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ARTICLE INFO ABSTRACT

Editor name: Yeshui Zhang In recent years, Metal-Organic Frameworks (MOFs) have demonstrated significant potential as adsorbents for
CO;, capture, particularly in direct air capture (DAC). However, their adsorption capacity and the selectivity still
require further enhancement. Herein, we report the synthesis of CQDs/NU-1000 composites by incorporating
carbon quantum dots (CQDs) into NU-1000 framework. The structure, morphology, and pore characteristics of
the resulted composites were investigated by various characterization methods. The composite with the highest
CO; uptake, 1.0 CQDs/NU-1000, exhibits adsorption capacity of 1.99 mmol-g ! at 0.1 MPa and 25 °C, which is
1.79 times higher than that of pristine NU-1000. The 1.0CQDs/NU-1000 composite maintains a CO2 adsorption
capacity of 1.89 mmol-g~' even under 100% relative humidity. Dynamic breakthrough experiments conducted
under simulated air conditions further demonstrate that this composite delivers a dynamic adsorption capacity
approximately fivefold higher and a CO2/N3 selectivity about fourfold higher than those of the pristine material.
TPD and in situ FTIR results reveal that the introduction of CQDs enhances the Lewis basicity of the open metal
sites in NU-1000 and increases the surface hydroxyl oxygen content, and the resulting formation of carbonate
species is the main contributor to the enhanced chemisorption capacity for CO,. This work offers an effective
strategy to enhance the CO; capture performance of MOF-based adsorbents, and provides insights for the design
of high-performance materials for CO2 separation and DAC technology.
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surface areas, tunable pore structures and tailorable chemical environ-
ments enable strong interactions with CO2 [12,13]. For instance, some

1. Introduction

To address the greenhouse effect caused by the increased atmo-
spheric CO; levels [1], carbon capture technologies are from conven-
tional point source capture to an integrated system of carbon capture,
utilization and storage (CCUS) [2,3]. Within this system, direct air
capture (DAC) is a promising strategy for achieving net negative carbon
emissions [4,5], but the extremely low CO, concentration in ambient air
of about 400 ppm necessitates high selectivity and capacity for sorbents.
Although liquid amine absorption has been widely employed for flue gas
CO4, capture [6], problems such as equipment corrosion, high regener-
ation energy consumption, and amine degradation [7] make solid sor-
bents a more promising option for advancing CO5 capture technologies.

Among various solid sorbents such as zeolites [8], activated carbons
[9], and porous organic polymers [10], covalent-organic frameworks
[11], metal-organic frameworks (MOFs) stand out because their high
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studies have assembled MOFs (e.g., ZIF-8 and its functionalized de-
rivatives) onto nanofiber substrates to address the issue of low gas mass
transfer efficiency of MOFs in practical applications. [14-16] However,
under DAC conditions, issues such as the limited adsorption capacity,
insufficient thermal stability, and moisture sensitivity of many pristine
MOFs have not yet been resolved. [12,17,18]. Therefore, while main-
taining the water and thermal stability of MOFs, improving the pore
structures and local chemical environments of stable MOFs is essential
for achieving higher CO, adsorption capacity and selectivity.
Zirconium-based MOFs such as UiO-66 [19], MOF-808 [20] and NU-
1000 [21] are known for their exceptional thermal, chemical and water
stability, making them promising candidates for energy and environ-
mental applications [22,23]. NU-1000 features a hierarchical pore
structure and unsaturated coordinated Zrg clusters, which are favorable
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for COy adsorption and related transformations [24-27]. Although
modification strategies for MOF-based solid sorbents such as the intro-
duction of amino groups, organic amines or metal oxide nanoparticles
can enhance their CO, adsorption performance, they still face limita-
tions including amine volatilization and deactivation, nanoparticle ag-
gregation and complex synthesis procedures [12,23,28-31]. Therefore,
it is particularly crucial to develop a simple, controllable, and efficient
modification strategy to overcome these issues and further enhance the
CO;, capture performance of MOFs.

Carbon quantum dots (CQDs) are zero-dimensional carbon-based
nanomaterials with small particle sizes, excellent dispersibility, and
stable chemical properties. Their surfaces are rich in oxygen-containing
functional groups [32]. In composite systems, CQDs can not only pro-
vide additional adsorption or reaction sites but also modulate the local
electronic structure and polarity of the host material [33,34]. Davood
et al. found that a nitrogen-doped carbon quantum dots/reduced gra-
phene oxide nanocomposite could improve the micropore/mesopore
ratio of MOFs and enhance CO, adsorption [35]. Inspired by this, we
propose a simple and controllable CQDs doping strategy to modulate the
pore structure and microenvironment of NU-1000, thereby enhancing
its CO4 capture performance under DAC conditions for the first time.
CQDs and NU-1000 were first synthesized separately; then a series of
CQDs/NU-1000 composites were prepared via a simple impregnation
method and systematically investigated their CO, adsorption behavior.
Static adsorption isotherms and dynamic breakthrough experiments
under simulated air conditions both demonstrate that the introduction
of CQDs significantly enhances the CO, adsorption capacity and im-
proves CO2/N2 dynamic breakthrough selectivity. Brunauer-Emmett-
Teller (BET) analysis indicates that the incorporation of CQDs opti-
mizes the specific surface area and pore structure of the composites,
while CO5 temperature programmed desorption (CO2-TPD) and in-situ
Fourier transform infrared spectroscopy (in situ FTIR) further confirm
that CQDs promote the formation of carbonate species, thereby
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strengthening the chemical interaction between CO, and the adsorbent.
This study provides a simple and effective strategy for tuning the
structure of NU-1000-based MOF materials and enhancing their CO4
adsorption performance.

