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Sheet-on-sheet architectural assembly
of MOF/graphene for high-stability
NO sensing at room temperature†

Yanwei Chang,ab Jingxing Zhang,ab Ruofei Lu,ab Weiran Li,ab Yuchen Feng,c

Yixun Gao, ab Haihong Yang,d Fengnan Wang,d Hao Li, ab Yi-Kuen Lee,ef

Patrick J. French,g Ahmad M. Umar Siddiqui,h Yao Wang *ab and Guofu Zhouab

Fractional exhaled nitric oxide (FeNO) can be used to describe inflammatory processes in the respiratory

tract. Directly detecting ppb-level nitric oxide (NO) with chemiresistive sensors at room temperature

faces the challenges of simultaneously obtaining high sensitivity and high stability for sensors. We aimed

to improve the stability and sensitivity of NO sensors. We assembled sheet-like porphyrin-based MOF

DLS-2D-Co-TCPP(Fe) with 5-aminonaphthalene-1-sulfonic acid–rGO (ANS–rGO) nanosheets through

coordination interactions. In this way, we offered a room-temperature NO-sensing hybrid, DLS-2D-

Co-TCPP(Fe)/ANS–rGO, with a sheet-on-sheet (SOS) architectural heterojunction. The DLS-2D-Co-

TCPP(Fe)/ANS–rGO-based sensor demonstrated superior NO-sensing performance, including high

sensitivity (Ra/Rg = 1.33, 250 ppb), reliable repeatability, high selectivity, and fast response/recovery

(150 s/185 s, 1 ppm) at a sensing concentration from 100 ppb to 10 ppm at room temperature. The

obtained sensor showed high stability, retaining 485% of its initial response after 60 days. Designing

NO-responsive Fe–N4 active units containing MOF nanosheets, along with constructing a heterojunction

with an SOS architecture to facilitate carrier migration, collaboratively dominated the superior perfor-

mance of synthesized NO sensors. This work provides a strategy for designing SOS architectural hetero-

junctions to obtain high-performance MOF-based gas-sensing materials.

Introduction

Nitric oxide (NO) is an important biological signaling molecule
produced endogenously by the human-body metabolism.1,2

Fractional exhaled nitric oxide (FeNO) o100 ppb denotes air-
way inflammation, which could be adopted to predict treat-
ment effects against asthma and evaluate respiratory diseases.3

Therefore, detecting ppb-level NO is important in the clinical
diagnosis of respiratory diseases. Chemiresistive gas sensors
based on the change in the resistance signal are widely used NO
sensors owing to their small size, high sensitivity, low cost, and
convenient operation.4–6 Metal oxide semiconductors (MOSs)
are the primary sensing materials for ppb-level NO in chemi-
resistive gas sensors because of their high sensitivity. However,
the gas-sensing processes of MOSs require the essential active
units of oxygen species which generate only under high tem-
perature (generally 100–400 1C) and exhibit unsatisfactory
selectivity.7–15 Therefore, how to achieve high selectivity of
NO sensing at room temperature is the first key issue to realize
its practicability.16–18

Fortunately, two-dimensional metal–organic frameworks
(2D MOFs) exhibit great potential for realizing high-selectivity
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chemiresistive NO sensing because NO can be selectively
chemisorbed by specific metal–N4 (M–N4) active units within
2D MOFs at room temperature.19–21 Mirica et al. adopted the
organic ligand 2,3,5,6,10,11-hexahydroxytriphenylene (HHTP)
and Ni(II) to obtain Ni–N4 active units-containing 2D MOF
(Ni3HHTP2). The Ni3HHTP2-based chemiresistive sensor showed
high selectivity for NO sensing at room temperature, but the ppm-
level practical limit of detection (pLOD) of the sensor made it
unsuitable for practical application, which resulted from the
limited carrier concentration within 2D MOFs.22–26

Using 2D MOFs-based sensors to reach high-selectivity ppb-
level NO sensing at room temperature is a rational approach.
Without concern about 2D MOF lattice matching issue, an
approach of combining 2D MOFs with 2D conductive materials
to construct heterojunctions through supramolecular self-
assembly has been developed to improve the carrier concen-
tration and carrier migration within 2D MOFs.27–29 For exam-
ple, in 2023, Wang et al. used this strategy for high-selectivity
ppb-level NO sensing at room temperature to design porphyrin-
based rod-like 2D MOFs to build a MOF/MXene hybrid-based
NO sensor. The latter showed superior sensing properties
toward NO at room temperature because 2D MOFs provided
an effective platform for Fe–N4 active units to selectively
chemisorb NO, though the long-term stability of the sensor
was 10 days.30–32 Compared with MXene, graphene, as a more
stable 2D conductive material, has been considered to be a
distinctive and efficient functional scaffold with 2D MOFs to
fabricate heterojunctions.33,34 In 2023, Wu et al. prepared a NO
sensor with Co–N4 active units, which assembled by rod-like
2D MOFs of Co3(HITP)2 (HITP, 2,3,6,7,10,11-hexaiminotri-
phenylene) with reduced graphene oxide (rGO), to achieve an
outstanding NO performance with a sensing range of 0.1–1 ppm,
though the sensing response declined 60% of the initial value
after only 12 days.35 This inadequate stability could be due to
two reasons. On the one hand, MOFs with rod-like morphology
possess limited contact area with 2D conductive materials,
which cannot provide enough interaction to form stable hetero-
junctions. On the other hand, rGO possesses high specific
surface energy and naturally tends to self-aggregate, which also
limits the formation of heterojunctions.36,37

The second key issue for a gas sensor for practical applica-
tion is high stability. Sheet-on-sheet (SOS) architectural hetero-
junctions provide larger contact area between 2D MOF
nanosheets and graphene nanosheets, which is beneficial for
forming stable heterojunctions with high carrier concentration
and high carrier migration to sense NO at room temperature.
Therefore, 2D MOFs and graphene with high dispersion, large
size, and sheet-like morphology are ideal to construct SOS
architectural heterojunctions.

