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Enhancing gas sensing recyclability and
recovery rate by crystal engineering of CuI
motif in MOFs

Zi-Wei Li1,7, Bin Tan2,7, Xiu-Ze Hei3, Xing-Wu Liu 4, Ke Zhao2, Chuan-Zhe Wang1,
Ke-Feng Li1, Yong-Jun Chen1, Xiao-Ying Huang 1, Kui Tan5, Zhao-Feng Wu 1 ,
Jing Li 6 & Gang Xu 1

Metal-organic frameworks (MOFs) possess high sensitivity as chemiresistive
gas sensing materials at room temperature (RT), while their applications are
severely hampered by the issues of slow recovery and poor recyclability. To
address these challenges, a strategy integrating DFT calculation with experi-
mental synthesis is developed to identify and remove non-essential active
units with excessive interactions to gas molecules, thereby enhancing sensing
recovery and recyclability. In a case study, DFT calculations reveal that one-
dimensional (1D) {Cu4I3}n

n+ chains in aK-MOF, K-CuI-K-INA (HINA = isonicotinic
acid), exhibit strong affinity to NO2 while 2D {Cu4I5}n

n- layers show moderate
interactions. Thus, by modulating the structure features of CuI motifs in M-
CuI-K-INA (M=Na+, K+, and Cs+, HINA = isonicotinic acid) type of MOFs, their
NO2 sensing recovering and recycling performances are consequently opti-
mized. Particularly, Cs-CuI-K-INA with solely 2D {Cu4I5}n

n- layers possesses the
best sensing recovery and recycle abilities, meanwhile maintains the excellent
sensitivity and selectivity among these RT NO2 sensing materials presented in
the current study. This approach paves the way for chemiresistive sensing
materials with improved recoverability and recyclability while retaining high
sensitivity and selectivity.

Extensive studies have been conducted on chemiresistive sensing
materials over the past decades1–5. Among them, metal-organic fra-
meworks (MOFs), emerging as promising sensing materials capable of
operating at room temperature (RT) with high selectivity and sensi-
tivity, have drawn intense attention6–10. However, due to the excessive
interactions between the sensing active site and target gas analyte, the
reported MOF sensing materials commonly suffer from slow sensing
recovery and poor recycling issues11,12. To overcome the

aforementioned obstacles, during the gas-sensing tests, MOF sensing
materials are often heated or exposed to light to facilitate the deso-
rption of gasmolecules13,14. Nevertheless, these approaches often result
in compromised sensing sensitivity and increased sensing device
complexity. Designing MOF sensing materials with intrinsic abilities in
rapid recovery and good recyclability remains a critical challenge.

CuI moieties are recently proven to be promising building and
active units for designing MOF gas sensing materials15–17. In our
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previous work, CuI-K-INA (HINA = isonicotinic acid), bearing themixed
one-dimensional (1D) {Cu4I3}n

n+ chains and 2D {Cu4I5}n
n- layers,

demonstrated good sensing sensitivity to NO2
15. Despite this, CuI-K-

INA encountered slow sensing recovery and poor recycling issues,
necessitating light irradiation to optimize its gas sensing
performances15. Thus, CuI-K-INA is a good model material for devel-
oping an approach to identify and remove non-essential active motifs
with excessive interactions to gas molecules, thereby enhancing
recovery and recyclability for MOF sensing materials.

In this work, DFT calculations and experimental synthesis have
been integrated to develop a crystal engineering strategy for opti-
mizing gas sensing recovery and recyclability of MOF sensors (Fig. 1).
This strategy helps to identify and eliminate non-essential active units
having excessive interactions with gases. First of all, we usedCuI-K-INA
(presented as K-CuI-K-INA in this work for clearity) as a model
material15. DFT calculation revealed that 1D α-{Cu4I3}n

n+ chains (α and β
was used to denote isomers) can excessively interact to NO2 with an
adsorption energy as high as −1.37 eV, while the 2D {Cu4I5}n

n- layers
exhibit a comparatively moderate energy value of −1.18 eV (Fig S1).
Secondly, the structures of CuI motifs in M-CuI-K-INA can be modu-
lated by changing M+ cations from Na+, K+, to Cs+. Na-CuI-K-INA con-
tains only 1D β-{Cu4I3}n

+ chains, K-CuI-K-INA is composed of the mixed
1D α-{Cu4I3}n

n+ chains and 2D {Cu4I5}n
n- layers, while Cs-CuI-K-INA

contains solely {Cu4I5}n
n- layers. Consequently, the sensing recovery

and recycling capacity for M-CuI-K-INA MOFs were greatly optimized.
Particularly, Cs-CuI-K-INA showed the highest sensitivity, lowest limit-
of-detection (LOD) value, and excellent recovery and recyclability
among these M-CuI-K-INA MOFs, which are also comparable to the
best-performing RT NO2 sensing materials reported to date.

