-made RF/PEO-b-PS composites and (2) OMCs obt
adsorption�desorption isotherm and (c) the corresponding pore size distribution curve
after pyrolysis under nitrogen at 600 �C for 3 h to remove PEO-b-PS
template (Step 3) [52].

The small-angle X-ray scattering (SAXS) pattern of the as-made
RF/PEO-b-PS composites shows weak scattering peaks (Fig. 2a-1),
it can be attributed to the inadequate mass contrast of organic-
organic frameworks. After pyrolysis at 600 �C under N2 atmo-
sphere, the obtained OMCs displays three well-resolved peaks at q
value of 0.213, 0.541, 0.825 nm�1 (Fig. 2a-2). These peaks can be
indexed as the 100, 110 and 200 reflections of ordered 2D
hexagonal mesostructure with the space group p6mm, implying
that the ordered mesostructure is well retained after calcination.
The unit-cell parameter (a0) is calculated to be as large as 34.1 nm,
indicative of the large unit of mesostructure. Field emission
scanning electron spectroscopy (FESEM) observations of OMCs
after calcination at 600 �C in an inert atmosphere show highly
ordered 2D hexagonal arrays of mesopores over a large domain
viewed from [100] (Fig. 3a) and [110] (Fig. 3b) directions, which
attribute to the removal of amphiphilic diblock copolymer PEO-b-
PS template. The diameter of mesopore is roughly estimated to be
about 21.0 nm from the FESEM image, indicating a large pore size.
The inset image in Fig. 3a indicates regular columnar channel
section. The transmission electronmicroscopy (TEM) images of the
OMCs taken from the [100] (Fig. 3c) and [110] (Fig. 3d) directions
further reveal its well-defined 2D hexagonal (p6mm) symmetry
with a remarkably high regularity, which shows both mesopores
and tubular channels. The mesopore size is measured to be about
22.0 nm, which is well matched with the SEM observations.
Furthermore, the cell parameter of OMCs sample is estimated from
the TEM image to be �32.0 nm, in good agreement with the value
calculated from SAXS information. The above-mentioned results
show that ordered mesostructure was formed via the [29_TD$DIFF]EISA process
of PEO-b-PS template with polymer (RF) species into cylindrical
micelles. And highly ordered OMCs was obtained after thermal
treatment process, indicating a good thermal stability.
: The co-assembly of PEO-b-PS and RF resin into cylindrical micelles as THF solution
esostructure. Step 2: The compositemicelles precipitate from the residual solution,

ositeswith 2D hexagonalmesostructure under N2 atmosphere at 600 �C, resulting in

ained after pyrolysis at 600 �C, patterns are vertically offset for clarity. (b) Nitrogen
of the obtained OMCs. (d) XPS spectra of the obtained OMCs in the vicinity of C 1s.
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Fig. 3. FESEM (a, b) and TEM (c, d) images of OMCs obtained after pyrolysis at 600 �C taken along the directions of [100] (a, c) and [110] (b, d).
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The N2 adsorption–desorption isotherms of the OMCs after
pyrolysis at 600 �C in N2 showcharacteristic type IV curveswith H1
hysteresis loop with a distinct capillary condensation step at
relative pressure (P/P0) of 0.84-0.93 (Fig. 2b), indicating a highly
uniform 2D hexagonal mesostructure with large pore size. The
pore size distribution profiles derived from the adsorption branch
of the isotherms calculated by using Barrett-Joyner-Halenda (BJH)
model indicates that the OMCs has a large and uniform pore size of
19.2 nm (Fig. 2c), mainly due to the removal of large hydrophobic
PS segments in PEO-b-PS template. Taking the cell parameter of
OMCs (a0 = 34.1 nm) derived from SAXS data into account, the pore
wall thickness of OMCs is calculated to be about 14.9 nm. The
specific surface area and total pore volume of the OMCs are
calculated to be 599 m2/g and 0.92m3/g, respectively. The well-
connected mesoporous structure with large pore sizes and high
specific surface areas could greatly facilitate the diffusion of gas
molecules and provide abundant active sites, which makes OMCs
promising candidates for gas sensing, energy storage and
conversion, as well as catalysis. More detailed information on
the chemical state of the elements was obtained from the X-ray
photoelectron spectroscopy (XPS) measurement. The XPS spec-
trum of C 1s region consists of three peaks centering at 284.8 eV,
286.6 eV, and 289.1 eV (Fig. 2d), which can be ascribed to
graphitic carbon (C��C), C in C��OH and C in C¼O, respectively.
The XPS spectrum of O 1s region consists of three peaks centering
at 533.8 eV, 535 eV and 536.6 eV (Fig. S2 in Supporting
information), which can be ascribed to C��O, O adsorbed on