‘‘Bottom-up’’ and ‘‘top-down’’ are typical approaches for
preparing 2D MOFs with a well dispersed, large-size, and
sheet-like morphology. Herein, we defined 2D MOFs with high
dispersion, large size, and sheet-like morphology as ‘‘DLS-2D
MOFs’’. Surfactant (e.g., polyvinylpyrrolidone (PVP))-assisted
synthesis shows an effective bottom-up way to obtain DLS-2D
MOFs because PVP can selectively attach on the surface of 2D

MOFs, leading to the anisotropic growth of MOFs and for-
mation of 2D MOF nanosheets.38 Unfortunately, the presence
of PVP on the surface of DLS-2D MOFs would negatively affect
the exposure of active sites but also carrier migration.39

In contrast, the top-down approach of using liquid-phase
exfoliation to avoid the introduction of a polymer on the sur-
face of MOFs could be a better choice to prepare DLS-2D MOF
nanosheets with a clean surface and more exposable active
sites.40 With regard to the preparation of high-quality rGO with
high dispersion, large size and sheet-like morphology (we
defined rGO with high dispersion, large size, and sheet-like
morphology as ‘‘DLS-rGO’’), a self-assembling strategy devel-
oped in our previous work would work.41 Thus, we had all the
strategies to construct a SOS architectural heterojunction of
DLS-2D MOF/DLS-rGO.

In this work, a DLS-2D-Co-TCPP(Fe)/ANS–rGO architectural
heterojunction was prepared through coordination interaction
between DLS-2D-Co-TCPP(Fe) and ANS–rGO. As expected, the
obtained NO sensors exhibited superior sensing performance
towards NO at room temperature, including a pLOD of 100 ppb,
excellent selectivity, and long-term stability. Study of the gas-
sensing mechanism demonstrated that designing NO-
responsive Fe–N4 active units containing MOF nanosheets,
along with constructing a SOS architectural heterojunction of
MOF/graphene nanosheets, jointly dominated the superior
performance of the obtained DLS-2D-Co-TCPP(Fe)/ANS–rGO-
based NO sensor.

Experimental section
Materials

Tetrakis (4-carboxyphenyl) porphyrin (TCPP, 97%) was pur-
chased from Alf. Cobalt nitrate hexahydrate (Co(NO3)2�6H2O,
98%) was obtained from Innochem. N,N-Dimethylformamide
(DMF, 99.8%) was purchased from Aladdin. Ethanol was
sourced from Acros. All materials were used as received without
further purification. The synthesis of TCPP(Fe), Co-TCPP(Fe)-
Rod MOF, and ANS–rGO are described in ESI.†

Synthesis of DLS-2D-Co-TCPP(Fe) MOF

First, we fabricated DLS-2D-Co-TCPP(Fe). Briefly, an ethanol
suspension of Co-TCPP(Fe)-Rod (10 mg/6 mL) in a 10-mL vial
was sonicated for 40 min at 60 Hz at 50 1C and then filtered.
Finally, the obtained DLS-2D-Co-TCPP(Fe) MOF nanosheets
were redispersed in 5 mL of ethanol.

Synthesis of a DLS-2D-Co-TCPP(Fe)/ANS–rGO SOS architectural
heterojunction

First, we fabricated DLS-2D-Co-TCPP(Fe)/ANS–rGO. Briefly,
DLS-2D-Co-TCPP(Fe)/ANS–rGO hybrid was prepared through
supramolecular self-assembly. Then, a certain volume of an
ethanol suspension of DLS-2D-Co-TCPP(Fe) and deionized
water suspension of ANS–rGO was added to a 20-ml capped
vial. After that, the suspension was sonicated at 60 Hz for
20 min at 50 1C. The obtained products were allowed to stand
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under a vacuum at 40 1C for 60 min. Finally, the hybrids were
kept under nitrogen. DLS-2D-Co-TCPP(Fe)/ANS–rGO hybrids
with different feed mass ratios from 0.05 : 1 to 0.9 : 1 (DLS-2D-
Co-TCPP(Fe) : ANS–rGO, m : m) were prepared by controlling
the feed mass ratio, and were named DLS-2D-Co-TCPP(Fe)/
ANS–rGO-0.05, DLS-2D-Co-TCPP(Fe)/ANS–rGO-0.1, DLS-2D-Co-
TCPP(Fe)/ANS–rGO-0.3, DLS-2D-Co-TCPP(Fe)/ANS–rGO-0.5, and
DLS-2D-Co-TCPP(Fe)/ANS–rGO-0.9, respectively.

Gas sensing

Gas sensors were fabricated using the drop-dry method,
wherein 10 mL of a dispersion of a well-dispersed gas-sensing
material (10 mg mL�1) was uniformly applied onto the inter-
digital electrodes (IDEs) of a ceramic substrate. Subsequently,
the sensors were dried at 50 1C on a heating holder for 5 min
to facilitate the preparation of gas sensors for subsequent gas-
sensitive testing. The alterations in sensor resistance were
tracked using an electrometer (2450 series; Keithley).

The reaction of a target gas with a sensing material causes a
change in sensor resistance. Hence, the changes in current
shown on the electrometer can be observed before and after
injection of the target gas under an excitation voltage of
0.1 VDC. In this work, gas-sensing tests of all materials were
performed at room temperature (25 � 2 1C) in a background of
dry N2.

Typically, the response (S) to gas is represented as Ra/Rg,
where Ra and Rg denote the resistance of the gas sensor in
nitrogen and target gases, respectively. In the present study, the
response S to NO was specifically defined as Ra/Rg due to its
pronounced oxidizing nature. Conventionally, the response/
recovery time is characterized as the time taken to attain 90%
response from the moment the gas sensor is exposed/removed
from the gas. The pLOD is commonly defined as the minimal
concentration of the target gas detectable by the gas sensor.

Results and discussion

The fabrication processes of TCPP(Fe), Co-TCPP(Fe)-Rod, DLS-
2D-Co-TCPP(Fe), ANS–rGO, and DLS-2D-Co-TCPP(Fe)/ANS–rGO
are demonstrated in Scheme 1.