Results and Discussion
Structures Analysis
As documented in our former work, MOF of [(Cu9I7)K10(INA)12(H2O)]
(named as K-CuI-K-INA in this work for a clearly comparative study),
bearing 1D α-{Cu4I3}n

n+ chains and 2D {Cu4I5}n- layers, exhibits an
excellent chemiresistive sensing performance to NO2 under light
irradiation15. Thus, DFT calculations were conducted to better under-
stand the structure-property relationship in thisMOF.DFT calculations
reveal that both the 1D chain-like and 2D layered CuImotifs can adsorb
NO2 through an endothermic process, with the 1D chains exhibiting a
much higher absorption energy than the 2D layers (Fig. 2a and Fig S1).
Consequently, while these abundant Cu(I) sites can enhance sensing
sensitivity, they also indicate the recovery and recycling performances
are compromised, as the absorbedNO2must be removed to re-expose
the active Cu(I) sites for the next sensing cycle15–19. Therefore, finding
an effictive approach to remove the extra 1D α-{Cu4I3}n

n+ chains while

retain only the 2D {Cu4I5}n
n- layers in the K-CuI-K-INA framework would

help optimize its sensing recovery and recycling capacity without
sacrificing probing sensitivity. In K-CuI-K-INA, most K atoms show
seven-coordinated modes, except for K4 which exhibits an eight-
coordinated way (Fig S11-12). As a result, the INA ligands coordinated
aroundK4atoms followan asymmetrical stacking arrangements above
and below the {K-COO}n layer, leading to the generation of 1D α-
{Cu4I3}n

n+ chains and a 2D {Cu4I5}n
n- layer on each side of theK-INA layer

(Fig. 2b and S2)15.
Since alkali metals have different atomic radii and adopt various

coordination modes, we found introducing hetero-metals to compe-
titively coordinate with HINA can yield MOFs confining solely 1D CuI
chain or 2D layer, offering an opportunity to investigate gas sensing
performance based on structural features of CuI motifs. By introdu-
cing Cs+ as a heteroatom, together with K+ ions to competitively
coordinate with HINA, a 3D MOF named as [(Cs2.1K7.9)(Cu10I8)(INA)12]
(Cs-CuI-K-INA) was obtained (Fig. 2c). Cs+ ion has a larger radius and
more coordiantion numbers than that of K+, altering the coordiantion
modes between K+ and HINA ligand during the self-assembly20–22.
Notably, Cs+ ions only co-occupy the coordiantion sites of K+, and their
introduction alters the coordiantion numbers (seven to eight) of K+ in
K-CuI-K-INA into a solely seven-coordinated mode (Fig S13). As a reult,
although HINA adopt varied spatial orientation to coordinate with the
two metals (L1-L6), similar to those in K-CuI-K-INA, the INA- located
above and below the K-COO layer form a symmetrical stacking
arrangements. The pyridine rings in INA- ligands poking out on both
sides of the layer are aligned nearly parallel to each other (Fig S14),
leading to the formation of only 2D {Cu4I5}n

n- layers with the same
structure as that in K-CuI-K-INA which are periodically confined into
the resultant MOF of Cs-CuI-K-INA (Fig. 2c and S15).

While introducing Na+ with comparatively small radius and few
coordination numbers to competitively coordinate to INA- with K+, a
3D MOF of Na-CuI-K-INA namely {(Na2K3)(Cu4I3)(INA)6}n was gener-
ated. Similar to the functions of Cs+, the introducing of Na+ ions alters
the coordination behaviors of K+. In Na-CuI-K-INA, both Na+ and K+

coordinate independently to the carboxylic groups in INA- ligands
(Fig S16). The Na+ ions adopt penta-coordination modes while K+ ions
possess hexa- or hepta-coordination spheres, which further bind to
eight different COO- groups to form a {Na-K-COO}n layer (Fig S16a-c).
Consequently, the pyridine rings in INA- ligands, which poke out on
both sides of the layer and are aligned parallel among themselves and
nearly parallel to the b axis, guide the formation of 1D chain-like
structure assembledwith {Cu4I3}n

n+ segments that connected via single
Cu-I bond (Fig. 2d). The 1D β-{Cu4I3}n

n+ chains with the same formula as
that in K-CuI-K-INA are strategically positionedwithin the confinement
space created by pyridines in Na-CuI-K-INA (Fig S16d). Clearly,

Fig. 1 | Diagrammatic representation of this study. Schematic illustration of integrating DFT calculation with crystal engineering strategy to tailor structures of CuI
motifs in MOFs to optimize the NO2 sensing recovery and cycling performances.
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introducing hetero-alkali metals to competitively coordinate with
HINA can effectively guide the formation of the CuI motifs in MOFs
with varied dimensionalities from 1D CuI chain to the 2D layer.

