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Quantum dots (QDs) based heterojunction is a candidate for the photocatalytic CO, reduction, owing to
the large extinction coefficient and easy modification of band structures. However, the van der Waals
interaction causes the large charge resistance and strong recombination centers between QDs and host
materials, which makes the poor photocatalytic performance. Herein, a covalent bonded CdSeTe QDs and
NH,-UiO-66 heterojunction (NUC-x) is constructed through an acylamino (-CONH-). The results indicate
that the acylamino between NH,-UiO-66 and CdSeTe QDs can serve as the transfer channels for the pho-
togenerated charges and stabilize the QDs. The optimized NUC-1200 achieved a CO generation rate of
228.68 pmol/g, which is 13 and 4 times higher than that of NH,-UiO-66 and CdSeTe QDs, respectively.

MOFs This work provides a new avenue for efficient and stable photocatalysis of QDs.

Quantum dots
Photocatalytic
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Photocatalytic CO, reduction to fuels is an ideal way to solve
the energy crisis and greenhouse effect [1,2]. Many semiconductor
photocatalysts had been developed for CO, reduction [3,4]. Quan-
tum dots (QDs) are excellent candidates for photocatalytic CO, re-
duction due to their quantum confinement effect [5,6], large ex-
tinction coefficient [7,8], and easy modification of band structure
[9]. And a lot of QDs photocatalysts had been developed, such as
CdSe [10,11], CsPbBry5Cl; 5 [12], and Bi,WOg [13-15]. However, the
high surface energy and stabilizer of QDs cause poor stability and
charge transfer [16,17]. Hence, the QDs photocatalysts need to be
dispersed and stabilized.

The QDs-based heterojunction is an effective approach, which
could disperse and stabilize QDs by the interaction between
QDs and the support [18,19]. The CdSe QDs/g-C3N,4 heterojunc-
tion showed improved photocatalytic stability [20,21]. And the
good dispersion of CdSe QDs increased the photocatalytic activ-
ity [22,23]. However, most of the QDs-based heterojunction were
linked by weak electrostatic interactions or/and van der Waals
forces [24], which were not strong enough during the complex
photocatalytic reactions [25]. In addition, the weak interactions
between QDs and the support cause the high charge transfer
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barriers and easy recombination of photogenerated charges. Re-
searchers have found that the chemical bonds linked heterojunc-
tion have better photocatalytic stability and activity. For exam-
ple, the covalent-bond linked MOF/COF composites showed im-
proved photogenerated charges transfer/migration and photocat-
alytic durability [26-29]. The semi-chemical interaction of Pt and
g-C3N4 can improve the photocatalytic H, evolution obviously, due
to the fast charge transfer channels from the strong chemical bond
[30]. Therefore, it is urgent to establish strong interactions between
QDs and support for fast and efficient transfer of photogenerated
charges.

Metal-organic frameworks (MOFs) are ideal supports for stabi-
lizing QDs, own to the abundant functional groups and large sur-
face area [31]. Ui0-66(Zr) is a semiconductor [32-35], which can
modified by organic ligands to increase the adsorption capacity of
Ui0-66 for CO, and broaden the spectral adsorption range [31,36].
Herein, a new covalent-bonded QDs/MOFs heterojunction was suc-
cessfully prepared by acylamino crosslinking. The CdSeTe QDs and
NH,-Ui0-66 were crossed by the acylamino (-CONH-), which was
formed through amide condensation of -COOH of CdSeTe QDs and
-NH, of NH,-Ui0-66, to form CdSeTe QDs/NH,-UiO-66 compos-
ites (NUC-X, X: the additive amount of CdSeTe QDs). The experi-
mental results illustrated that the acylamino can act as a bridge
for electron transmission and the NH,-UiO-66 can act as electron

1001-8417/© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



L. Chen, Q. Tang, S. Wu et al.

R 7
ZrCl4 = v’ﬂ
R -CONH-
COOH e
NH, N + T 6
NH,-Ui0-66 T TR
CdSeTe QDs s
NUC-X
COOH

Scheme 1. Schematic illustration of the preparation of NUC-X.

traps, which can effectively promote migration and suppress re-
combination of photogenerated electron-hole pairs. Compared with
NH,-Ui0-66, CdSeTe QDs, and the van der Waals heterostructure of
NH,-UiO-66 and CdSeTe QDs, the obtained NUC-Xs had better pho-
tocatalytic activity and stability for photocatalytic CO, reduction.