Co-TCPP(Fe)-Rod was fabricated from TCPP(Fe) and Co2+

by a solvothermal reaction. DLS-2D-Co-TCPP(Fe) with high
dispersion, large size, and sheet-like morphology was obtained
from Co-TCPP(Fe)-Rod MOF by liquid-phase exfoliation. ANS–
rGO was fabricated by ANS, GO, and hydrazine hydrate by a
hydrothermal reduction method. DLS-2D-Co-TCPP(Fe)/ANS–
rGO hybrid was prepared by assembling DLS-2D-Co-TCPP(Fe)
with ANS–rGO via supramolecular self-assembly. Details of
these syntheses are given in the Experimental section. The
morphologies of the synthesized Co-TCPP(Fe)-Rod, DLS-2D-
Co-TCPP(Fe), and DLS-2D-Co-TCPP(Fe)/ANS–rGO-0.5 (i.e.,
the feed mass ratio of DLS-2D-Co-TCPP(Fe) to ANS–rGO was
0.5 : 1 in this composite) were revealed by scanning electron
microscopy (SEM) and atomic force microscopy (AFM).
Fig. 1(a) and (b) show that Co-TCPP(Fe)-Rod had a rod-like
morphology, aggregating by rectangular nanosheets (1–5 mm �
0.2–1 mm).

SEM images and AFM image in Fig. 1(c), (d), and (o) reveal
DLS-2D-Co-TCPP(Fe) to have a sheet-like shape of length
1–4 mm, width of 0.2–1 mm, and thickness of 50 nm. Hence,
DLS-2D-Co-TCPP(Fe) with high dispersion, large size, and
sheet-like morphology was prepared by liquid-phase exfolia-
tion. Fig. 1(e) and (f) show that DLS-2D-Co-TCPP(Fe) formed a
composite with ANS–rGO uniformly, indicating that DLS-2D-
Co-TCPP(Fe)/ANS–rGO hybrid had been obtained, which was
the precondition for heterojunction formation. At this point,
based on the SEM image of DLS-2D-Co-TCPP(Fe)/ANS–rGO-0.5
(Fig. 1(e) and (f)), X-ray diffraction (XRD) (Fig. S2, ESI†) and the
feed mass ratio of assemblies, rGO/rGO/MOF/rGO was the main

Scheme 1 Fabrication process of Co-TCPP(Fe)-Rod, DLS-2D-Co-TCPP(Fe), ANS–rGO, and DLS-2D-Co-TCPP(Fe)/ANS–rGO.
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SOS architecture in the final assembly because aggregation of
the over-addition rGO nanosheets was inevitable.

For DLS-2D-Co-TCPP(Fe), the detailed morphology, as well
as the composition and distribution of elements were demon-
strated by transmission electron microscopy (TEM) and high-
angle annular dark-field scanning transmission electron micro-
scopy (HAADF-STEM). As shown in Fig. 1(g)–(i), DLS-2D-Co-
TCPP(Fe) had obvious lattice fringes. The lattice was B1.64 nm,
which is accordant with reports.42,43 TEM elemental mapping
images showed Fe, Co, C, N, and O to be distributed on DLS-
2D-Co-TCPP(Fe) nanosheets homogeneously (Fig. 1(j)–(n)).
Notably, Fe and N were uniformly distributed in the whole
nanosheets of MOF (Fig. 1(j) and (m)), indicating that MOF had
been fabricated.42

Ultraviolet-visible absorption spectroscopy (UV-Vis) of TCPP
and TCPP(Fe) displayed the central coordination of the por-
phyrin ligand. Generally, the Soret band on behalf of the
transition to the second excited singlet state (S2) was at 380–
450 nm.44 Meanwhile, the Q band was typically identified as
the lowest excited singlet state (S1) of the transition at about
500–750 nm.45

In Fig. 2(a), TCPP showed B-band absorption at 415 nm,
while TCPP(Fe) had significant Soret-band absorption at
423 nm. The significant red-shift indicated that iron ions
entered the inner ring of porphyrin ligands.46 In addition, after

TCPP was prepared into TCPP(Fe), the absorption peak of the
Q band changed from 515 nm, 549 nm, 592 nm, and 646 nm to
562 nm, further indicating the chelate Fe3+ in the porphyrin
ring with four N atoms.47 The formation of Fe–N4 active units
was the key structure as active sites to sense NO.30,48–50

XRD demonstrated the crystal structure of MOFs. As dis-
played in Fig. 2(b), the typical peaks of Co-TCPP(Fe)-Rod and
DLS-2D-Co-TCPP(Fe) at (110), (101), and (200) in the XRD
pattern demonstrated that Co2(COO)4 ‘‘paddlewheel’’ units
had been formed.51 The poor crystallinity of the MOF could
be related to the atomic defects induced by solvothermal
synthesis and crystal-structure damage caused by liquid-phase
exfoliation.52–58 The XRD patterns of different feed mass frac-
tions of DLS-2D-Co-TCPP(Fe)/ANS–rGO are demonstrated in
Fig. S2 (ESI†). The XRD data of DLS-2D-Co-TCPP(Fe)/ANS–
rGO-0.5 and DLS-2D-Co-TCPP(Fe)/ANS–rGO-0.5 after 60 days
were almost identical, and Co-TCPP(Fe) MOF contained two
hybrids peaks. The XRD data of the obtained Co-TCPP(Fe)-Rod
and DLS-2D-Co-TCPP(Fe) were consistent with the simulated
standard diagram of Co-TCPP(Fe) MOF, demonstrating paddle-
wheel Co2(COO)4 metal nodes to be connected by tetracar-
boxylic TCPP(Fe) ligands to form a AB stacking mode with an
interlayer spacing of 6.9 Å. (Fig. 2(c) and (d)).59

Electrochemical impedance spectroscopy (EIS) was con-
ducted to describe the electrical performance of Co-TCPP(Fe)-

Fig. 1 SEM images of (a) and (b) Co-TCPP(Fe)-Rod, (c) and (d) DLS-2D-Co-TCPP(Fe), (e) and (f) DLS-2D-Co-TCPP(Fe)/ANS–rGO, where (b), (d), and (f)
are at higher magnifications. TEM images of (g) and (h) DLS-2D-Co-TCPP(Fe), where (h) is at a higher magnification and corresponding FFT patterns
(inset). HAADF-STEM images of (i) DLS-2D-Co-TCPP(Fe). TEM elemental mapping images of (j) Fe, (k) Co, (l) C, (m) N, and (n) O. (o) AFM image of
DLS-2D-Co-TCPP(Fe).
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Rod and DLS-2D-Co-TCPP(Fe). Generally, Nyquist plots described
the carrier migration resistance (Rct) and electron-transfer proper-
ties between Co-TCPP(Fe)/electrolyte interfaces by the diameter of
a semicircle. The smaller the diameter of a semicircle in Nyquist
plots, the lower is the Rct.