Physical characterizations
The purity of the crystal samples for M-CuI-K-INA are characterized by
PXRD (Fig S5-8), EA, and ICP measurements. The electronic structures
forM-CuI-K-INAwere analyzed by DFT calculations (Fig S17-18). Taking
Cs-CuI-K-INA as an example, the valance band maximum (VBM) is
primarily composed of the atomic orbitals of the CuI motif (Cu 3 d and
I 5p atomic orbitals), while the conduction band minimum (CBM) is
contributed predominately by the organic INA- ligand (2p orbitals of C,
N and O). This result indicates that while Cs+ plays an important role in
tailoring the dimensionality of CuI in Cs-CuI-K-INA, it is essentially not
involving in tuning the band structures (Fig S17). The optical absorp-
tion spectra for theseCuI-bearingMOFs arewell within the visible light
regionwith estimated band gaps around 2.1 eV ~ 2.5 eV, lower than that
of the pristine CuI (Fig S19-20)23–25. Additionally, these compounds
exhibit excellent thermal stabilitywithdecomposition temperatures as
high as >300 °C (Fig S9-10).

As both Na-CuI-K-INA and Cs-CuI-K-INA feature rod-like crystal
morphologywithminimeter (mm) size, we investigated their anisotropic
characteristics in electrical conductivity using a direct current two-
terminalmethodon the selected single crystals (Fig S21-23). The as-made
Na-CuI-K-INA and Cs-CuI-K-INA exhibit an obvious anisotropic con-
ductivity under the same measuring conditions. For example, the single
crystal of Cs-CuI-K-INA exhibits a conductivity of 2.81 × 10-10S/cm mea-
sured along the short side of the rod sample at RT (the direction parallel
to the caxis of the single crystal structure, Fig S22),while theconductivity
measured along the long sideof the single crystal (within the2D-CuI layer
of crystal structure viewed along a axis, Fig S23) is one order of magni-
tude higher, 1.18 × 10-9S/cm. This is reasonable as the conductivity within
the extended 2D inorganic layer in Cs-CuI-K-INA is significantly higher
than that out of the 2D layer26,27. With the measuring temperature
increased to 413K, the conductivities reach to the highest values of
1.70× 10-8 and 0.60× 10-6S/cm measured along the c and a axis of the
single crystal, respectively (Fig S23). The conductivity value of 0.60× 10-

6S/cm is comparable to that of Cu4I6(bttmp)2 (2.8 × 10
−6 S/cm)28 and K-

CuI-K-INA (1.21 × 10−6 S/cm) 15.
The good linearity of Lnσ to 1000/T confirms their semiconducting

nature (Fig S24-25). For example, Cs-CuI-K-INA exhibits a temperature

dependent conductivity, which could reach to a magnitude of 10-8S/cm
with the temperature increasing to 393K, three magnitude orders of
enhanced conductivity compared with that of 10-11S/cm measure at RT
(Fig S25). This result demonstrates a typical Arrhenius-type behavior and
can be explained by charge transport generating from the thermal acti-
vation conduction processes29–31. Moreover, the Mott−Schottky test was
also performedonCs-CuI-K-INA, as a representative compound, at 1000,
1500, and 2500Hz, Fig S26. In theMott−Schottky plot, the C-2 value has a
negative slope to the potential, while the intersection with the x-axis is
independent of frequency, indicating Cs-CuI-K-INA is a typical p-type
semiconductor29,30. Moreover, the ultraviolet photoelectron spectro-
scopy (UPS) measurement shows that the Fermi level of Cs-CuI-K-INA
deviate from the middle of the band gap and are close to the valence
band (VB),which further suggestsCs-CuI-K-INA is p-type semiconducting
material (Fig S27)31.