The NUC-X was prepared by a simple acid-assisted amide con-
densation reaction (Scheme 1). As shown in Fig. 1a, NUC-1200 ex-
hibited similar diffraction peaks compared to NH,-UiO-66, suggest-
ing that the structure of NH,-UiO-66 remained after the amide
condensation with CdSeTe QDs. The FTIR spectra of the NUC-1200
and NH,-UiO-66 showed similar peaks in the region of 3342-3500
cm~! (Fig. S1 in Supporting information), which can be attributed
to the —-NHy fraction [37]. And the weaker —-NHy intensity of NUC-
1200 than NH,-UiO-66 proved the reduction of -NH,, which was
consumed by the amide condensation. As shown in Fig. 1b, the
FTIR spectra of the obtained CdSeTe QDs showed a peak centered
at 1582 cm~! which is consistent with -COOH from the termi-
nal of mercaptopropionic acid [38]. And NUC-1200 showed a dis-
tinct peak at 1685 cm~!, which can be assigned to the stretching
band of acylamino [39]. These results indicated that the -NH, of
NH,-UiO-66 and the —-COOH of CdSeTe QDs successfully formed
the acylamino to obtain NUC-1200. In addition, the NUC-1200
showed similar FT-IR peaks as NH,-UiO-66, suggesting that the
condensation had not changed the structure of NH,-UiO-66, which
is consistent with the XRD results.

The surface chemical composition and electronic states of NH,-
UiO-66 and NUC-1200 were studied by XPS. Both NH,-UiO-66 and
NUC-1200 have the characteristic peaks corresponding to C, N, O,
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Fig. 1. (a) XRD spectra for NH,-Ui0O-66, CdSeTe QDs and NUC-1200. (b) FTIR spectra
for NH,-UiO-66, CdSeTe QDs and NUC-1200. XPS spectra of (c) C 1s in NH,-UiO-66
and NUC-1200. (d) N 1s in NH,-Ui0-66 and NUC-1200.
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Fig. 2. TEM image of the (a) NH,-UiO-66, (b, c) NUC-1200, the black dots are Cd-
SeTe QDs; and (d) TEM with elemental mapping images of NUC-1200.

and Zr elements, while the presence of three other elements of
Cd, Se, and Te in the obtained NUC-1200 (Fig. S2 in Supporting
information). This also indicated that CdSeTe QDs and NH,-UiO-
66 were successfully combined. The high-resolution C 1s spectrum
of NH,-UiO-66 has three main peaks located at 284.8, 286.3, and
288.7eV (Fig. 1c), corresponding to C=C, C-N (C-NH,), and C=0,
respectively [40]. Compared with NH,-UiO-66, the C-N (286.1 eV)
in NUC-1200 had a stronger intensity and smaller bonding energy,
indicating the formation of acylamino. The N 1s spectrum of NH,-
UiO-66 can be deconvolved into two peaks located at 399.2 and
400.5 eV (Fig. 1d), which correspond to the tertiary nitrogen (N-Cx)
and -NH, groups, respectively [41]. For the NUC-1200, a new peak
centered at 401.1eV is attributed to the C-N from covalent amide
linkage and the bonding energies of N 1s were bigger than that
of NH,-UiO-66, which can be assigned to the decrease of electron
density around N atoms due to the successful formation of the acy-
lamino [42]. These results proved the strong interaction between
NH,-UiO-66 and CdSeTe QDs and the successful construction of
acylamino crosslinking. The increased intensity of the -OH peak
in the O 1s spectrum of NUC-1200 indicated the successful in-
troduction of CdSeTe QDs (Fig. S3 in Supporting information). The
Zr 3d spectra of NH,-UiO-66 and NUC-1200 both have two peaks
at 185.2 and 182.8 eV, which can be attributed to Zr 3ds, and Zr
3d3), (Fig. S4 in Supporting information), respectively [43].

The morphology of the as-prepared samples was investigated
by transmission electron microscopy (TEM). As shown in Fig. S5
(Supporting information), the synthesized CdSeTe QDs were uni-
form particles with a size of 5.2nm. For NH,-UiO-66, a typical
crystal stacking structure with a smooth surface was observed
(Fig. 2a). The TEM images of NUC-1200 indicate that CdSeTe QDs
were uniformly distributed on the surface of NH,-UiO-66 (Figs.
2b and c). Although the NH,-UiO-66 in NUC-1200 was almost in-
distinguishable, the particle morphology of CdSeTe QDs changed
slightly after binding with NH,-UiO-66, suggesting that NH,-UiO-
66 combined with a certain amount of CdSeTe QDs through cova-
lent bonding. The spatial distribution of different elements in NUC-
1200 was investigated by elemental mapping analysis [44]. These
results indicated that the CdSeTe QDs were uniformly distributed
on the surface of NH,-UiO-66 (Figs. 2b and d).