[(Fig._4)TD$FIG]

Fig. 4. (a) SEM image of the resonant microcantilever sensor, where the OMCs sensi
gravimetric sensing curve of the obtained OMCs to H2S of various (0.2�32 ppm) concentr
bewellfitted as a function of the Langmuir equation. (d) Resonant-gravimetric sensing cu
with identical concentration of 3 ppm. (f) Selectivity of the as-fabricated resonant-gravim
the surface, and O in C¼O, respectively. Oxygen atoms contribute
to better adsorption of H2S [53]. Raman spectroscopy can be used
to characterize G and D bands of the obtained OMCs, and the
intensity ratio of D band to G band (ID/IG) is usually recognized to
reflect the defects and disorder degree of the graphitized structure.
The Raman spectra of OMCs in Fig. S1 (Supporting information)
display the D band at 1350 cm�1 and G band at 1598 cm�1,
respectively. The intensity ratio (ID/IG) for this sample is 0.80,
which represents a high degree of graphitization.

Up to now, very fewwork synthesized OMCswith large pores in
acid solution phase, which are beneficial for mass production and
desirable in practical applications. Consequently, the development
of our facile and simple solution phase synthesis strategies is of
great importance. Such accurately designed synthetic strategy also
pave a new way toward the construction of ordered mesoporous
materials with diverse frameworks. In addition, encouraged by the
unique structure of the obtained OMCs such as efficient gas
diffusion channel, highly ordered and interconnected pore
structure, high specific surface area, we further fabricated
OMCs-based H2S gas sensing sensors to investigate their potential
application in gas detection field. In this work, inkjet printing
method was applied in the laboratory to fabricate OMCs-based
resonant microcantilever H2S gas sensor. SEM image of the as-
prepared mass-type sensor in Fig. 4a clearly indicated that OMCs
was precisely loaded onto its free-end.

The fabricated sensor was put inside a chamber for gas sensing
measurements at room temperature (25 �C). For H2S gas sensing
ng material is inkjet deposited onto the free-end of the cantilever. (b) Resonant-
ations. (c) Relationship between H2S concentration and sensing response, which can
rve of the obtained OMCs to 2 ppmH2S. (e) Repeatable detection of the sensor to H2S
etric sensor to H2S and various interfering gaseswith identical 2 ppm concentration.
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measurements, H2S-contained gas was injected into the test
chamber at room temperature while the mass addition (Dm) of
OMCs material was real-time measured, attribute to H2S adsorp-
tion. It should be noted that Dm leads the frequency-shift (Df) of
the sensor drops proportionally due to the relationship ofDf/Dm.
The H2S sensing performance of the OMCs based microcantilever
sensor was measured and summarized in Fig. 4. The typical sensor
response curve in Fig. 4b displays frequency change of the sensor
towardH2S concentrations in the range of 200 ppb to 32 ppm. Each
sensing cycle for specific concentration was completed within
2min, exhibiting both fast response and quick recovery of the
sensor. As shown in Fig. 4b, with the increase of H2S concentration,
the response values of the OMCs-based sensor increased accord-
ingly. In addition, the sensor outputs a response (Df) of 0.42 Hz to
200 ppb of H2S, which is 16 times higher than the noise level of
�0.025 Hz. Obviously, the experimentally observed limit of
detection (LOD) of the sensor in this study is much better than
200 ppb. The performance of mesoporous carbon FDU-15 tem-
plated from Pluronic copolymers under the same conditions is
shown in Fig. S3 (Supporting information). The response values are
much lower than our OMCs, showing poor sensitivity, may
attribute to the smaller pore size. As shown in Fig. 4c, the
relationship between Df and H2S concentration that is derived
from the above-mentioned sensing curve can be well fitted with
Langmuir theory and the Langmuir equation is [30_TD$DIFF]S = 0.4169C/
(1 + 0.11C), where S and C respectively denote sensing response
and H2S concentration.