Gas sensing performances
K-CuI-K-INA bearing the mixed 1D CuI chains and 2D layers demon-
strated excellent NO2 sensing performances but required photo-
excitation15. Through removing the 1D CuI chains of high affinity with
NO2 molecules by a crystal engineering strategy, Cs-CuI-K-INA pre-
sented in this work exhibits an optimized sensing performances
without light irradation. As shown in Fig. 3a, Cs-CuI-K-INA shows an
excellent chemiresistive sensing behavior to NO2 with high selectivity
over other interference gases. The conductance of Cs-CuI-K-INA shows
anobvious increaseuponexposure toNO2 anddrops back to the initial
value when purged with dry air (Fig. 3b). The average response
(Raverage) of five individually as-made sensing devices to 10 ppmNO2 is
up to 649% (Fig. 3b and S28a).

The sensing sensitivity for Cs-CuI-K-INA is at least orders of
magnitude greater than that of the pristine CuI which had to be acti-
vated at 240 °C32,33. As depicted in Fig. 3c, after removing the 1D chain-
like CuI motifs, Cs-CuI-K-INA exhibits a typical dynamic response-
recovery curves to NO2 with a broad 1–100 ppm concentration range,
giving a better sensing repeatability with a CV value of 2.20%
(Fig S28b). The low CV value highlights its exceptional sensing
repeatability and reliability. In contrast, K-CuI-K-INA containing the
mixed 1D CuI chains and 2D layers and Na-CuI-K-INA bearing solely 1D
CuI chains displayed significantly larger response CV of 13.25% and
14.30%, respectively, over the same number of cycles, indicating their
relatively poorer repeatability and reliability (Fig. 3c and S29).

Fig. 2 | The illustration of integrating the DFT calculation with crystal engi-
neering strategy to tailor the structure features of CuI motifs in M-CuI-K-INA.
a Adsorption energy of NO2 with CuI motifs in K-CuI-K-INA from DFT calculations.
b K-CuI-K-INA bearing the mixed 1D α-{Cu4I3}n

n+ chains and 2D {Cu4I5}n
n- layers

viewed along c axis direction. c Cs-CuI-K-INA with solely 2D {Cu4I5}n
n- layer viewed

along b axis direction. dNa-CuI-K-INAwith only 1D β-{Cu4I3}n
n+ chains viewed along

the c axis direction.
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The fast recovery time is also a very important parameter con-
cerning sensing performances. At the dark condition, Cs-CuI-K-INA has
the recovery time of 1.44min, which is ~1/4 of that of K-CuI-K-INA
(6.55min). The recovery time for Cs-CuI-K-INA is even only 1/3
of that of K-CuI-K-INA (3.54min) under light irradiation15, demon-
strating the faster sensing recovery performances of Cs-CuI-K-INA
(Fig. 3d and S28c). The observed differences in CV values and sensing
recovery time of K-CuI-K-INA, as compared to our previous study15,
may be attributed to batch-to-batch variability in sample preparation
and discrepancies in the operational parameters of the sensing
instruments. In contrast, Na-CuI-K-INA shows the slowest recovery
time (Fig. 3d, e, S29c and S30).

The theoretical limit of detection (LOD) of Cs-CuI-K-INA can be
calculated to be about 1.226 ppb from the simulated linear equation by
setting the response to 10% (Fig. 3e), which is comprable to that of K-
CuI-K-INA15. This result indicates the strategy presented here can
improve gas sensing recovering and recycling performances without
sacrificing sensing sensitivity15. The LOD is comparable to the best
sensing materials including but not limited to metal oxides, chalco-
genides and MOFs sensing materials (Fig. 3f)34–46. More details of the
related sensing parameters, including Raverage, CV and LOD values, of
other NO2 sensingmaterials are listed in Table S4 for a comprehensive
comparison. When considering performance parameters such as
recovery capability, response time, and LOD value, Cs-CuI-K-INA
stands out as one of the satisfactory RT chemresistive NO2 sensing
materials reported to date. Cs-CuI-K-INAmaintains its stability across a
broad range of solvents, demonstrating its potential applicability in
real-world applications (Fig S31). It exhibits a consistent and reliable
sensing response to 10 ppmNO2 over duration of twomonths, thereby
confirming its long-term stability in sensing performance (Fig S32).
The sensing response to NO2 under different relative humidity (RH)
levels and mixed gas conditions shows negligible variation (Fig S33-
34). Moreover, its significantly enhanced and scalable yield, achieved

through the optimization of synthesis parameters (Fig S35), further
supports its potential for practical applicability in NO2 sensing.