2. Experimental section
2.1. Materials and chemicals

All reagents were obtained from commercial sources and used as
received without further purification. N,N-dimethylformamide (DMF,
99%, AR), 1,3,6,8-tetrakis(p-benzoic acid) pyrene (H4TBAPy, 99%, AR),
zirconyl chloride octahydrate (ZrOClp-8H20, 99%, AR), urea (99%, AR),
and silicon dioxide (SiO3, 99%, AR) were purchased from Shanghai
Adamas Reagent Co., Ltd. Citric acid monohydrate (99%, AR) was
supplied by China National Medicines Corporation Ltd. Ethanol (EtOH,
99%, AR) and acetone (99%, AR) were obtained from Shanghai Lingfeng
Chemical Reagent Co., Ltd. Deionized water(DI) was produced with
ultrapure water system (Tondino Scientific Co., Ltd., Shanghai). High-
purity gases, including Ar (99.99%), N3 (99.99%), and CO2 (99.99%),
were supplied by from Shanghai Guanglin Gas Co., Ltd.

2.2. Synthesis of adsorbents

2.2.1. Synthesis of CQDs

CQDs were synthesized via a modified hydrothermal method based
on procedures previously reported procedures [36]. Citric acid (1 g) and
urea (1 g) were dissolved in 15 mL of deionized water (DI) under ul-
trasonic agitation. The solution was transferred to a 25 mL PTFE-lined
autoclave and heated at 180 °C, for 6 h. After being cooled to room
temperature, the dark brown suspension was centrifuged at 10,000 rpm
for 20 min. The as-obtained supernatant was collected and dried at
80 °C, to get CQDs powder (See Scheme 1).
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Scheme 1. Schematic illustration of the preparation process of the CQDs/NU-1000 composite.
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2.2.2. Synthesis of NU-1000

NU-1000 was synthesized following a slightly modified literature
method [37]. Zirconyl chloride octahydrate (388 mg) and benzoic acid
(10.8 g) were dissolved in 28 mL of DMF. Separately, H4TBAPy (160 mg)
was dissolved in 4 mL of DMF. Both solutions were ultrasonicated,
preheated at 80 °C, for 1 h, cooled to room temperature, and mixed
together. The mixture was heated at 100 °C, for 16 h.

The yellow precipitate was collected by centrifugation and washed
three times with DMF. The as-obtained solid was redispersed in 50 mL of
DMF, treated with 2 mL of 8 M HCl, and heated at 100 °C, for 12 h. The
product was washed three times with DMF and subsequently with
acetone wash for three times. It was dried under vacuum at 80 °C, for 12
h, ground into a fine powder, and finally activated at 120 °C, for 12 h
under vacuum.

2.2.3. Synthesis of CQDs/NU-1000

100 mg of activated NU-1000 powder was dispersed in 20 mL of
ethanol (solution A). The CQDs were dissolved in ethanol to make a 5
mg/mL suspension (solution B). 1.0 mL of solution B was added drop-
wise into solution A, and the mixture was stirred at 40 °C, for 12 h. The
solid was then separated by centrifugation, washed several times with
ethanol, and dried under vacuum at 100 °C, for 12 h. The final sample is
referred to as 1.0CQDs/NU-1000. Using the same procedure but varying
the volume of solution B, additional composites were obtained and
marked as xCQDs/ NU-1000 (x = 0.2, 0.6, 1.5, 2.0 mL), Based on the
added volumes of the CQDs solution (5 mg/mL), the nominal mass
loadings of CQDs in the resulting composites were calculated to be 1.0,
3.0, 5.0, 7.5, and 10.0 wt%, respectively.

(a) Pristine NU-1000 C)

Pristine NU-1000
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2.3. Characterization and testing methods

Scanning electron microscopy (SEM) analysis was performed using a
field-emission scanning electron microscope FEI Magellan 400. Trans-
mission electron microscopy (TEM) and high-resolution transmission
electron microscopy (HRTEM) images were obtained using a Hitachi
HF5000 electron microscope. Powder X-ray diffraction (PXRD) patterns
were recorded using a Bruker D8 ADVANCE diffractometer with Cu Ka
radiation (A = 0.15418 nm) at room temperature. Brunauer-Emmett-
Teller (BET) surface area measurements and CO; adsorption isotherms
were measured using JW-BK100 instruments. X-ray photoelectron
spectroscopy (XPS) was conducted on an ESCAlab 250 spectrometer
(Thermo-VG Scientific). Temperature-programmed desorption (TPD)
measurements were carried out using a PCA-1200 chemisorption
analyzer. Thermogravimetric analysis (TGA) was performed on a
Netzsch STA 449 F3 thermal analyzer. In situ diffuse reflectance infrared
Fourier transform (in situ FTIR) spectra were collected using a Thermo
Fisher iN10/iZ10 system. CO3/N3/0O4 dynamic breakthrough tests were
conducted on a BTsorb-100 SMPPRO instrument to evaluate the DAC
performance The adsorption performance under different humidity
conditions was evaluated using an ESPEC SH-222 bench-top tempera-
ture & humidity Chamber.