60 As shown in Fig. 2(e), the simulated
Rct values of Co-TCPP(Fe)-Rod were larger than those of DLS-2D-
Co-TCPP(Fe), indicating that DLS-2D-Co-TCPP(Fe) possessed
higher electrical conductivity than that of Co-TCPP(Fe)-Rod
because DLS-2D-Co-TCPP(Fe) possessed lower resistance than
that of Co-TCPP(Fe)-Rod. Meanwhile, after assembly with ANS–
rGO, the obtained Rct values of Co-TCPP(Fe)-Rod/ANS–rGO and
DLS-2D-Co-TCPP(Fe)/ANS–rGO were decreased, indicating that
ANS–rGO could improve the carrier migration and carrier concen-
tration of the hybrid. As displayed in Fig. 2(f), the Mott–Schottky
plots of Co-TCPP(Fe)-Rod and DLS-2D-Co-TCPP(Fe) were charac-
terized by positive slopes, indicating that both MOFs were n-type
semiconductors.61 In addition, the smaller slope of DLS-2D-Co-
TCPP(Fe) compared with that of Co-TCPP(Fe)-Rod signified a
greater carrier concentration in DLS-2D-Co-TCPP(Fe), which
aligned with the characterization results of EIS. Thus, the lower
resistance of DLS-2D-Co-TCPP(Fe) than Co-TCPP(Fe)-Rod could
result in a response enhancement for NO sensing. Furthermore,

DLS-2D-Co-TCPP(Fe)/ANS–rGO had better carrier migration and
carrier concentration, which was provided by ANS–rGO, and
facilitated the sensitivity of NO sensing. Fourier transform infra-
red (FTIR) spectroscopy was employed to analyze rGO, ANS–rGO,
TCPP, TCPP(Fe), Co-TCPP(Fe)-Rod, DLS-2D-Co-TCPP(Fe), Co-
TCPP(Fe)-Rod/ANS–rGO, and DLS-2D-Co-TCPP(Fe)/ANS–rGO
(Fig. S1, ESI†). For rGO and ANS–rGO, a vibration due to the
CQC skeleton appeared at 1628 cm�1. The characteristic peaks
of SQO stretching bands at 1196–1032 cm�1 and a peak repre-
senting naphthyl-ring absorption at 1576 cm�1 indicated that
rGO was assembled with ANS.41 For TCPP, a band at 964 cm�1

corresponded to the coordinated N–H in-plane vibration in the
porphyrin ring.62 However, for TCPP(Fe), Co-TCPP(Fe)-Rod, and
DLS-2D-Co-TCPP(Fe), the N–H in-plane vibration changed to
1004 cm�1, demonstrating that hydrogen protons had been
substituted by Fe3+. Furthermore, the two strong separated bands
at 1605 and 1400 cm�1 were assigned to na(COO�) and ns(COO�).
In addition, the CQO characteristic absorption at 1700 cm�1

disappeared in Co-TCPP(Fe)-Rod and DLS-2D-Co-TCPP(Fe),
jointly demonstrating that the COO� group of TCPP(Fe) was bi-
dentate and coordinated with Co2+ to format the structure of Co2-
(COO)4 paddlewheel unit cells. For DLS-2D-Co-TCPP(Fe)/ANS–rGO,

Fig. 2 (a) UV-Vis absorption spectra of TCPP and TCPP(Fe). (b) XRD of DLS-2D-Co-TCPP(Fe)/ANS–rGO-0.5 after 60 days, DLS-2D-Co-TCPP(Fe)/ANS–
rGO-0.5, DLS-2D-Co-TCPP(Fe), Co-TCPP(Fe)-Rod, and simulated of Co-TCPP(Fe). (c) and (d) Constructed structural model for Co-TCPP(Fe)-Rod.
(e) Nyquist plots of Co-TCPP(Fe)-Rod, DLS-2D-Co-TCPP(Fe), Co-TCPP(Fe)-Rod/ANS–rGO-0.5, and DLS-2D-Co-TCPP(Fe)/ANS–rGO-0.5. (f) Mott–
Schottky plots of Co-TCPP(Fe)-Rod, DLS-2D-Co-TCPP(Fe), Co-TCPP(Fe)-Rod/ANS–rGO-0.5, and DLS-2D-Co-TCPP(Fe)/ANS–rGO-0.5 electrodes
measured in 1 M Na2SO4 solution with a frequency of 100 Hz. (g) Raman spectra of rGO, ANS–rGO, DLS-2D-Co-TCPP(Fe), and DLS-2D-Co-TCPP(Fe)/
ANS–rGO-0.5. High-resolution XPS spectra of (h) O 1s of ANS–rGO. High-resolution XPS spectra of (i) Co 2p, (j) Fe 2p of DLS-2D-Co-TCPP(Fe) and
DLS-2D-Co-TCPP(Fe)/ANS–rGO-0.5.
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the disappearance of the ns(COO�) stretching vibration at
1400 cm�1 of DLS-2D-Co-TCPP(Fe)/ANS–rGO-0.5 indicated a
strong interaction between the Co2(COO)4 of DLS-2D-Co-TCPP(Fe)
and ANS–rGO. The strongest advantage of porous materials for
most applications is their highly accessible surface areas. This is
especially true for sensing applications, because it enhances the
interaction with target gases.63,64 Brunauer–Emmett–Teller (BET)
analysis was conducted to characterize the specific surface area.
As depicted in Fig. S3 (ESI†), the specific surface areas of DLS-2D-
Co-TCPP(Fe) and Co-TCPP(Fe)-Rod were calculated by nitrogen
adsorption–desorption isotherms to be 57.16 m2 g�1 and
15.90 m2 g�1, indicating that a sheet-like morphology was
beneficial to enhancing the interaction between MOFs and
the target gas.