Mechanism studies
Time-resolved diffuse reflectance infrared fourier transform spectro-
scopy (DRIFTS) measurements were performed to elucidate the sen-
sing mechanism. As depicted in Fig. 4a, a series of new peaks were
observed for Cs-CuI-K-INA after exposed to NO2 with respect to the
spectrum of the pristine sample. The intensities of these bands con-
tinue to increase as a function of exposing time, indicating that they
correspond to the species resulting from NO2 interaction/reaction on
the sample surface47–51. The molecularly adsorbed NO2 was detected
by monitoring its νas band at 1730 cm-1, which shows a large upward
(blue-) shift compared to its gas phase value at 1620 cm-147. Such blue-
shift was alsoobserved in former studies ofNO2 adsorption on cationic
surfaces and can be attributed to the partial electron donation from
antibonding orbitals to the surface, thus stiffening N=O bond and
raising its frequency52–56. Nitrate species (NO3

−), as a result of dis-
proportionation reaction of NO2

15,18,19, was also observed as typifed by
the growth of their characteristic bands labeled as I, II, and III, which
are assigned to the N =O stretching and the asymmetric/symmetric
stretching vibrations of −NO2 within NO3

− ions57,58. A noticeably large
separation between I and II suggests a possible bridging or chelating
nitrate complex on the surface of the compound through bidentate
bonding configuration was formed, which is in accordance with the
DFT calcualtion results for NO2 adsorption with a bidentate O,O
′-nitrito binding way as a favorable adsorption mode (Fig S1)57,59. NO is
characterized by the broad band around 1800 − 1900 cm−1, which
corresponds to its stretching vibration of nitrosyl species formed on
the cationic sites56, andN2O is characterizedbyN −Ostretchingmodes
around 1300 − 1200 cm−1. However, they grow in a proportional man-
ner with NO3

− bands demonstrating they are the reaction products of
NO2 with Cs-CuI-K-INA. XPS measurments also provide evidence for

Fig. 3 | Characterization of gas sensing performance. a Responses of Cs-CuI-K-
INA to 100 ppm NO2 comparing with that of other interference gases. b Response
and recovery curve of Cs-CuI-K-INA towards NO2 with different concentrations at
RT. c Coefficient of variation for cycle testing of M-CuI-K-INA (M = Na, K and Cs)
towards 10 ppm NO2. d Sensing recovery time of M-CuI-K-INA (M = Na, K and Cs).

e Log–Log linear fitting of the response-concentration plot. f Response time and
LOD values of Cs-CuI-K-INA in comparison with the excellent NO2 RT sensing
materials reported to date (without light, with LOD values < 250 ppb and recovery
time <700 s). Error bars present the standard deviation of the mean of three
experiments. Source data are provided as a Source Data fle.
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the presence of these adsorbed species, as indicated by the spectrum
of N1s which shows two peaks around 400 and 407 eV after exposing
to NO2. The peak around 400 eV is due to the N of INA ligand while
407 eV is typically ascribled to surface NO3

− ions (Fig. 4b)58. It may also
involve the electrons transfer between the molecularly adsorbed NO2

and the host Cs-CuI-K-INA structure60. The νas band for the adsorbed
NO2 was not observed for the sample after gas sensingmeasurements,
indicating NO2 adsorbed on the sample surface can be removed to
achieve sensing repeatability (Fig S36). Moreover, the PXRD mea-
surements of the sample after NO2 sensing confirmed that the struc-
tures remain unchanged, suggesting good resuability of these samples
(Fig S5 and S7). As seen in Fig S37, the N2 adsorption measurement on
the powdered Cs-CuI-K-INA sample indicates that the sample is non-
porous. This result confirms the sensing occurs on the external sur-
faces, not in the internal structure of the materials61–63. Based on the
results discussed above, the NO2 sensing process can be viewed as a
Lewis acid−base interaction between the Cu(I) site and NO2, which
invovles the electrons transfer between the highly acidic NO2 and CuI
motifs in MOFs then resulted in resistance change (Fig. 4c) 15,18,19.