3. Result and discussion
3.1. Characterization of materials
3.1.1. Morphology

Fig. 1 shows the morphological features of pristine NU-1000 and
1.0CQDs/NU-1000, the latter of which exhibits the most significant

Pristine NU-1000 \"Y | (p

Fig. 1. SEM images of pristine NU-1000 and 1.0CQDs/NU-1000(a-d); TEM images of pristine NU-1000(e) and 1.0CQDs/NU-1000(f); HRTEM images of pristine NU-

1000(g) and 1.0CQDs/NU-1000(h).
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enhancement in CO, adsorption performance. SEM images of pristine
NU-1000 (Fig. 1a and c) reveal a regular rod-like crystalline morphology
characterized by uniformly distributed particles, smooth surfaces, and
well-defined edges [21]. After the introduction of CQDs (Fig. 1b and d),
the composite maintains its well-defined rod-like structure. No crystal
collapse or discernible interfacial defects were observed, indicating that
the combining process does not influence the structural integrity of the
NU-1000 framework.

In the SEM and conventional TEM images, CQDs are not directly
observable, primarily due to their ultrasmall dimensions (typically <10
nm) falling below the effective spatial resolution limit of the techniques
[38]. This is consistent with previous reports, which note that CQDs are
typically indistinguishable via conventional SEM imaging. In contrast,
HRTEM provides more direct evidence of the successful incorporation.
In the HRTEM image of 1.0CQDs/NU-1000 (Fig. 1h), several spherical
dark spots were observed on the surface of the crystals [39]. These spots,
which cannot be observed in pristine NU-1000, can be attributed to
CQDs attached to the surface and near-surface regions of NU-1000.
Meanwhile, the rod-like crystals still maintain their intact morphology
(Fig. 1f), with sharp crystal edges and no signs of collapse or fracture,
further confirming that the introduction of CQDs does not detrimentally
affect the NU-1000 framework. This structural robustness is beneficial
for maintaining open pore channels and is thus crucial for preserving
and enhancing the CO; adsorption performance of the material.

3.1.2. Crystal structure

XRD patterns (Fig. 2a) were recorded to examine the phase compo-
sition and crystallinity of NU-1000 and the CQDs/NU-1000 composites.
The characteristic diffraction peaks of all samples, both before and after

(@)
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the incorporation of with CQDs, are in good agreement with the simu-
lated pattern. Specifically, the primary diffraction peaks at 20 = 5.1°,
7.4° and 10.2° remain consistent across all samples, and no additional
peaks belonging to other phases were detected [21,37]. However, the
enlarged XRD patterns (Fig. S1) show a slight shift in the characteristic
peaks of the CQDs/NU-1000 composites relative to pristine NU-1000.
According to Bragg's law, this shift indicates a minor change in the
interplanar spacing, suggesting a slight lattice distortion of the NU-1000
framework induced by CQDs doping [40]. Similar results associated
with the post-synthetic modification or guest encapsulation have been
well-documented [40,41]. Overall, the XRD results confirm that the
long-range order of NU-1000 is preserved, with the composites retaining
excellent crystallinity without undergoing phase transformation or
framework collapse.

3.1.3. Specific surface area and pore size distribution

To gain more deeper insights into the influence of the CQDs loading
amount on the pore structure of the composites, Ny adsorption-
desorption isotherms were recorded for pristine NU-1000 and the
CQDs/NU-1000 samples (Fig. 2b and c), and the corresponding pa-
rameters are summarized in Table 1. All samples exhibit typical type IV
isotherms, indicating that the materials are predominantly mesoporous
and possess a hierarchical pore structure, which is consistent with pre-
vious reports on NU-1000 [21,37].

Pristine NU-1000 exhibits a BET surface area of 1505 m2g~! and a
pore volume of 1.23 cms/g. The pore size distribution derived from the
HK and SF methods reveals micropores at approximately 0.6 nm, which
match well with the kinetic diameter of CO» (0.33 nm), thereby provides
abundant and effective adsorption space for CO5 molecules [42]. In
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Fig. 2. Pristine NU-1000 and series of CQDs/NU-1000 of (a) XRD patterns, (b) N, adsorption isotherms of NU-1000 and a series of CQDs/NU-1000 at 77 K, (c) Pore
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Table 1

The physical structural properties of samples.
Samples Sper’(m?/g) Vhal(em®/g) Viiero(cm®/g) Vihesolcm®/g) Dfverage(nm)
Pristine NU-1000- 1505 1.23 0.58 0.65 3.28
0.2CQDs/NU-1000 1528 1.17 0.50 0.67 2.95
0.6CQDs/NU-1000 1737 1.28 0.54 0.74 2.95
1.0CQDs/NU-1000 1937 1.53 0.69 0.84 3.12
1.5CQDs/NU-1000 1599 1.23 0.54 0.69 3.09
2.0CQDs/NU-1000 1308 0.99 0.44 0.55 3.03

2 BET specific surface; ® Total pore volume measured at P/P, = 0.99; ¢ Micropore volume calculated using the BJH method; ¢ Mesopore volume calculated using the

BJH method; ¢ Average pore diameter calculated using the HK/SF method.

addition, the presence of mesopores around 2.5 nm offers favorable
diffusion pathways for efficient gas transport.