Raman spectroscopy can be employed to demonstrate the
compositions and atomic structures of materials. As shown in
Fig. 2(g), two remarkable peaks of rGO and ANS–rGO at about
1357 cm�1 and 1600 cm�1 could be attributed to D and G
bands, respectively. For carbon-based materials, the D band is
described to analyze structural defects or disorder of sp2

carbon, whereas the G band is attributed to the E2g stretching
vibration of sp2 carbon.65 Accordingly, the peak intensity ratio
of the D band and G band (ID/IG) is often used to characterize
the degree of disorder and defect density in carbon-based
materials.66 Consequently, the ID/IG values of rGO and ANS–
rGO were 1.217 and 1.021, respectively, confirming that ANS
influenced the degree of disorder and defect density of
rGO.67,68 Hence, there were more functional groups around
the defects and edges of ANS–rGO that facilitated the assembly
of ANS–rGO and MOFs through coordination interaction.69,70

For DLS-2D-Co-TCPP(Fe), the peak at 1554 cm�1 was ascribed
to the C–N bond in TCPP(Fe). The peaks at 1012 cm�1 and
1084 cm�1 belonged to d CPh–H and d Cb–H, respectively, in the
porphyrin structure.71,72 The characteristic peaks at 385 cm�1

and 1358 cm�1 were assigned to the Fe–N breathing mode and
Fe–N bond of pyrrole deformation mode, respectively.73 The
peak at 392 cm�1 was attributed to the Co–O bond, indicating
the formation of a Co2(COO)4 paddlewheel structure, which
was in accordance with XRD data. Additionally, the peaks of
DLS-2D-Co-TCPP(Fe)/ANS–rGO presented all the typical peaks
of ANS–rGO and DLS-2D-Co-TCPP(Fe).

X-ray photoelectron spectroscopy (XPS) was undertaken to
elucidate the composition of elements, coordination geometries,
and valence states. The XPS survey spectrum of DLS-2D-Co-
TCPP(Fe) (Fig. S2a, ESI†) indicated that it mainly consisted of
Co, Fe, O, N, and C. The XPS survey spectrum of ANS–rGO
demonstrated that it mainly contained O, N, C, and S. The XPS
survey spectrum of DLS-2D-Co-TCPP(Fe)/ANS–rGO-0.5 showed
all the elements of DLS-2D-Co-TCPP(Fe) and ANS–rGO. The
high-resolution spectra of C 1s of DLS-2D-Co-TCPP(Fe) and DLS-
2D-Co-TCPP(Fe)/ANS–rGO-0.5 are shown in Fig. S2b (ESI†). The
peaks at 284.8 eV, 286.0 eV, 288.5 eV, and 290.1 eV were associated
with C–C, C–O, C–N, and CQO, respectively.74 The high-
resolution spectra of S 2p of ANS–rGO and DLS-2D-Co-TCPP(Fe)/
ANS–rGO-0.5 with the same peaks at 169.6 eV and 168.2 eV were
assigned to S 2p3/2 and S 2p1/2, respectively, in Fig. S2c (ESI†).

The high-resolution spectra of O 1s of ANS–rGO and DLS-2D-
Co-TCPP(Fe)/ANS–rGO-0.5 are shown in Fig. 2(h). For ANS–rGO,
the peaks at 532.2 eV and 533.7 eV corresponded to CQO and
C–OH, respectively. For DLS-2D-Co-TCPP(Fe)/ANS–rGO, the
peaks at 532.0 eV, and 533.6 eV could be attributed to CQO
and C–OH, respectively. As a result, the binding energy of CQO
and C–OH in DLS-2D-Co-TCPP(Fe)/ANS–rGO-0.5 exhibited a
slight decrease when compared with that of ANS–rGO, indicat-
ing that the electron cloud shifted from DLS-2D-Co-TCPP(Fe)
to ANS–rGO. To further demonstrate carrier migration at the
interface between ANS–rGO and DLS-2D-Co-TCPP(Fe), the bind-
ing energy of Co 2p, Fe 2p, and N 1s was demonstrated by XPS,
respectively. The Co 2p peaks of DLS-2D-Co-TCPP(Fe) and DLS-
2D-Co-TCPP(Fe)/ANS–rGO-0.5 are displayed in Fig. 2(i). For
DLS-2D-Co-TCPP(Fe), 781.5 eV and 785.7 eV were assigned to
a 2p3/2 peak and a satellite peak, respectively. Besides, 797.3 eV
(2p1/2) and 802.7 eV (satellite splitting) described the binding
energy of Co 2p.75 Compared with DLS-2D-Co-TCPP(Fe), the Co
2p XPS characteristic spectra of DLS-2D-Co-TCPP(Fe)/ANS–rGO-
0.5 showed similar peaks at 781.8 eV (2p3/2), 786.9 eV (satellite
splitting), 797.7 (2p1/2), and 803.3 eV (satellite splitting). The
binding energy of DLS-2D-Co-TCPP(Fe)/ANS–rGO-0.5 increased
by B0.3 eV compared with that of DLS-2D-Co-TCPP(Fe) indicat-
ing that electrons were transferred from DLS-2D-Co-TCPP(Fe)
to ANS–rGO. For Fe 2p peaks, DLS-2D-Co-TCPP(Fe) displayed a
2p3/2 peak at 711.2 eV and a satellite peak at 716.3 eV, with their
corresponding splitting peaks at 723.5 eV (2p1/2) and 730.6 eV
(satellite splitting), respectively, in Fig. 2(j). Compared with
DLS-2D-Co-TCPP(Fe), the Fe 2p XPS characteristic spectra of
DLS-2D-Co-TCPP(Fe)/ANS–rGO-0.5 at 711.5 eV (2p3/2), 716.8 eV
(satellite splitting), 724.1 (2p1/2), and 731.0 eV (satellite splitting)
were shifted positively, verifying carrier migration between ANS–
rGO and Co–TCPP(Fe).60 Fig. S2d (ESI†) shows the N 1s peak of
DLS-2D-Co-TCPP(Fe), ANS–rGO, and DLS-2D-Co-TCPP(Fe)/ANS–
rGO-0.5. For ANS–rGO, the peaks at 398.7 eV and 401.0 eV were
assigned to N–C and N–H, respectively. For DLS-2D-Co-TCPP(Fe),
the peaks at 398.4 eV and 399.5 eV corresponded to N–C and
N–Fe, respectively. For DLS-2D-Co-TCPP(Fe)/ANS–rGO-0.5, peaks
at 398.4 eV, 400.0 eV, and 401.4 eV were attributed to N–C, N–Fe,
and N–H, respectively. The binding energy of N–Fe of DLS-2D-Co-
TCPP(Fe)/ANS–rGO-0.5 was shifted positively compared with that
of DLS-2D-Co-TCPP(Fe), which corresponded with the results of
Fe 2p XPS survey spectra.