DFT calculations were also conducted to better understand the
inner relationship between structure and sensing performances. In K-
CuI-K-INA, NO2 prefers to interat with Cu(I) atoms on the Cu(I) centers
in both 1D chains and 2D layers with a bidentate O,O′-nitrito binding
mode (Fig S1)18,19. This finding is consistent with the superior sensing
response of K-CuI-K-INA compare to that of Cs-CuI-K-INA containing

only 2D CuI layered motifs (Fig. 3b)15. However, the release of NO2

adsorbed onto both the 1D chain-like and 2D layered CuI motifs in K-
CuI-K-INA is more challenging than for the solely 2D CuI layers in Cs-
CuI-K-INA, resulting in a slower sense recovery. Thus, light irradiation
was necessary to enhance its recovery capacity13–15. By adopting both
Cs+ and K+ ions to competitively coordinate with HINA, the 1D CuI
chains in K-CuI-K-INA were removed, leaving only 2D {Cu4I5}n

n- layers
confined within the framework of Cs-CuI-K-INA (Fig. 4c). After
removing the 1D chains, the adsorption energy of NO2 to CuI motifs in
Cs-CuI-K-INA is reduced to -1.07 eV, while the energy for the 1D CuI
chains that confined in Na-CuI-K-INA is increased to -1.64 eV (Fig S38).
A Bader charge analysis also reveals the reduced charge transfer
observed in 2D {Cu4I5}n

n- layers, suggesting the moderate interactions
between the layered CuI modules and NO2 (Fig. 4c and S39). The
conductivity of Cs-CuI-K-INA exhibited a more pronounced and
accelerated increase upon exposure to NO2 compared to K-CuI-K-INA,
which is consistentwith the results obtained from theDFT calculations
(Fig S40)15. Consequently, without light irradation, the recovery time
for Cs-CuI-K-INA (1.44min) is shortened to 1/4 of that for K-CuI-K-INA,
which can also be reduced to nearly 1/3 of that for K-CuI-K-INA
(3.54min) even with light assistance15. The low CV value of 2.20% for
Cs-CuI-K-INA highlights its exceptional sensing repeatability and
reliability by removing the 1D CuI chains with excessive interactions to
NO2 (Figs. 3c and 4c). These results aforementioned above demon-
strate that removing non-essential active units with excessive

Fig. 4 | Characterization for the NO2 sensing mechanism and illustration of
structure-property relationship. a Time-resolved DRIFTS difference spectra of
Cs-CuI-K-INA exposing at NO2 atmosphere. b XPS spectra of N1s in Cs-CuI-K-INA

before and after NO2 exposure. cThe schematic summarizing the structure-sensing
performance relationship.
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interactions to gas molecules can benefit the sensing response and
recyclability to the sensing materials. The alteration in resistance
observed in conventional sensing materials upon exposure to gas
molecules is typically attributed to the chemisorption and subsequent
reaction of these molecules on the surface of the sensing element.
Nevertheless, the application of external stimuli such as temperature
or light is often required to address the challenges associated with low
sensitivity, limited selectivity, and irreversibility in gas sensing per-
formance (Table S4)13,14,64. MOFs have been developed to operate at RT
with abundant reaction sites on the surface, but they also encounter
the challenge of irreversible NO2 detection resulting from the forma-
tion of a stable coordination complex65,66. In this work, by integrating
DFT calculations, the crystal engineering approach we established
represents a promising method for tailoring the structural character-
istics of sensing modules. This, in turn, facilitates the optimization of
gas sensing recovery and recyclability of MOF sensors (Fig. 4c). We
intend to extend this approach into a general strategy for tailoring the
structural properties of conventional inorganic materials—including
metal oxides,metal halides, and sulfides—to significantly enhance their
sensing performances.

In this work, we first carried out DFT calculations to show that
compared to the 2D layers, the 1D CuI chains interact more strongly
with NO2 molecules, resulting in slow gas sensing recovery and poor
recyclability of K-CuI-K-INA (the model MOF). We then introduced
alkali-metals (Na+ and Cs+) as hetero-atoms which leads to Na-CuI-K-
INA and Cs-CuI-K-INA, composed of only 1D CuI chains and 2D layers,
respectively. By removing the 1Dα-{Cu4I3}n

n+ chainswith excessiveNO2

adsorption energy, Cs-CuI-K-INA bearing solely 2D {Cu4I5}n
n- layers as

active NO2 sensing motifs demonstrates enhanced sensing perfor-
mance with faster recovery and better recyclability than those of K-
CuI-K-INA and Na-CuI-K-INA. This work offers a valuable insight into
the molecular level design of chemiresistive materials by integrating
DFT calculation with crystal engeering stratedy to optimize and
enhance their chemiresistive sensing performances.