To deeply understand the relation of physical structural properties
and loading, the pore size distribution (PSD) was further analyzed.
While the overall trends are shown in Fig. 2c, the separated HK profiles
(Fig. S3) clearly detail the changes of pore distribution. Both micropores
(~0.6 nm) and mesopores (~2.5 nm) were found in the NU-1000
samples. The micropore (< 2 nm) remains largely unchanged with
CQDs loading. Given that the sizes of CQDs are mostly larger than 2 nm
(TEM results in Fig.1h), the deposition of CQDs in the micropores is
prohibited while the mesopores provide possibilities for the residence of
CQDs. With the dosage of CQDs increased, the mesopore peak firstly
increased (pristine NU-1000 to 1.0CQDs/NU-1000 and then decreased
(1.5CQDs/NU-1000 and 2.0 CQDs/NU-1000). This is due to the fact that
the entering of a small amount of CQDs into the mesopores may lead to
the generation of defects, thereby resulting in an increase in mesoporous
capacity and providing new active sites for the adsorption of CO2 [43].
Among all the samples, 1.0CQDs/NU-1000 (5 wt% CQDs loading)
exhibit the optimal CO, adsorption capacity, which is in accordance
with its high specific surface area and the large total pore volume
(Table 1). When further increasing the dosage of CQDs, the blockage of
mesopores happened, resulting in both the decreased of mesopores and
the deteriorated CO5 adsorption performance.

With the increase in CQDs doping, the surface area of the composites
initially increases and subsequently decreases, following the same trend
as the CO; adsorption capacity shown in Table 2. The presence of CQDs
increases the roughness of the pore surfaces and creates additional
contact interfaces, leading to a higher effective surface area. However, at
a higher CQDs loading, the surface area decreases, which is primarily
ascribed to the partial blockage of the pores by CQDs [44]. The blocked
pores limit the access of COs molecules and are unfavorable for
adsorption. These results indicate that CQDs are successfully incorpo-
rated into the NU-1000 framework and alter the surface area and
porosity of the material.

Taken together with the SEM and PXRD results, it can be concluded
that CQDs are predominantly distributed on or near the pore channels of
NU-1000. They slightly modulate the local pore structure and surface
environment while maintaining the long-range order and open channels
of the framework. This provides a favorable structural foundation for the
enhancement of both physical adsorption and surface interactions dur-
ing COg capture.

Table 2

The static adsorption performance of samples.
Samples Temperature (°C) CO,, adsorption Percentage

/pressure (kPa) (mmol-g’l) Increase

Pristine NU-1000 25/100 1.11 N/A
0.2CQDs/NU-1000 25/100 1.46 31.5%
0.6CQDs/NU-1000 25/100 1.85 66.6%
1.0CQDs/NU-1000 25/100 1.99 79.2%
1.5CQDs/NU-1000 25/100 1.68 51.4%
2.0CQDs/NU-1000 25/100 1.34 20.7%

3.1.4. Elemental composition and chemical state analysis

X-ray photoelectron spectroscopy (XPS) was performed to investi-
gate the effect of CQDs incorporation on the surface valence states and
electronic structure of the material. As shown in Fig. 3a, the survey
spectrum displays characteristic peaks for zirconium (Zr) 3d, carbon (C)
1 s, and Oxygen (O) 1 s at binding energies of approximately 182.9,
284.9 and 532.7 eV, respectively. The high-resolution spectrum for
these elements shown in Figs. 3b-d.

The high-resolution Zirconium (Zr) 3d spectrum were used to
analyze the chemical state and electronic environment of Zr in pristine
NU-1000 and 1.0CQDs/NU-1000. As shown in Fig. 3d, pristine NU-1000
exhibits two characteristic peaks at 185.6 eV (Zr 3d3/3) and 183.3 eV (Zr
3ds,/2), corresponding to Zr(IV) in the Zrg—O cluster, while the corre-
sponding peaks of 1.0CQDs/NU-1000 appear at 185.3 eV and 182.9 eV
[45]. This shift (~ 0.3-0.4 eV) signifies a meaningful increase in the
local electron density around the Zrg clusters. Notably, the well-
preserved peak symmetry and the constant spin-orbit splitting confirm
that the Zr sites maintain their Zr (IV) oxidation state rather than un-
dergoing a formal reduction. This phenomenon is attributed to interfa-
cial electronic redistribution between the CQDs and the MOF
framework. The electron-rich, n-conjugated structure of the CQDs in-
duces electronic polarization at the interface, thereby enriching the
electron cloud around the Zr centers. This modulation effectively mod-
ulates the Lewis acidity and polarizing ability of the the Zr sites and
facilitates the polarization of CO; molecules, which is beneficial for the
enhanced CO5 adsorption performance observed in the composite.

To further confirm the structural integrity of the organic linker
during synthesis and composite formation, the binding energies of car-
bon (C) species were analyzed. The high-resolution C 1 s spectrum
(Fig. 3b) can be deconvoluted into three main peaks at 284.8, 286.5 and
288.8 eV, corresponding to C-C/C=C, C—O and C=O species, respec-
tively [46]. These signals originate from the aromatic rings and carboxyl
groups of the H4TBAPy linker. The results indicate that the organic
linker does not undergo discernible degradation during the synthesis
and post-treatment processes, and its fundamental chemical structure is
well-preserved.

