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The natural photosynthesis process is the 
best example of harnessing CO2 in the air 
as a carbon source and utilizing renewable 
sunlight as powder source to transform 
CO2 and H2O into carbohydrates and 
O2.[3] Encouraged by the above procedure, 
immense efforts have been devoted to real-
izing the artificial photosynthesis, that is, 
photocatalytic CO2 reduction coupled with 
H2O oxidation.[4] However, the accom-
plishment of artificial photosynthesis 
within single component catalyst system 
remains a great challenge. The main chal-
lenge lies in that the efficient integration 
of reduction and oxidation active sites 
in such photocatalyst system is hard to 
achieve and the rapid carriers recombi-
nation tendency is difficult to avoid.[5] To 
this end, multicomponent heterojunc-
tion materials with appropriate diversity 
and complex morphologies possess much 
potential in accomplishing the artificial 
photosynthesis, which attributes to their 

accessible features including multiple active sites, CO2 enrich-
ment, and fast separation of carriers through the selective inte-
gration of various functional materials.[6] Therefore, the rational 
design of multicomponent nanocomposites with proper func-
tionality may be a favorable approach to realize the efficient 
artificial photosynthesis, yet this field is still at the early stage 
and there are tremendous efforts need to be made.

Covalent organic frameworks (COFs), a class of emerging 
crystalline porous organic materials, have been developed as 
promising photocatalysts because of their large surface area, 
well-defined porosity, and high light absorption capacity, etc.[7] 
Nonetheless, the applications of COFs-based materials in arti-
ficial photosynthesis are still rare, possibly due to the difficulty 
in design of COFs structures with multi-functionality or the 
lack of feasible strategy to explore COFs-based powerful pho-
tocatalyst systems. In previously reported works, COFs-based 
nanocomposites have been prepared to enrich the functionality 
of COFs by combining COFs with distinct functional mate-
rials, such as metal oxide, carbon materials, and metal organic 
framework (MOFs), which could not only possess the structural 
qualities of individual components but also afford novel proper-
ties.[8] Up to date, several kinds of COFs-based nanocomposites 
with core-shell morphology, including Fe3O4@TpBD,[9] rGO 

The precise tuning and multi-dimensional processing of covalent organic 
frameworks (COFs)-based materials into multicomponent superstructures 
with appropriate diversity are essential to maximize their advantages in cata-
lytic reactions. However, up to now, it remains an ongoing challenge for the 
precise design of COFs-based multicomponent nanocomposites with diverse 
architectures. Herein, a metal organic framework (MOF)-sacrificed in situ acid-
etching (MSISAE) strategy that enables continuous synthesis of core-shell, 
yolk-shell, and hollow-sphere COFs-based nanocomposites through tuning of 
core decomposition (NH2-MIL-125 into TiO2) rate is developed. More impor-
tantly, due to the multiple active sites, fast transfer of carriers, increased light 
utilization ability, et al, one of the obtained samples, NH2-MIL-125/TiO2@
COF-366-Ni-OH-HAc (yolk-shell) with special three components, exhibits 
high photocatalytic CO2-to-CO conversion efficiency in the gas-solid mode. 
The MSISAE strategy developed in this work achieves the precise morphology 
design and control of multicomponent hybrid composites based on COFs, 
which may pave a new way in devealoping porous crystalline materials with 
powerful superstructures for multifunctional catalytic reactions.

1. Introduction

With increasing attention to the global problems of energy 
shortage and environmental pollution, finding renewable 
energy sources to replace fossil fuels has become one of the 
most urgent targets for human society.[1] Photocatalytic reduc-
tion of CO2 is regarded as an effective way for mitigation of the 
global warming and generation of renewable energy sources.[2] 

Adv. Mater. 2021, 33, 2105002

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadma.202105002&domain=pdf&date_stamp=2021-09-24