Methods
Characterizations
All the chemicals were used without further purification. Elemental
analyses (EA) of C, H, and N were performed using a German Ele-
mentary Vario EL III instrument. UV-Vis absorbance photometric tests
were carried out on a UV-2600 and PerkinElmer Lambda 350 UV-Vis
spectrophotometer at RT in the range of 200–800 nm. Solid-state
optical diffuse reflectance spectra were recorded on a Shimadzu 2600
UV/vis spectrometer at RT in the range of 200–800nm. A BaSO4 plate
was utilized as a standard which possesses 100% reflectance. The
absorption data were then obtained from the reflectance spectra by
using the Kubelka-Munk function α/S= (1-R)2/2 R, where α refers to the
absorption coefficient, S refers to the scattering coefficient, and R
refers to the reflectance. Thermogravimetric analyses (TGA) were
carried out on a NETZSCH STA449C unit at a heating rate of 5 °C/min
under nitrogen atmosphere. The powder X-ray diffraction (PXRD)
patterns were obtained from a Miniflex II diffractometer at 30 kV and
15mA using Cu Kα (1.54178 Ǻ) in the angular range of 2θ = 3-65° at RT.
The PXRD analyses were conducted on a Rigaku Smartlab X-ray dif-
fractometer with CuKα1 radiation (λ = 1.5406Å) at a scanning speed of
5° min-1. The surface chemical analysis was investigated by X-ray pho-
toelectron spectroscopy (XPS) on a Thermo Scientific ESCALAB 250Xi
XPS system. The metal elemental ratios were determined by ICP-
atomic emission spectrometry (AES) using an Ultima 2 instrument.
Inductively coupled plasma-optical emission spectroscopy. N2

adsorption isotherm was measured on a ASAP (Accelerated Surface
Area and Porosimetry) 2020 System at 77 K. Mott−Schottky was per-
formed on a IMS Electrochemistry workstation-disk electrode. The
data of ultraviolet photoelectron spectroscopy (UPS) was collected
fromaThermoScientific ESCALAB250XiXPS system (monochromatic

Al KαX-rays (1486.6 eV) operating at 15 kV; the base pressure: 5.0 × 10−8

Pa). The samples were first dried in a vacuum oven for 8 h before test.

Starting Materials
NaI (99%, Macklin Inc.), CsI (99%, Adamas Reagent Co., Ltd), KI (99 %,
Adamas Reagent Co., Ltd), CuI (99%, Adamas Reagent Co., Ltd),
4-Picolinic acid (99%, Adamas Reagent Co., Ltd). All the chemicalswere
purchased from commercial sources and used without any further
purification.

Synthesis of Na-CuI-K-INA
A mixture of CuI (100mg), NaI (75mg), KI (75mg), INA (100mg),
3.0mL DMF, 2.0mL CH3CN and 2.0mL ethanol was sealed in 20mL
vessel, heated at 100 °C for 6 days, and then cooled to room tem-
perature. The reaction yielded ~50mg red block-like crystal. The yield
was24.8%basedonCu element. EA, Calcd. forC36H24Cu4I3K3Na2N6O12:
C, 28.25%; H, 1.58%; N,5.49%; found: C, 28.57%; H, 1.50%; N, 5.50%; ICP,
Calcd. for C36H24Cu4I3K3Na2N6O12: Cu, 16.61%; K, 7.66%; Na, 3.00%;
found: Cu, 17.08%; K, 7.67%; Na, 3.08%.

Synthesis of Cs-CuI-K-INA
Cs-CuI-K-INA could be synthesized using the same procedure as Na-
CuI-K-INA except that 75mg of CsI instead of NaI was used in the
reaction. The reaction yielded ~40mg yellow rod-like crystals. The
yield was 20.3% based on Cu element. Crystals exhibiting high yields
were also successfully synthesized by combining CuI (500mg), CsI
(750mg), KI (750mg), and INA (500mg) in a solvent mixture con-
sisting of 15.0mL DMF, 10.0mL CH3CN, and 10.0mL ethanol. The
mixture was sealed in 40mL vessel, heated at 100 °C for 6 days, and
then cooled to room temperature. ~468mg crystal samples were col-
lected and the yield was 47.5% based on Cu element. EA, Calcd. for
C36H24Cs1.25Cu5I4K3.75N6O12: C, 23.11%; H, 1.29%; N, 4.49%; Found: C,
23.36%; H, 1.27%; N, 4.48%; ICP, Calcd. for C36H24Cs1.25Cu5I4K3.75N6O12:
Cu, 16.98%; K, 7.83%; Cs, 8.88%; found: Cu, 17.61%; K, 7.53%; Cs (This
element cannot be tested in the lab).

Electrical conductivity tests
Electrical conductivity (σ) was obtained by fitting the linear region of
the current–voltage curves to Ohm’s law. For the bulk sample mea-
surements, two-contact probe method was used. The single crystal
electrodes were made using silver paste and 50μm gold line by
placing the crystal between two electrodes and connected to the
semiconductor analysis system (4200SCS, Keithley). The electrical
conductivity of the sample was calculated based on Ohm’s law. The
tests were performed under dark conditions (without any light
source), and the temperature change was controlled by the gas
sensing station.