The photo-electrochemical properties of the prepared samples
were also investigated. As shown in Fig. 3a, the NUC-1200 had a
lower PL intensity than that of NH,-UiO-66 indicating that the acy-
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Fig. 3. (a) Steady-state photoluminescence spectra and time-resolved photolumi-
nescence decays spectra of NH,-Ui0-66 and NUC-1200. (b) UV-vis diffuse re-
flectance spectra of NH,-UiO-66 and NUC-1200. (c) Transient photocurrent re-
sponses spectra of NH,-UiO-66 and NUC-1200. (d) Mott-Schottky spectra of NH;-
Ui0-66 and NUC-1200. Photocatalytic performance (e) comparison of NH,-UiO-66,
CdSeTe QDs and NUC-X composites, (f) comparison of NH,-Ui0-66, CdSeTe QDs,
NC-1200 and NUC-1200 composites.

lamino in NUC-1200 can transfer the photogenerated charges fast
and inhibit recombination [45,46]. As can be seen in Fig. 3b, the
NUC-1200 had a stronger UV-vis adsorption intensity than NH,-
Ui0-66 in the region of 450-750 nm, indicating the enhanced light
absorption capacity. Furthermore, the smaller band gap of NUC-
1200 (2.41eV) than that of NH,-UiO-66 (2.74 eV) making it an ex-
tended light absorption range (inset in Fig. 3b). As shown in Fig.
3¢, the transient photocurrent intensity of NUC-1200 was much
higher than NH,-UiO-66, which can be assigned to the faster trans-
fer and separation of photogenerated carriers between NH,-UiO-66
and CdSeTe QDs [47]. The flat band potential energy of NH,-UiO-
66 and NUC-1200 were —0.76 and —1.26V vs. Ag/AgCl respectively
(Fig. 3d). Since the flat band potential of n-type semiconductors is
equal to the Fermi level [48], the Fermi levels of NH,-UiO-66 and
NUC-1200 were —0.15 and —0.65V vs. RHE, respectively. Based on
this, the CB of NH,-Ui0-66 and NUC-1200 can be calculated to be
—0.35 and —0.85V, respectively [37]. The matched band potential
between NH,-UiO-66 and CdSeTe QDs allows photogenerated car-
riers to be effectively separated.

The photocatalytic CO, reduction measurements of the as-
prepared catalysts had been performed. The catalysts were dis-
persed in acetonitrile aqueous solution (acetonitrile:water=4:1),
while triethanolamine (TEOA) was the electron donor and tris(2,2’-
bipyridine)ruthenium(Il) chloride hexahydrate (C3yoH;4Cl;NgRu-
6H,0) as the photosensitizer. In Fig. 3e, the NH,-UiO-66 exhib-
ited the poorest photocatalytic CO evolution rate, while the NUC-
Xs showed a better CO evolution rate, indicating that CdSeTe QDs

Chinese Chemical Letters 34 (2023) 107903

A
Y~
<1Ox> - co,
£5A

s 0 oy
< J e €
Y LUMO
TEOA-j —_—
h="hy
TEOA

CdSeTe QDs HOMO TEOA
BB\ 1roa-

NH,-Ui0-66

Scheme 2. Photocatalytic mechanism of the charge transfer for CO,RR over the
NUC-1200 under light irradiation.

played an important role. Among NUC-Xs, the optimized NUC-1200
achieved a CO evolution rate of 228.68 pmol/g, which was 13 and
4 times higher than NH,-UiO-66 and CdSeTe QDs, respectively. The
comparison of the photocatalytic performances were also made be-
tween this work and some related works (Table S1 in Support-
ing information), which proved the superior performance of NUC-
1200. To further explore the effect of acylamino on photocatalytic
activities, NC-1200 was constructed by van der Waals interaction
between NH,-UiO-66 and CdSeTe QDs. As shown in Fig. 3f, NC-
1200 had a much lower CO evolution rate (85.7 pmol/g) compared
with NUC-1200 (228.68 pmol/g). Therefore, this enhanced photo-
catalytic performance of NUC-1200 can mainly be attributed to the
formation of acylamino. In addition, NUC-1200 showed good sta-
bility after 7 cycles owing to the strong interaction (Fig. S6 in Sup-
porting information).

Based on the above results, the photocatalytic enhanced mech-
anism of NUC-1200 was proposed (Scheme 2). Firstly, NH,-UiO-
66 was linked with CdSeTe QDs by covalent bonding, thus allow-
ing the rapid electron transfer between MOFs and QDs via acy-
lamino. Then, the matched band structure between NH,-UiO-66
and CdSeTe QDs facilitated the transfer of photogenerated electrons
from the CdSeTe QDs to the CB of NH,-UiO-66 via amide-bonded
bridges. Finally, the covalent bonding can significantly improve the
stability of heterojunction photocatalysts.

In conclusion, we had developed a novel covalent bonding het-
erojunction photocatalysts by a simple amide condensation. The
characterization results confirmed the presence of acylamino in the
synthesized NUC-Xs. Experimental results showed that the photo-
generated electrons generated on CdSeTe QDs can be transferred to
NH,-UiO-66 and used for photocatalytic CO,RR. At the same time,
the acylamino served as an electron transfer bridge between NH,-
UiO-66 and CdSeTe QDs for the transfer and separation of photo-
generated carriers. As a result, the obtained NUC-1200 had a better
photocatalytic CO,RR performance. This work provides a new per-
spective for the design and development of novel heterojunction
photocatalysts.
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