© 2021 Wiley-VCH GmbH2105002 (2 of 10)

www.advmat.dewww.advancedsciencenews.com

(5%)-TpPa-1-COF,[10] and NH2-MIL-68-MOF@TPA-COF,[11] have 
been synthesized and successfully applied for phototherapy, 
photocatalytic H2 evolution, and degradation of rhodamine 
dyes, respectively. However, the controllable syntheses of COFs-
based multicomponent nanocomposites with other morpholo-
gies like yolk-shell or hollow-sphere still remain undeveloped 
and these nanocomposites are rarely explored their potential 
applications in artificial photosynthesis.[12] As we all known, 
the morphologies of nanomaterials have significant influences 
on their features and functions.[13] In this regard, COFs-based 
multicomponent nanocomposites with specially designed mor-
phologies (e.g., yolk-shell or hollow-sphere morphology) might 
have the following features serving as photocatalysts: 1) the 
special shells permit multiple reflections of the incident light, 
thereby improving the light utilization;[14] 2) different compo-
nents of COFs-based nanocomposites would accomplish the 
multi-step catalytic reactions such as photocatalytic CO2 reduc-
tion and H2O oxidation reactions in one catalytic system;[15] 
3) the diverse and tunable compositions make it possible to 
fabricate heterojunction to improve charge transfer and sepa-
ration efficiency;[16] 4) more exposed active sites might be ben-
eficial for the improvement of photocatalytic performance 
than that of bulk COFs-based nanocomposites.[17] Despite that, 
it is still long-sought-after that developing a feasible strategy 
for the rational design of COFs-based multicomponent nano-
composites with desired morphology is applicable in artificial 
photosynthesis.

Herein, for the first time, we develop a MOF-sacrificed in 
situ acid-etching (MSISAE) strategy to achieve the controllable 
syntheses of the uniform and monodisperse core-shell MOFs@
COFs, yolk-shell MOFs/TiO2@COFs, and hollow-sphere TiO2@
COFs nanocomposites through a facile solvothermal reaction. 
Different from the template-assisted methods reported previ-
ously, which generally contain multi-step synthesis procedures 
and sophisticated template removal processes, the MSISAE 
strategy has much superiority.[18] In the strategy, the core MOFs 
(NH2-MIL-125) of MOFs@COFs will undergo different etching 
degrees along with generating nano-sized TiO2 through pre-
cisely tuning the content of acetic acid (HAc), reaction time, 
and reaction temperature during the synthesis process. Conse-
quently, COFs-based nanocomposites with diverse well-defined 
architectures and two/three components (including COFs, 
MOFs, and TiO2) are obtained. Specially, the unique yolk-shell 
structure with multi-components (NH2-MIL-125/TiO2@COF-
366-Ni-OH-HAc with yolk-shell structure, denoted as MTCN-H 
(ys)) realizes the coexistence of Z-scheme and II type hetero-
junction as well as photocatalytic oxidation and reduction sites 
in one system, which is successfully applied as an effective pho-
tocatalyst with outstanding photocatalytic CO2 reduction per-
formance, much higher than the pure COFs, MOFs, TiO2, and 
other nanocomposites with other morphologies. Experiments 
and density functional theory (DFT) calculations reveal the 
advantage of the coexistence of distinctive three components 
and special yolk-shell morphology in the COFs-based photo-
catalyst for CO2 reduction. Our work will offer new insights to 
the design and development of COFs-based multicomponent 
nanocomposites for artificial photosynthesis and also may pave 
a new way in exploring crystalline materials-based nanocom-
posites in photocatalysis.

2. Results and Discussion

2.1. Synthesis and Characterization of COFs-Based 
Multicomponent Nanocomposites with Diverse Architectures

Figure 1 illustrates the synthetic process of various COFs-
based multicomponent nanocomposites with diverse well-
defined architectures by a MSISAE strategy. First, NH2-MIL-125 
nanocrystals were synthesized from titanium isopropoxide 
(Ti(OC4H9)4) and 2-aminoterephthalic acid (NH2-BDC), 
according to the reported literature.[19] This as-synthesized 
NH2-MIL-125 solid nanospheres show an average diameter 
of 200–500  nm (see the scanning electron microscope (SEM) 
image and transmission electron microscope (TEM) image in 
Figure S1, Supporting Information). The crystal structure of 
the produced NH2-MIL-125 is also confirmed by powder X-ray 
diffraction (PXRD) spectroscopy, which matches well with the 
simulated one (Figure S2, Supporting Information). And then, 
2,5-dihydroxyterephthalaldehyde (DHA) and tetra(pamino-
phenyl)porphyrin nickel (II) (TAPP-Ni) were introduced into a 
mixture of NH2-MIL-125 and o-dichlorobenzene/ethanol with 
different 6 m HAc dosage (100, 200, and 250 µL) and heated 
at 120 °C for 72 h.[20] As is known, NH2-MIL-125 are unstable 
under acid conditions due to their relatively weak metal–ligand 
bond strength.[21] Consequently, a series of NH2-MIL-125@
COF-366-Ni-OH-HAc (core-shell), NH2-MIL-125/TiO2@COF-
366-Ni-OH-HAc (yolk-shell), and TiO2@COF-366-Ni-OH-HAc 
(hollow-sphere) nanocomposites denoted as MCN-H (cs), 
MTCN-H (ys), and TCN-H (hs), respectively, were obtained.