The Oxygen (O) 1 s spectrum (Fig. 3c) were further analyzed to
identify the different oxygen species on the material surface. The O 1 s
spectrum of 1.0CQDs/NU-1000 can be deconvoluted into three peaks at
530.7, 532.2 and 533.3 eV, which are assigned to lattice oxygen (O1qy),
adsorbed oxygen (O,gs) and surface hydroxyl oxygen (-OH), respectively
[46]. Compared with pristine NU-1000, 1.0CQDs/NU-1000 shows a
notable increase in the peak area of hydroxyl oxygen (533.3 eV) and a
concomitant decrease in the peak area of adsorbed oxygen (532.2 eV).
This indicates that the introduction of CQDs promotes the formation of
more chemically bonded oxygen-containing functional groups such as
-OH on the surface, while reducing the amount of weakly adsorbed
oxygen/water molecules. Surface hydroxyl oxygen can act as active
adsorption sites for CO, and enhance the affinity of the material toward
CO2 molecules through Lewis acid-base interactions and hydrogen
bonding, which is highly favorable for CO, adsorption.

XPS results demonstrate that CQDs were successfully incorporated
into NU-1000. While the framework structure remains intact, the CQDs
doping modulates the electronic environment of the Zr sites and
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increases the abundance of oxygen-containing functional groups on the
surface. These synergistic effects play an important role in the enhanced
CO; adsorption performance of the composite.

3.2. CO2 adsorption performance

3.2.1. CO; static adsorption performance

CO9 adsorption performance of pristine NU-1000 and a series of
CQDs/NU-1000 composites with varying CQD loadings were evaluated.
Static CO4 adsorption tests were conducted at 0 °C and 25 °C, and the
results are shown in Fig. 4a and b. Notably, sample 1.0 CQDs/NU-1000
exhibits the highest CO5 adsorption capacity, demonstrating superior
performance compared to the other samples. Therefore, we mainly fo-
cuses on comparing the sample 1.0 CQDs/NU-1000 with pristine NU-
1000.

According to the static adsorption curves at 25 °C presented in
Table 2, it can be observed that when the CQDs loading increases from
0.2 to 1.0 mL, the CO, adsorption capacity rises from 1.11 to 1.99
mmol-g’l. However, with a further incremental increase in CQDs, the
CO4 adsorption capacity gradually decreases. This trend is consistent
with the variation in BET surface areas. An excessive amount of CQDs
may block the pores or form aggregates, leading to a decline in the CO,
adsorption capacity performance [44].

To better understand the role of CQDs in CO5 adsorption, CQDs/SiO»
composite was prepared as a control sample. As shown in Fig. 4c, under
the same test conditions, The CO, adsorption capacity of 1.0 CQDs/SiOy
is 0.036 mmol-g~! at 25 °C and 100 kPa, which is only 0.029 mmol-g~?
higher than that of pure SiO, (0.007 mm01~g_1).The increase of CO,
adsorption capacity for the 1.0CQDs/SiO» composites is much smaller
than the enhancement observed for the CQDs/NU-1000 composites,

where the capacity rose 1.11 mmol-g~! (pristine NU-1000) to 1.99
mmol~g’1 (1.0CQDs/NU-1000). This result indicates that the enhanced
CO9 adsorption capacity in the CQDs/NU-1000 series does not stem
solely from the individual contributions of CQDs; instead, it primarily
originates from the interaction between CO, and modified NU-1000
framework. Therefore, the synergistic effect between the CQDs and
the MOF framework plays a key role in improving CO, adsorption
performance.

3.2.2. Equivalent heat of adsorption and structural stability

Based on the CO, adsorption isotherms at 0 °C and 25 °C, the isos-
teric heat of adsorption (Qs) was calculated for each material, as shown
in Fig. 5a. After the introduction of CQDs, the isosteric heat of CQDs/
NU-1000 is higher than that of pristine NU-1000 at low CO, uptake.
This result demonstrates that at low surface coverage, the incorporation
of CQDs strengthens the affinity between CO; and the material, facili-
tating stronger adsorption. As the CO, uptake increases, the Qg of CQDs/
NU-1000 gradually decreases and finally becomes lower than that of
pristine NU-1000. This indicates that at higher CO5 adsorption capacity,
the stronger adsorption sites are gradually occupied, and subsequent
CO, molecules begin to occupy weaker adsorption sites. Consequently,
the average interaction between CO, and the material weakens, and the
differential heat released for each incremental amount of adsorbed CO,
becomes lower. Overall, the isosteric heat mainly lie within the range of
15-35 kJ mol !, which is typical for a physisorption process [47]. The
adsorption exhibits good reversibility and requires relatively low energy
for regeneration. This behavior reflects an energetically heterogeneous
adsorption system with multiple types of adsorption sites, where the
interaction between the adsorbate and the surface predominates and the
entire process is governed by physical adsorption.
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CO temperature programmed desorption (CO,-TPD) measurements
were performed (Fig. 5b) to investigate the CO4 adsorption strength and
desorption behavior of the materials. The TPD curves show that the CO,
desorption peaks for all samples are primarily centered 200 °C. Notably,
the desorption peaks of the composites shift toward higher temperatures
compared to pristine NU-1000. For the optimized 1.0CQDs/NU-1000
sample, the main desorption peak appears at 154 °C, which is signifi-
cantly higher than that of pristine NU-1000. This upward shift in the
desorption temperature indicates that CQDs doping strengthens the
interaction between CO; and the material, resulting in stronger binding
of CO, molecules [48]. The enhanced interaction contributes to increase
the CO, adsorption capacity and thus improves overall the performance
of the material in CO5 capture and separation.