Consequently, for the DLS-2D-Co-TCPP(Fe)/ANS–rGO SOS
architecture, the binding energy of O 1s around the defects
and edges in ANS–rGO was shifted negatively. The binding
energy of Co 2p and Fe 2p in DLS-2D-Co-TCPP(Fe) was shifted
positively. As a result, there was a trend of coordination
interaction between DLS-2D-Co-TCPP(Fe) and ANS–rGO to
form stable hybrids.70,76 These characterizations confirmed
that assembling ANS–rGO with DLS-2D-Co-TCPP(Fe) to con-
struct a SOS architecture did not compromise the structural
integrity of DLS-2D-Co-TCPP(Fe). Meanwhile, coordination
interaction between DLS-2D-Co-TCPP(Fe) and ANS–rGO
could greatly contribute to the high stability of the SOS
architecture.
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Measurement of NO-sensing properties

The robust electronic transmission capacity inherent in hetero-
junctions serves as an underpinning for the development of
high-performance gas sensors.

We investigated the gas-sensing capabilities of sensors
employing various materials (rGO, ANS–rGO, Co-TCPP(Fe)-Rod,
DLS-2D-Co-TCPP(Fe), Co-TCPP(Fe)-Rod/ANS–rGO, and DLS-
2D-Co-TCPP(Fe)/ANS–rGO) at room temperature in a nitrogen
atmosphere.

Fig. 3(a) illustrates the sensing-response curves corres-
ponding to NO (10 ppm) for rGO, ANS–rGO, Co-TCPP(Fe)-
Rod, DLS-2D-Co-TCPP(Fe), Co-TCPP(Fe)-Rod/ANS–rGO, and
DLS-2D-Co-TCPP(Fe)/ANS–rGO. The sensing performance of
rGO and ANS–rGO towards NO was inconspicuous. Co-
TCPP(Fe)-Rod and DLS-2D-Co-TCPP(Fe) did not exhibit gas
responses because of the poor conductivity of pure MOF.

The response characteristic of the Co-TCPP(Fe)-Rod/ANS–
rGO-based sensor was improved obviously compared with that

of the single material. The performance of the DLS-2D-Co-
TCPP(Fe)/ANS–rGO-based sensor was much better than that
of the other samples because Co-TCPP(Fe)-Rod had lower
resistance to carrier migration than DLS-2D-Co-TCPP(Fe).
Its superior gas-sensing performance emanated from the large
amount of Fe–N4, lower resistance to carrier migration of the
nanosheets structure, the heterojunction between DLS-2D-Co-
TCPP(Fe) and ANS–rGO, and the mass ratio of DLS-2D-Co-
TCPP(Fe) to ANS–rGO. Notably, unmodified rGO served as
a reference in the preparation of sensors for Co-TCPP(Fe)-
Rod/rGO and DLS-2D-Co-TCPP(Fe)/rGO, underscoring the
importance of ANS–rGO with the donor–p–acceptor dipole in
the sensing system.

As shown in Fig. S6 (ESI†), an array of DLS-2D-Co-TCPP(Fe)/
ANS–rGO hybrid materials with feed mass ratios of 0.05 : 1, 0.1 : 1,
0.3 : 1, 0.5 : 1, and 0.9 : 1 (DLS-2D-Co-TCPP(Fe):ANS–rGO) were
obtained and named as DLS-2D-Co-TCPP(Fe)/ANS–rGO-0.05, DLS-
2D-Co-TCPP(Fe)/ANS–rGO-0.1, DLS-2D-Co-TCPP(Fe)/ANS–rGO-0.3,

Fig. 3 (a) Typical response curves after exposure of NO (10 ppm) to pristine rGO, ANS–rGO, Co-TCPP(Fe)-Rod, DLS-2D-Co-TCPP(Fe), Co-TCPP(Fe)-
Rod/ANS–rGO, and DLS-2D-Co-TCPP(Fe)/ANS–rGO. (b) Real-time response–recovery characteristics of the DLS-2D-Co-TCPP(Fe)/ANS–rGO-0.5-
based sensor to NO (1 ppm) at RT. (c) Cyclic stability of the sensor to NO (1 ppm and 10 ppm) at RT. (d) Response curves of DLS-2D-Co-TCPP(Fe)/ANS–
rGO-based sensors to NO (100 ppb to 10 ppm). (e) The corresponding fitted curve of the response. (f) Gas-sensing response of a DLS-2D-Co-TCPP(Fe)/
ANS–rGO-0.5-based sensor towards NO (10 ppm) under different values of relative humidity at RT. (g) Selectivity of the sensor to various gases.
(h) Response ratio of the initial value (a.u.) % of DLS-2D-Co-TCPP(Fe)/ANS–rGO-0.5 and Co-TCPP(Fe)-Rod/ANS–rGO-0.5. (i) Long-term stability of
DLS-2D-Co-TCPP(Fe)/ANS–rGO-0.5 and Co-TCPP(Fe)-Rod/ANS–rGO-0.5 exposed to NO (10 ppm) at RT.
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DLS-2D-Co-TCPP(Fe)/ANS–rGO-0.5, and DLS-2D-Co-TCPP(Fe)/ANS–
rGO-0.9, respectively. Among them, the DLS-2D-Co-TCPP(Fe)/ANS–
rGO-0.5-based sensor demonstrated superior sensitivity to NO
(10 ppm) at room temperature, indicating that the mass ratio of
MOF and graphene was an unignorable factor for NO sensing. As
depicted in Fig. 3(b), during NO sensing, a decrease in resistance of
DLS-2D-Co-TCPP(Fe)/ANS–rGO-0.5 indicated p-type semiconductor-
like properties, corroborated by UPS spectra and UV-vis spectra in
subsequent analyses. In addition, the sensor based on DLS-2D-Co-
TCPP(Fe)/ANS–rGO-0.5 exhibited a rapid response and recovery
speeds (150 s/185 s) toward NO (1 ppm) at room temperature.
Importantly, the heterojunction between DLS-2D-Co-TCPP(Fe)
and ANS–rGO facilitated carrier migration, contributing to
the preparation of high-performance NO sensors. Moreover,
Fig. 3(c) demonstrates the superior repeatability of the DLS-2D-
Co-TCPP(Fe)/ANS–rGO-0.5-based sensor towards NO (1 ppm
and 10 ppm).