PXRD patterns tests of the three COFs-based multicom-
ponent nanocomposites with diverse architectures were con-
ducted, and the patterns indicate the characteristic that NH2-
MIL-125 was etched by different HAc dosages to varying 
degrees and gradually transformed into TiO2 (Figure 2a–c). As 
for MCN-H (cs), MTCN-H (ys), and TCN-H (hs), the presence 
of characteristic diffraction peaks at 3.4° is attributed to the 
(100) faces of COF-366-Ni-OH which indicates the high crystal-
linity of COFs in these nanocomposites. With the increase of 
HAc dosage, it can be found that the diffractions (25.3°, 37.8°, 
48.1°, 53.9°, and 62.8°) attributing to anatase TiO2 (PDF-21-
1272) are more and more obvious, whereas those for crystalline 
NH2-MIL-125 are gradually weakened. The well-defined COFs-
based nanocomposites were further characterized by Fourier-
transform IR spectrum. The peak at ≈1615 cm−1 can be assigned 
to the typical stretching band for the CN, further proves the 
successful synthesis of COF-366-Ni-OH in these three COFs-
based nanocomposites.[22] Moreover, the bands at 1430 and 
1533 cm−1 assigned to the symmetrical stretching vibration of 
carboxylate groups in NH2-MIL-125 show gradual weakening 
from MCN-H (cs) to TCN-H (hs) (Figure S3, Supporting Infor-
mation).[23] X-ray photoelectron spectroscopy (XPS) measure-
ments were also performed for the three distinct samples to 
reveal the chemical composition and valence state of each com-
ponents. As shown in Figures S4–S6, Supporting Information, 
a series of peaks corresponding to Ti, Ni, O, C, and N in the 
survey spectrum indicate that these elements exist on the sur-
face of these COFs-based nanocomposites. The high-resolution 
XPS spectra of Ti 2p and Ni 2p show two apparently charac-
teristic peaks corresponding to the spin doublet of Ti 2p1/2,  
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Ti 2p3/2 and Ni 2p1/2, Ni 2p3/2, respectively, which further certifi-
cates that the chemical state of COF-366-Ni-OH, NH2-MIL-125, 
or TiO2 in these COFs-based nanocomposites.[24]

To further reveal the pattern of morphological changes 
of these COFs-based multicomponent nanocomposites via 
MSISAE strategy, a series of morphological studies were con-
ducted by SEM and TEM tests. In contrast to the smooth sur-
face of pristine NH2-MIL-125 (Figure S1, Supporting Informa-
tion) and aggregated-nanosheets morphology of COF-366-Ni-
OH (Figure S7, Supporting Information), the surface of NH2-
MIL-125 is well covered by the vertically grown COFs nanosheets 
in MCN-H (cs) under the presents of 100 µL of the 6 m  
HAc dosage during the reaction (Figures  1 and  2). And then, 
the NH2-MIL-125 which corrodes from the outside toward the 
inside shows a yolk-shell morphology with the increase of the 
added HAc amount (Figure 1). Specifically, as the HAc dosage 
increases further to 250 µL, it is found that the entire yolk com-
ponent has transformed into TiO2 nanoparticle, which gathers 
at the inner surface of COFs shell and forms a hollow-sphere 
structure, as shown in Figure  1. However, the SEM images of 
these COFs-based nanocomposites prepared with different HAc 
dosage reveal that the nanosphere shape of NH2-MIL-125 is well 
retained during the etching process (inset of Figure 2a–c). The 
morphology changes from core-shell to yolk-shell and then to 
the hollow-sphere structure of the COFs-based nanocomposites, 
also confirmed by the high-angle annular dark-field scanning 
TEM (HAADF-STEM), the energy dispersive X-ray spectroscopy 
(EDX) line scanning spectra of Ti (yellow lines) and element 
mapping images (Figure 2). In the HAADF-STEM, several TiO2 
nanoparticles with an average size of 10–20  nm are observed 