The thermal stability of pristine NU-1000 and the CQDs/NU-1000
composites was evaluated via TGA (Fig. 5¢). Pristine NU-1000 exhibits
two distinct stages of mass loss, corresponding to its multi-step decom-
position process. In contrast, the CQDs/NU-1000 composites display a
single weight-loss stage, suggesting that the incorporation of CQDs
modifies and simplifies the thermal degradation pathway. Notably, the
composites exhibit earlier weight loss between 150 °C and 350 °C, likely
due to the accelerated removal of residual solvents and volatile species
facilitated by the CQDs. However, within the 350 °C to 500 °C range, the
rate of mass loss diminishes, indicating that the CQDs provide a degree
of structural reinforcement to the MOF framework at elevated temper-
atures. This stabilization effect retards the framework collapse and

ensures that the overall thermal stability of the composite remains
comparable to that of pristine NU-1000. These findings suggest that,
compared to pristine NU-1000, the thermal stability of CQDs-doped NU-
1000 is not significantly compromised, thus justifying its suitability for
multi-cycle CO, adsorption-desorption stability.

Fig. 5d. presents the PXRD patterns of pristine NU-1000 and the
CQDs/NU-1000 composites after immersion in water for 7 days.
Compared to the initial patterns (Fig. 2a), the diffraction peak intensities
are significantly weakened, with certain minor peaks disappearing
entirely. Notably, the characteristic peak at 20 = 7.4° shifts to 20 = 6.6°,
and a general shift toward lower angles is observed for all reflections,
signifying lattice expansion and increased interplanar spacing. This
phenomenon suggests that during prolonged soaking, water molecules
occupy the pores and form hydrogen bonding clusters [49]. These
clusters, along with the interaction between water and the hydroxyl
groups on the Zr-nodes, induce structural strain that leads to the
expansion of lattice parameters. Furthermore, the CO, adsorption per-
formance after the 7-day water treatment was evaluated (Fig. S4). The
adsorption capacity decreased to 1.45 mmol-g~!, a substantial reduction
from the initial value. This decline can be primarily attributed to the loss
of effective adsorption sites and the partial blockage of pore channels by
strongly bound water molecules. These results indicate that while the
framework is largely retained, the long-term water stability of the ma-
terial remains a challenge that warrants further optimization.

To quantitatively investigate the mechanism of capacity loss
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soaking in water.

following the 7-day water soaking test, PXRD and N physisorption
analyses were performed (Tables S2 and S3). Quantitative PXRD peak
integration indicates that the relative crystallinity of all samples drop-
ped to below 50% after soaking. Subsequently, Ny physisorption was
conducted on the soaked samples after standard thermal reactivation.
Because the reactivation process thoroughly removes any physically
adsorbed water molecules from the pores, the physisorption results
reflect the intrinsic structural state of the materials. The data reveals a
permanent pore volume loss, with the BET surface area of the pristine
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NU-1000 and 1.0CQDs/NU-1000 composite decreased to 579 and 675
m?g~, respectively. These results objectively confirm that prolonged
exposure to liquid water induces irreversible structural collapse rather
than reversible pore blockage.

To further evaluate the practical potential and water stability of the
prepared materials, CO adsorption performances were investigated
after exposing the samples to various relative humidity levels from 0% to
100% RH for 12 h (Fig. 6 and Table S5). It can be observed that as the
humidity increases, the CO, adsorption capacity of both samples
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Fig. 6. A comparison of CO, adsorption capacities for (a) Pristine NU-1000 and (b) 1.0CQDs/NU-1000 under different relative humidity conditions at 25 °C.
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exhibits a slight downward trend. This phenomenon is in high accor-
dance with the results reported in recent studies using dynamic break-
through measurements [14,15], which is primarily attributed to the
competitive adsorption between water vapor and CO3 molecules on the
active sites.

Specifically, the 1.0CQDs/NU-1000 composite still maintains a high
CO;, adsorption capacity even under high humid conditions. For
instance, it maintains an impressive adsorption capacity of 1.89
mmol-g~! at 100% RH, which is 94.5% of its initial capacity under dry
conditions (2.00 mmol-g’l). These results demonstrate that the robust
Zr-based framework of NU-1000, combined with the structural integrity
of the CQDs/NU-1000 composite, provides excellent resistance to
moisture interference and ensures high CO, capture efficiency in humid
environments.

3.2.3. CO3 adsorption cycling test

Evaluating the stability of adsorbents during cyclic adsorption-
desorption processes is an important criterion. In practical applica-
tions, adsorbents must not only exhibit high CO, adsorption capacity but
also demonstrate excellent cyclic adsorption-desorption performance. In
this study, pristine NU-1000 and the best-performing 1.0CQDs/NU-
1000 were tested for 10 adsorption-desorption cycles at an adsorption
temperature of 25 °C and desorption temperature of 120 °C (vacuum
desorption), as shown in Fig. 7.

It can be clearly observed that the CO, cyclic adsorption capacity of
the materials fluctuates within a certain range. For the pristine material,
the adsorption capacity exhibits a slight increase after 10 cycles
(Fig. 7a). The pores of adsorbents are partially blocked during the first
CO, adsorption cycle, which is attributed to the presence of the high-
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boiling-point solvent DMF during the synthesis process. The residual
solvent molecules within the pores were gradually eliminated as the
number of cycles increased, resulting in the activation of NU-1000 (Viota)
of NU-1000 from 1.23 to 1.43 cm®/g) [45].