Gas Sensing Measurements
10mg sample was grinded and dispersed in ethanol solution. Then,
20μL as made sample suspension was directly drip-coated on the
interdigital electrode. The electrode was then dried at 60 °C under
vacuum for 6 h before sensing test. The sensing characterization was
conducted on a home-made system reported in previous work67. The
constant gas flow was 600mLmin−1, the bias on the sensor was set to
be 5 V and the current data were recorded using a Keithley 2602B
Sourcemeter. Gases with accurate concentration were generated by
mixing target gases with dry air in a certain ratio via mass flow con-
trollers (CS-200C, Beijing Sevenstar Qualiflow Electronic Equipment
Manufacturing Co., Ltd., China) and then injected into a quartz tube.
Responsivity (R): It assesses the influenceof NO2 on responses (ΔI/I0, I0
is the current in air and ΔI represents the change in current in the
circuit after exposure to the analyte gas). The coefficient of variation
(CV) was estimated by RSD/Ravg × 100%, where RSD and Raverage. are the
standard deviation (SD) and the average value of responses. The
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response and recovery times were acquired as the times taken to
achieve 90% of the total resistance change.

Time-resolved in-situ DRIFTS spectra collection
DRIFTS spectra were collected on a Nicolet 6700 FT-IR spectrometer
with MCT/A detector cooled by liquid nitrogen. Data collection was
performed on OMNIC software. The KBr was heated to 100 °C under a
stream of dry synthetic air for 2 h, after which the sample cup was
cooled to room temperature and purged with dry synthetic air. After
that, a raw absorbance spectrum was collected as background. The
sample was processed with the same procedure except NO2 was used
throughoput the test. All spectra were obtained by scanning with a
resolution of 4 cm-1 from 650 to 2000 cm-1.

X-ray Crystallography
Single-crystal X-ray diffraction data of Na-CuI-K-INA were collected on
SuperNova Oxford diffractometer with graphite monochromated
MoKα radiation (λ =0.71073 Å). Single crystal data of Cs-CuI-K-INAwas
collected on MM007-Saturn724 with MoKα radiation at 293(2) K. The
structures were solved by direct methods and refined by full-matrix
least-squares on F2 using the SHELX-2015 program68. Non-hydrogen
atoms were refined with anisotropic displacement parameters and the
hydrogen atoms bonded to C and N atoms were positioned with
idealized geometry. The empirical formulae were confirmed by EA.
Detailed crystallographic data and structure-refinement parameters
are summarized in Table S1. Table S2 lists important bond distances.

Density functional theory (DFT) calculations
All the DFT calculations were performed by using the Vienna ab initio
simulation package VASP69,70. The projector augmented wave method
was used to describe the interaction between ions and electrons.
Electron-electron exchange and correlation interactions are described
by using the Perdew-Burke-Ernzerhof functional (PBE) within the
generalized gradient approximation (GGA)71. A plane wave basis set
with a cutoff energy of 400 eV and a k-point grid generated by the
Monkhorst-Pack method were found to give converged results for the
surface calculations. The structures were relaxed using either the
conjugate gradient algorithm or the quasi-Newton scheme until the
forces on all unfixed atoms were less than 0.01 eV/Å. To investigate
NO2 adsorption configurations on K-CuI-K-INA and Na-CuI-K-INA and
Cs-CuI-K-INA in this work, we constructed slab models with CuI
exposure, as shown in the Fig S1 and S30. The atoms of the MOFs and
the adsorbate (NO2) were allowed to relax. It should be noted that the
energies of all configurations presented in this work include correc-
tions for dispersion (D3) and zero-point energy (ZPE). To describe the
interaction between the adsorbate and the substrate, the adsorption
energy was defined as Eads = E(adsorbate/slab) - E(adsorbate) - E(slab)
where E(slab), E(adsorbate) and E(adsorbate/slab) represent the
energies of optimized slab, gas-phase adsorbate and adsorbate-slab
complex, respectively. The spin-polarization calculation was con-
sidered in gas species and adsorption systems with open shell char-
acter. According to the above definition, a negative value indicated
that the process is exothermic, whereas positive values are for endo-
thermic processes.

Data availability
Additional methods and data are provided in the Supplementary
Information. All data are available within the paper and its Supple-
mentary Information. Source data are provided with this paper.
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