on the inner surface of COF-366-Ni-OH in MTCN-H (ys) and 
TCN-H (hs) (Figure  2e,f). The density of Ti for MTCN-H (ys) 
is the highest in the core region of nanosphere and decreases 
toward the edge, whereas some Ti is also detected on the inner 
surface of COF-366-Ni-OH (Figure  2e). In contrast, uniform 
distribution and a lower density in the middle than in the edge 
of nanospheres of Ti are observed for MCN-H (cs) and TCN-H 
(hs), respectively (Figure  2d,f). The corresponding element 
mappings of N, Ni, O, and Ti (Figure 2g–i) suggest that these 
elements distribute uniformly throughout the series of COFs-
based multicomponent nanocomposites. Specifically, the lattice 
fringe with a spacing 0.36 nm is assigned to the (101) plane of 
anatase TiO2 in MTCN-H (ys) and TCN-H (hs) (Figure  2h,i), 
which further confirms the core MOFs have been corroded by 
HAc along with the generation of TiO2.

The porous characters of these as-prepared NH2-MIL-125, 
COF-366-Ni-OH, MCN-H (cs), MTCN-H (ys), and TCN-H (hs) 
were investigated by N2 adsorption/desorption isotherm and 
pore size distribution. The adsorption isotherms show that the 
micropore amount of these COFs-based nanocomposites grad-
ually decrease with raised HAc dosage (Figure S8a, Supporting 
Information). Moreover, mesoporosity becomes more notice-
able confirmed by the pore size distribution data (Figure S8b, 
Supporting Information). This may be due to the local dissolu-
tion and defect generation within the core layer (NH2-MIL-125) 
after acid treatment.[25] The thermogravimetric analysis (TGA) 
of NH2-MIL-125, COF-366-Ni-OH, TiO2, TiO2/NH2-MIL-125, 
and three COFs-based multicomponent nanocomposites pre-
pared at different HAc dosage under O2 atmosphere are dis-
played in Figure S9, Supporting Information. The TGA proves 
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Figure 1. The schematic illustration of the formation of COFs-based multicomponent nanocomposites with diverse architectures.
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that these COFs-based nanocomposites show thermal stability 
up to 300 °C, and the weight ratios of each component are cal-
culated to be ≈64.3 : 35.7 (NH2-MIL-125 : COF-366-Ni-OH) for 
MCN-H (cs), 16.7 : 33.8 : 49.5 (NH2-MIL-125 : TiO2 : COF-366-
Ni-OH) for MTCN-H (ys), and 36.1 : 63.9 (TiO2 : COF-366-Ni-
OH) for TCN-H (hs), respectively.

In addition, we also manipulated the morphologies of COFs-
based nanocomposites from core-shell and yolk-shell to hollow-
sphere by tuning the reaction time and temperature through 
the MSISAE process (Figure  1). A series of NH2-MIL-125@
COF-366-Ni-OH-Temperature (core-shell), NH2-MIL-125/
TiO2@COF-366-Ni-OH-Temperature (yolk-shell), and TiO2@
COF-366-Ni-OH-Temperature (hollow-sphere) denoted as 
MCN-Te (cs), MTCN-Te (ys),and TCN-Te (hs), respectively, are 
obtained, when these COFs-based nanocomposites were pre-
pared at different reaction temperature (80, 120, and 140 °C, 
respectively). And, another series of heterojunction structures 
with different morphologies (denoted as MCN-Ti (cs), MTCN-
Ti (ys), and TCN-Ti (hs)) were also obtained, when COFs-based 
nanocomposites were prepared at different reaction time (6, 
72, and 144 h, respectively). SEM, TEM, and PXRD tests show 
that the increment of reaction time and temperature will also 