Conversely, the adsorption capacity of the 1.0CQDs/NU-1000
decreased from 1.95 mmol-g~! to 1.70 mmol-g~}, a reduction of
12.8% (Fig. 7b). Regarding the degradation of 1.0CQDs/NU-1000, we
propose a mechanism of pore blockage by irreversible species. Firstly, no
significant difference was observed between the TG curves of 1.0CQDs/
NU-1000 before and after the 10 adsorption-desorption cycles test
(Fig. 7d), which indicates CQDs might not be the main reason for the
performance degradation of 1.0CQDs/NU-1000.Secondly, the specific
surface area (Table S4) of the CQDs/NU-1000 composite after cyclic
tests decreased significantly from 1937 to 1458 m?/g, which confirms
that the 120 °C activation condition is insufficient to remove the
strongly bound carbonate species originating from the metal nodes and
hydroxyl groups, Together with the more severe accumulation of car-
bonate species observed in the in-situ FTIR spectra (Fig. 9c and d) of
1.0CQDs/NU-1000, these species likely lead to the blockage of pores
(Viotal of 1.0CQDs/NU-1000 from 1.53 to 1.41 cmS/g) and the perfor-
mance degradation of 1.0CQDs/NU-1000.

In summary, while the cyclic adsorption performance of pristine NU-
1000 remains effective, the doped material shows a slight decrease in
cyclic adsorption performance. However, the doped material still
maintains a relatively high adsorption capacity compared to its initial
adsorption capacity.

3.2.4. CO_ dynamic adsorption performance
For a more detailed evaluation of the CO; capture performance in
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Fig. 7. 10-cycle CO, adsorption of (a) pristine NU-1000. (b) 1.0CQDs/NU-1000 (c) Comparison of pristine NU-1000 and 1.0CQDs/NU-1000 after 10-cycle CO,
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DAC applications, dynamic breakthrough tests were conducted under
simulated air conditions. After the activation of the sample in the re-
action column, it was exposed to a gas mixture containing 400 ppm COa,
20% O, and the remainder Nj. The dynamic breakthrough curves were
obtained by monitoring the outlet CO, concentration over time, as
shown in Fig. 8a and b. CO, uptake was calculated through numerical
integration of the monitored outlet concentrations, and the results are
shown in Fig. 8c and d, with the integration results listed in Table 3.

From the CO4 breakthrough curves, it is clear that the CO5 capture
capacity of the adsorbent is closely related to the breakthrough time.
After the introduction of CQDs, the 1.0CQDs/NU-1000 composite
exhibited a significantly longer breakthrough time compared to pristine
NU-1000, indicating a higher CO5 adsorption capacity. The longer
adsorption duration time suggests that the material has a larger capacity
for DAC. Based on the numerical integration of the breakthrough curves
(Table 3), the COy adsorption capacity of 1.0CQDs/NU-1000 is 0.025
mmol-g~!, which is five times higher than the 0.005 mmol-g~! capacity
of pristine NU-1000, indicating a significant improvement in its DAC
performance. Compared to the static adsorption isotherm data, the
introduction of CQDs results in a significant increase in both dynamic
breakthrough and static adsorption capacities.

Furthermore, the breakthrough curve of 1.0CQDs/NU-1000 exhibi-
ted a two-step profile, whereas pristine NU-1000 showed only a single
step. This change in the CO, adsorption process suggests that the
modified material may have introduced new adsorption sites [50].
During the adsorption process, COs first enters the MOF pores through
physical adsorption, and as the CO» concentration reaches a certain
level, chemical interaction begins to take effect. CO2 interacts with
surface active sites, allowing the material to capture more COy and
thereby increasing the overall adsorption capacity.

Using the separation factor Eq. [51], we calculated the dynamic
breakthrough selectivity (Table S1). The CO,/N5 dynamic separation
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Table 3
The dynamic adsorption performance of samples.

Samples Gas Adsorption capacity
(mmol-g’l)

CO4 0.0050
Pristine NU-1000 N, 1.9257

0, 0.5321

CO4 0.0253
1.0CQDs/NU-1000 Ny 2.4565

Oz 0.8233

factor of pristine NU-1000 was 6.56, while for 1.0CQDs/NU-1000, it
increased to 25.79. This significant increase in the separation factor
indicates that the CQDs doping strategy not only improves CO;
adsorption capacity but also enhances CO2/Nj selectivity, making it a
promising material for COy capture applications, particularly in gas
separation processes. The results in Table S6 reveals that the 1.0CQDs/
NU-1000 nanocomposite exhibits superior CO, adsorption capacity as
well as textural properties compared to other MOFs previously reported
MOFs.