The response and recovery behaviors are crucial to evaluate the
sensing performance of materials. The response time is defined as
the time required from initial state to [31_TD$DIFF]90% of the maximum
response after the sensor exposed toH2S gas, and the recovery time
is defined as [31_TD$DIFF]90% of the total time required from maximum
response to baseline, respectively. The OMCs based sensor exhibits
a fast response of 14 s upon exposure to 2 ppm H2S and quick
recovery of 21 swhenH2S gaswas removed (Fig. 4d).Moreover, the
repeatability of the OMCs-based sensor to H2S is also investigated.
As shown in Fig. 4e, the detection to 3 ppm H2S are repeated for 4
times. The frequency-drop (Df) values of the sensor are obtained as
0.91 Hz, 0.93 Hz, 0.96 Hz and 0.95 Hz, respectively. The relative
standard deviation (RSD) is calculated to be [32_TD$DIFF]1.9%, which represents
a good repeatable detection capability. These results indicate that
our OMCs-based sensor exhibits very competitive performance
compared with the previously reported H2S sensors [53–67]
(Table S1 in Supporting information), including high sensitivity,
satisfied detection limit, as well as ultrafast response and recovery
speed. Notably, all of the above-mentioned good sensing proper-
ties are achieved at room temperature, which can significantly
increase sensor stability and lifetime, as well as reduce the cost of
gas sensor. The satisfied sensing properties of the OMCs-based
sensor are attributed as follows: (1) The high specific surface area
of OMCs can provide abundant active sites in the solid-gas
interfaces, which greatly facilitate the adsorption of a large amount
of H2S molecules; (2) The uniform, large and well-connected
mesopores are able to efficiently boost themass transfer during the
sensing process. Therefore, it can be concluded that the unique
nanostructure of our OMCs could maximize the comprehensive
sensing performance, which might have great potential for
environmental monitoring and health protection. The selectivity
is also a crucial parameter of gas sensors for their practical
application. In this work, the responses of OMCs-based sensor to
multiple interfering gas sources (2 ppm), including nitrogen
monoxide, nitrogen dioxide, ammonia, ethanol, methanol were
measured for comparison with H2S gas (2 ppm) at room
temperature. As shown in Fig. 4f, our OMCs-based sensor displays
much higher response to H2S than that of the selected interfering
gases, thus showing promising potential for practical
applications. The good selectivity of our OMCs-based sensor to
H2S target gas can be attributed to the strong and specific
interaction between porous carbon and H2S molecules as
reported in literatures [68–70].

In summary, we have developed a facile and novel EIAA
approach for the construction of OMCs with 2D hexagonal pore
arrangement, improved pore connectivity and uniform pore size. It
was accomplished in the acidic THF/H2O mixture by using high
molecular-weight PEO-b-PS copolymers as a template, formalde-
hyde and resorcinol as carbon precursors. The continuous
evaporation of THF in this system is critical, which can enable
the self-assembly on the THF-H2O interface. The specific surface
areas, pore diameter and pore volume of as-prepared OMCs are as
high as 599m2/g, 19.2 nm and 0.92 cm3/g. The interconnected
mesoporous structure and abundant active sites endow the
obtained OMCs-based sensor with fast response (14 s) and
recovery (21 s) dynamics, ultra-high sensitivity (0.2 ppm), as well
as excellent selectivity for H2S sensing at room temperature. Based
on the above-mentioned results, the as-prepared OMCs hold a
great promise for development of high-performance gas sensors
for various applications such as environmental monitoring and
health protection. Furthermore, this simple but versatile EIAA
strategy is expected to be extended to fabricate highly ordered
mesoporous materials with various skeleton composition.
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