increase the corrosion degree of NH2-MIL-125 and produce 
more TiO2 nanoparticles, along with the change of morphology 
(Figures S10–S15, Supporting Information). To explore the 
versatility of the synthetic strategy, we also synthesized other 
NH2-MIL-125/TiO2@COFs hybrid materials with yolk-shell 
structures. When four different COFs, that is COF-366-Cu-
OH, COF-366-OH, TTCOF-Ni, and TPECOF-Ni (Figures S16 
and S17, Supporting Information), are used as the shell of the 
NH2-MIL-125/TiO2@COFs hybrids, the NH2-MIL-125/TiO2@
COF-366-Cu-OH (ys), NH2-MIL-125/TiO2@COF-366-OH (ys), 
NH2-MIL-125/TiO2@TTCOF-Ni (ys) and NH2-MIL-125/TiO2@
TPECOF-Ni (ys) hybrid materials are also successfully synthe-
sized. In addition, we also look for other MOF (NH2-MIL-88A) 
as the core of COFs-based nanocomposites with yolk-shell mor-
phology through this MSISAE strategy. Yolk-shell morphologies 
and three components (MOF: NH2-MIL-125 or NH2-MIL-88A; 
COFs: four kinds of COFs; metallic oxide: TiO2 or Fe2O3) of the 
above other COFs-based nanocomposites are also well charac-
terized by TEM and PXRD tests (Figures S18–S21, Supporting 
Information).

The incident photocurrent response and photoluminescence 
(PL) emission spectra of these COFs-based multicomponent 
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Figure 2. a–c) The PXRD, (inset of a–c) SEM, d–f) elementary line scanning spectra, g–i) EDX elemental mapping images and h,i) HAADF-STEM of 
COFs-based multicomponent nanocomposites prepared with different HAc dosage (from left to right: MCN-H (cs), MTCN-H (ys), and TCN-H (hs), 
★ represents the peaks of TiO2).
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nanocomposites and other control samples were tested to study 
the separation and migration of photogenerated electron–hole 
pairs. Taking COFs-based nanocomposites prepared with dif-
ferent HAc dosages for example, the MTCN-H (ys) behaves 
the lowest PL intensity and hence has the minimum recombi-
nation rate of photogenerated charge carriers compared with 
other samples (Figure 3a). In addition, as shown in Figure 3b, 
the order of photocurrent response intensity is MTCN-H 
(ys) > TCN-H (hs) > MCN-H (cs) > COF-366-Ni-OH > TiO2 > 
NH2-MIL-125, which demonstrates that, among these six sam-
ples, MTCN-H (ys) has the largest number of photogenerated 
carriers with efficient separation. These above features are 
ascribed to the enhanced optical absorption of MTCN-H (ys), 
the effective separation of photogenerated carriers by TiO2/
COF-366-Ni-OH and TiO2/NH2-MIL-125 heterojunction, and 

its unique yolk-shell structure. To investigate the morphology-
dependent photocatalytic properties of these COFs-based mul-
ticomponent nanocomposites, optical absorption properties of 
COF-366-Ni-OH, NH2-MIL-125, TiO2, MTCN-H (ys), TCN-H 
(hs) and MCN-H (cs) were investigated with the help of UV–
Vis diffuse reflectance spectroscopy. As presented in Figure 3c, 
the COF-366-Ni-OH has an absorption edge at ≈600  nm. The 
optical absorbances of these COFs-based nanocomposites are 
close to that of the pure COF-366-Ni-OH which indicates that 
all of them have strong visible light absorption capability. The 
corresponding band gaps of TiO2, NH2-MIL-125, and COF-
366-Ni-OH are calculated to be 2.08, 2.38, and 1.44 eV through 
the results of solid-state UV–Vis absorption spectra, respec-
tively (Figure  3d). Mott–Schottky (MS) measurements were 
performed to calculate the electronic band positions of the 
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Figure 3. a) PL, b) transient photocurrent response, and c) solid-state UV–Vis absorption spectra of COF-366-Ni-OH, TiO2, NH2-MIL-125, and various 
COFs-based multicomponent nanocomposites prepared with different HAc dosage, d) Tauc plots of COF-366-Ni-OH, NH2-MIL-125, and TiO2, e) MS 
plots for COF-366-Ni-OH, NH2-MIL-125, and TiO2, f) CO2 adsorption–desorption isotherm of NH2-MIL-125, COF-366-Ni-OH, and various COFs-based 
multicomponent nanocomposites prepared with different HAc dosage at 273 K.
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as-prepared materials (Figure  3e and Figure S22, Supporting 
Information). The conduction band (CB) positions are −0.84, 
−0.72, and −0.58  eV (vs normal hydrogen electrode) for COF-
366-Ni-OH, NH2-MIL-125 and TiO2 obtained by MS, respec-
tively. Incorporated with the band gap of COF-366-Ni-OH, NH2-
MIL-125, and TiO2 from UV–Vis absorption data, the valence 
band (VB) positions of them can be determined as 0.60, 1.66, 
and 1.50  eV, respectively. In addition, it has been confirmed 
that high CO2 adsorption capacity is conducive to improve the 
photocatalytic CO2 reduction performance from the reported 
studies.[26] Thus, CO2 uptake capacity tests were conducted for 
NH2-MIL-125, COF-366-Ni-OH and these COFs-based nano-
composites (Figure 3f). The results show that MTCN-H (ys) has 
higher CO2 uptake at 273 K than COF-366-Ni-OH and TCN-H 
(hs), which is attributed to the presence of NH2-MIL-125.