Fig. 3(d) displays the successive sensing response–recovery
curves of the DLS-2D-Co-TCPP(Fe)/ANS–rGO-0.5-based sensor
toward NO (0.1–10 ppm) with the corresponding response
values (Ra/Rg) from 1.12 to 10.11. The pLOD of the DLS-2D-
Co-TCPP(Fe)/ANS–rGO-0.5-based sensor was as low as 100 ppb,
indicating that it could be employed for practical applications.
As shown in Fig. 3(e), the response values of the DLS-2D-Co-
TCPP(Fe)/ANS–rGO-0.5-based sensor demonstrated a good
linear relationship to the NO concentration (0.1–10 ppm),
which is important for practical applications. The sensors
operable at room temperature were intended to be developed,
so the effect of relative humidity was tested (Fig. 3(f) and Fig.
S3, ESI†). The response of DLS-2D-Co-TCPP(Fe)/ANS–rGO-0.5
towards NO (10 ppm) was measured in dry N2, 30% relative
humidity (R.H.) N2, 50% R.H. N2, and 70% R.H. N2, respec-
tively. The sensor displayed diminishing response as R.H.
increased, which was attributed to the competition between
water molecules and NO molecules adsorbed on the surface of
sensors. As illustrated in Fig. 3(g), the DLS-2D-Co-TCPP(Fe)/
ANS–rGO-0.5-based sensor demonstrated significantly heigh-
tened responsiveness to NO (Ra/Rg = 10.11, 10 ppm) than
other exhaled gases, including H2S (Ra/Rg = 0.78, 10 ppm),
BTEX (benzene, toluene, ethylbenzene, o-Xylene; Ra/Rg = 1.02,

10 ppm), ammonia (Ra/Rg = 0.96, 100 ppm), ethanol (Ra/Rg =
1.01, 100 ppm), methanol (Ra/Rg = 0.94, 100 ppm), acetic acid
(Ra/Rg =0.92, 100 ppm), ethylether (Ra/Rg = 1.04, 100 ppm),
acetone (Ra/Rg = 0.99, 100 ppm), and CO2 (Ra/Rg = 1.01,
50 000 ppm). The higher selectivity of the sensor towards NO
could be attributed to the abundant Fe–N4 active units in DLS-
2D-Co-TCPP(Fe), which provided plentiful specific chemi-
sorbed sites for NO sensing. The selectivity for this composite
towards NO could be improved further by controlling the
morphology of MOFs to enhance the porosity and specific
surface area to promote interactions between Fe–N4 active units
in the center of the porphyrin derivatives of MOFs and NO.77–79

For the clinical diagnosis of gas sensors, it is imperative to
consider the impact of humidity on the sensing process. The
long-term stability of the sensor can be verified by an aging
test.80–82 As displayed in Fig. 3(h)–(i), the response of the DLS-
2D-Co-TCPP(Fe)/ANS–rGO-0.5-based sensor remained at B85%
of the initial response over 60 days, indicating that the sensor
has good repeatability and recoverability. The DLS-2D-Co-
TCPP(Fe)/ANS–rGO-0.5-based sensor displayed higher sensitiv-
ity along with higher stability than Co-TCPP(Fe)-Rod/ANS–rGO-
0.5 towards NO. This observation suggests that the SOS archi-
tectural heterojunction served as an effective strategy for con-
sistently enhancing the performance of sensing materials.

That is, the coordination interaction in the SOS architec-
tural heterojunction provided a highly coupled interface that
improved the stability as well as facilitated carrier migration of
the hybrid, which has enormous potential for sensing applica-
tions. In Table 1, for comparison, the excellent performance of
the DLS-2D-Co-TCPP(Fe)/ANS–rGO-0.5-based sensor was com-
petitive with the existing typical chemiresistive NO sensors
based on MOFs reported so far at room temperature.

Formation mechanism of SOS architectural heterojunctions

Owing to the favorable electrical conductivity of ANS–rGO
promoting the carrier migration of the DLS-2D-Co-TCPP(Fe)/
ANS–rGO-0.5 SOS architecture, the sensing mechanism of
the DLS-2D-Co-TCPP(Fe)/ANS–rGO-0.5-based sensor towards
NO could be interpreted by the heterojunction theory. Ultra-
violet photoelectron spectroscopy (UPS), UV-Vis, and XPS were

Table 1 Performance comparison of MOF-based chemiresistive NO sensors at room temperature

Materials NO (ppm) Responsea Tres/Trec
b (s/s) pLODc (ppm) Stabilityd (days)

Ni3HITP2
83 5 B1.38 3600/— 5 o50

Ni3HHTP2
83 5 B1.19 3600/— 5 o50

NiPc-Ni49 1 B1.37 90/— 0.02 —
NiPc-Cu49 1 B1.45 90/— 0.02 —
Ni3HHTP2

22 10 B1.42 300/— 2.5 —
Cu3HHTP2

22 10 B1.18 300/— 2.5 —
Cu-TCA/TiNC84 1 B1.2 35/110 (under UV light) 0.2 30
Co-TCPP(Fe)/Ti3C2Tx-2031 5 1.55 95/15 0.2 10
rGO/PDDA/Co3(HITP)2

35 1 1.13 100/50 0.1 B4
DLS-2D-Co-TCPP(Fe)/ANS–rGO-0.5 1 1.82 150/185 0.1 460
(This work) 0.25 1.33

a Response = Ra/Rg. (Ra represents the resistance captured in N2 and Rg represents the resistance captured in the target gas). b Tres and Trec

represent response time and recovery time. c pLOD represents practical LOD. d The 85% response of the initial value is set the boundary value of
stability.
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undertaken to expound the sensing mechanism collectively.
To illustrate carrier migration in the heterojunction, UPS was
displayed to explore the work functions of ANS–rGO, DLS-2D-
Co-TCPP(Fe), and DLS-2D-Co-TCPP(Fe)/ANS–rGO (Fig. 4(a)),
which were determined from the intercepts of the two tangents
on the x-axis named Ecut-off-1 and Ecut-off-2 (Fig. 4(b) and (c)). The
work functions (Wf) calculated by eqn (1) at 4.49 eV and 3.91 eV
were assigned to ANS–rGO and DLS-2D-Co-TCPP(Fe) in the
heterojunction, respectively, for which electrons moved from
DLS-2D-Co-TCPP(Fe) to ANS–rGO.