3.3. Mechanism of CQDs enhance CO2 adsorption capacity

Under the same CO; atmosphere and test conditions, this study
continuously tracked the infrared spectral evolution of the two materials
over the same adsorption duration (Fig. 9). The results show that, as the
CO4 adsorption time was progressively extended, both the pristine NU-
1000 and 1.0CQDs/NU-1000 materials exhibits distinct characteristic
absorption peaks in the 2300-2380 cm ™! wavenumber range (Fig. 9a
and b). This wavenumber range corresponds to the asymmetric
stretching vibration mode of CO, molecules [52,53]. The appearance of
these absorption peaks directly confirms that CO; molecules are
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0 2000 8000
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0 5000 10000 15000

CO, quantity adsorbed (mmol-g™!) CO, quantity adsorbed (mmol-g!)
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Fig. 8. Dynamic breakthrough curves of a ternary gas mixture (simulated air atmosphere with CO,/N,/0,) for (a) pristine NU-1000 and (b) 1.0CQDs/NU-1000;
dynamic CO, adsorption capacities of (c) pristine NU-1000 and (d) 1.0CQDs/NU-1000.
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Fig. 9. In-situ FTIR spectra of pristine NU-1000(a) and (c);1.0CQDs/NU-1000(b) and (d) during CO, adsorption process.

successfully adsorbed onto the surfaces of both materials, and the
adsorption process is mainly governed by intermolecular van der Waals
forces, which is characteristic of physical adsorption.

It is noteworthy that, compared to the spectrum of the pristine NU-
1000 material (Fig. 9c), the infrared spectrum of the 1.0CQDs/NU-
1000 composite material, in addition to the physical adsorption char-
acteristic peaks, also exhibits a series of new absorption peaks at 1651,
1620, 1478, 1426, and 1328 cm™* (Fig. 9d). These absorption peaks are
attributed to carbonate species formed on the material surface. This
finding provides strong evidence that there is a chemical interaction
between the 1.0CQDs/NU-1000 composite material and CO5 molecules,
in addition to physical adsorption. Specifically, the absorption peaks at
1651 and 1478 cm ™! correspond to the vibration modes of monodentate
carbonates (m—CO%’), whose stability is derived from the coordination
bond formed between a single oxygen atom in CO2 and the metal active
sites on the material surface [54]. The absorption peaks at 1620, 1426,
and 1328 cm™! correspond to bidentate carbonates (b-CO%’), which
form when CO4 molecules coordinate with multiple adjacent metal sites
in a bridged manner, resulting in a more stable bridged structure [55].
The coexistence of these two carbonate species demonstrates that the
1.0CQDs/NU-1000 composite material exhibits a diverse chemical
adsorption pathway for CO» molecules.

Based on the experimental observations and analysis, it can be
concluded that the enhanced chemical adsorption performance of the
1.0CQDs/NU-1000 composite material for CO is primarily attributed to
the synergistic mechanism developed within the material. On the one
hand, the enhanced alkalinity of the metal active sites in the material
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strengthens the adsorption of acidic CO, through Lewis acid-base in-
teractions. On the other hand, the hydroxyl groups distributed around
the metal active sites react with CO3 and enhance the affinity for CO, via
Lewis acid-base interactions and hydrogen bonding, thus forming car-
bonate species [56]. This further optimizes the chemical microenvi-
ronment of the adsorption sites, thereby significantly enhancing the
interaction between the material and CO5 molecules.

Based on the integrated results from BET, XPS, and CO»-TPD ana-
lyses, it can be concluded that the increased CO, adsorption capacity
arises from the enhancement of both physical and chemical adsorption
processes (See Scheme 2). First, BET analysis demonstrates that the
introduction of CQDs increases the surface roughness and specific sur-
face area of the material, which promotes physical CO, adsorption. The
larger surface area provides more active sites for CO, molecules, leading
to an overall improvement in adsorption capacity. Second, XPS analysis
reveals that after CQDs impregnation, The electron transfer from the
electron-rich CQDs to the NU-1000, the basicity of Zr atoms is enhanced,
favoring CO3 adsorption at the metal sites. Additionally, the increased
surface hydroxyl content promotes the formation of carbonates under
CO4 exposure. This is further supported by the CO,-TPD results, where
the desorption peaks shift to higher temperatures, indicating stronger
chemical adsorption of CO». Thus, the incorporation of CQDs into NU-
1000 is demonstrated to be an effective modification method to
improve the CO, adsorption performance, offering a promising modifi-
cation strategy for CO, capture applications.



X. Chen et al.

Separation and Purification Technology 395 (2026) 137682

0,
]
» 0
9 g0
o N,
[ Xl 2
CO. g9 s Adsorption  CQD P ——
............... 2 3
Gas : - ‘. A chemisorption
. °_1H H, 4 physisorption

55

'NU-1000

1.0CQDs/NU-1000

Zr, cluster

95c ®o O~ O «:

Scheme 2. Schematic illustration of the adsorption mechanism of the CQDs/NU-1000 composite.

4. Conclusion

In summary, we successfully doped CQDs into the NU-1000 metal-
organic framework to form a CQDs/NU-1000 composite and further
explored the interaction mechanism between CQDs and NU-1000, as
well as the CO, adsorption enhancement mechanism. Through CO»
static adsorption isotherms and dynamic breakthrough experiments
under simulated air conditions, we found that doping with CQDs
effectively improved CO, adsorption capacity and CO2/Ny dynamic
breakthrough selectivity. Combining the experimental results from BET,
XPS, and in situ FTIR, the introduction of CQDs enhanced both the
physical and chemical CO, adsorption properties by increasing the
specific surface area, altering the basicity of the metal sites, and
increasing the surface hydroxyl oxygen content. This study demon-
strates that CQDs doping is an effective modification strategy that can
significantly enhance the CO, adsorption performance of MOFs mate-
rials, providing new insights for the design of high-performance COy
capture materials.
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