Wf = � (hv � Ecut-off-2) = � (21.2 � Ecut-off-2) (1)

Bandgaps of DLS-2D-Co-TCPP(Fe) and DLS-2D-Co-TCPP(Fe)/
ANS–rGO calculated using eqn (2) were demonstrated by UV-Vis
spectra.

(ahv)2 = A (hv � Eg) (2)

where Eg was the bandgap of DLS-2D-Co-TCPP(Fe) and DLS-2D-
Co-TCPP(Fe)/ANS–rGO, a was the absorption coefficient, hv was
the photon energy, and A was a constant.

The UV-vis spectra of DLS-2D-Co-TCPP(Fe), ANS–rGO, and
DLS-2D-Co-TCPP(Fe)/ANS–rGO-0.5 are displayed in Fig. 4(d).
The bandgaps of DLS-2D-Co-TCPP(Fe) and DLS-2D-Co-
TCPP(Fe)/ANS–rGO-0.5 were 2.50 eV and 2.45 eV, respectively,
as calculated by the Tauc plots in Fig. 4(e). The bandgap of
a semiconductor is an important factor impacting carrier
migration during gas sensing. Notably, the bandgap of DLS-
2D-Co-TCPP(Fe)/ANS–rGO was smaller than that of DLS-2D-Co-
TCPP(Fe), which reduced the difficulty of carrier migration in
NO sensing.31

As displayed in Fig. 4(g), the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) calculated by eqn (3) and (4) jointly illustrated the
bandgap of DLS-2D-Co-TCPP(Fe) and DLS-2D-Co-TCPP(Fe)/
ANS–rGO-0.5. The Fermi level (Ef) of DLS-2D-Co-TCPP(Fe) was
close to LUMO, illustrating that DLS-2D-Co-TCPP(Fe) was an

Fig. 4 (a)–(c) UPS spectra of ANS–rGO, DLS-2D-Co-TCPP(Fe), and DLS-2D-Co-TCPP(Fe)/ANS–rGO-0.5. (d) UV-vis spectra of DLS-2D-Co-TCPP(Fe),
ANS–rGO, and DLS-2D-Co-TCPP(Fe)/ANS–rGO-0.5. (e) Tauc plots of DLS-2D-Co-TCPP(Fe) and DLS-2D-Co-TCPP(Fe)/ANS–rGO-0.5. (f) High-
resolution XPS spectra of Fe 2p for DLS-2D-Co-TCPP(Fe)/ANS–rGO-0.5 before and after exposure to NO. (g) Energy scheme before and after assembly
between ANS–rGO and DLS-2D-Co-TCPP(Fe).
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n-type like semiconductor. Meanwhile, the Ef of DLS-2D-Co-
TCPP(Fe)/ANS–rGO-0.5 remained close to LUMO, illustrating
that DLS-2D-Co-TCPP(Fe)/ANS–rGO-0.5 was also an n-type-like
semiconductor.

HOMO = Wf � Ecut-off-1 (3)

LUMO = HOMO + Eg (4)

The Ef of ANS–rGO was lower than that of DLS-2D-Co-
TCPP(Fe), indicating that electrons migrated from DLS-2D-Co-
TCPP(Fe) to ANS–rGO at the interfaces of heterojunctions.

Proposed mechanism of NO sensing

We wished to further confirm carrier migration between the
DLS-2D-Co-TCPP(Fe)/ANS–rGO-0.5 SOS architectural hetero-
junction and NO. XPS was carried out to explain the change
in surface electronic states of DLS-2D-Co-TCPP(Fe)/ANS–rGO-
0.5 SOS architectural heterojunctions before and after exposure
to NO at room temperature.

For the spectra of Fe 2p (Fig. 4(f)), the peaks of Fe 2p were
shifted positively, indicating that electrons were transferred
from the DLS-2D-Co-TCPP(Fe)/ANS–rGO-0.5 SOS architectural
heterojunction to gas molecules during sensing.85

The sensing mechanism of a sensor is depicted in Fig. 5.
Owing to the built-in electric field in the DLS-2D-Co-TCPP(Fe)/
ANS–rGO SOS architectural heterojunction, electrons were
transferred from DLS-2D-Co-TCPP(Fe) to ANS–rGO and holes

were transferred from ANS–rGO to DLS-2D-Co-TCPP(Fe) on the
interface of the heterojunction, which led to the separation of
carriers and formation of a depletion layer. The concentration
of electrons decreased and the depletion layer widened because
NO had electron affinity and can capture electrons readily from
the conduction band of the heterojunction. As a result, the
resistance of the heterojunction decreased dramatically upon
NO exposure.

Conclusions

We designed a chemiresistive NO sensor based on Co-
TCPP(Fe)/ANS–rGO with a SOS architectural heterojunction,
which showed high sensitivity and long-term stability. First, a
novel porphyrin-based MOF DLS-2D-Co-TCPP(Fe) with high
dispersion, large size, and sheet-like morphology was prepared
by liquid-phase exfoliation. The obtained DLS-2D-Co-TCPP(Fe)
was assembled with ANS–rGO to form a heterojunction (DLS-
2D-Co-TCPP(Fe)/ANS–rGO) with a SOS architectural heterojunc-
tion through coordination interaction. Second, the DLS-2D-Co-
TCPP(Fe)/ANS–rGO-based sensor demonstrated excellent NO-
sensing performance (Ra/Rg = 1.33, 250 ppb) with a pLOD
of 100 ppb and reliable repeatability at room temperature.
Moreover, the sensor showed superior selectivity against other
exhaled gases. Third, the SOS architecture had a crucial role in
formation of a stable heterojunction, which was beneficial for
high-sensitivity and high-stability NO sensing. This work
demonstrates a convenient strategy of building a stable hetero-
junction between graphene and MOF for high-performance
chemiresistive gas sensors. This strategy could be employed
to fabricate MOF-based hybrid sensing materials in the future.
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