2.2. Photocatalytic CO2 Reduction Performance

Photocatalytic CO2 reduction performances of these as-synthe-
sized materials were explored with the gas–solid mode under 
the atmosphere of CO2 and H2O vapor. Elaborated descrip-
tions of the photocatalytic CO2 reduction tests are given in 
the supporting information. The whole production of CO is 
≈67.49  µmol g−1 for MTCN-H (ys) after 4 h of successive illu-
mination, which is significantly higher than that of MCN-H 
(cs) (≈5.78 µmol g−1), TCN-H (hs) (≈44.12 µmol g−1), and TiO2 
(≈13.17  µmol g−1) (Figure 4a,b). The value of MTCN-H (ys) is 

comparable to those of reported COFs and MOFs-based pho-
tocatalysts for photocatalytic CO2-to-CO conversion with H2O 
oxidation (Table S1, Supporting Information). The CO yield is 
negligible for pure COF-366-Ni-OH and NH2-MIL-125 because 
the VB is too negative to oxidize H2O for the former and lack 
of suitable active sites to the reaction of H2O oxidation to O2 
for the latter.[27] The above results further support the superi-
ority of MTCN-H (ys) with the unique morphology and ternary 
heterojunctions.

In addition, such special yolk-shell morphology and multi-
components (COF-366-Ni-OH, NH2-MIL-125, and TiO2) dis-
play superior stability during a prolonged photocatalytic reac-
tion for MTCN-H (ys). As shown in Figure 4c, the photocata-
lyst still maintains a good photocatalytic efficiency without an 
obvious declining trend after four cycles, indicating good dura-
bility of MTCN-H (ys). Concurrently, no significant changes 
are detected in the PXRD pattern, TEM, and SEM images 
before and after reaction, suggesting an excellent long-term 
photocatalytic stability for MTCN-H (ys) (Figures S23–S25, 
Supporting Information). Moreover, the source of catalytic 
products was determined by control photocatalytic experi-
ments. First, when CO2 (m/z  = 44) was replaced with 13CO2 
(m/z = 45) as reactant, apparent 13CO (m/z = 29) signal could 
be noticed in mass spectrum (Figure 4d). Second, when H2O 
was replaced by H2

18O, 18O2 (m/z = 36) and 18O16O (m/z = 34) 
were discovered after the reaction (Figure S26, Supporting 
Information), confirming that the generated 18O2/O2 is derived 
from the oxidation of H2

18O/H2O.

Adv. Mater. 2021, 33, 2105002

Figure 4. a) Time-dependent CO2-to-CO performances and b) photocatalytic CO2-to-CO performances for COF-366-Ni-OH, TiO2, NH2-MIL-125, and 
various COFs-based multicomponent nanocomposites prepared with different HAc dosage, c) durability measurements of MTCN-H (ys) (4 h test per 
cycle), d) Mass spectrum of 13CO (m/z = 29) produced from the photocatalytic reduction of 13CO2.
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2.3. Investigating Structure-Functional Relationships

According to the above performance tests and characterization 
results, we propose a rational photocatalytic mechanism based 
on the precise structure of the MTCN-H (ys) catalyst material. 
The in situ XPS test results show that the electrons can transfer 
from TiO2 to COF-366-Ni-OH under photoexcitation in the 
heterojunction (Figure 5a), this results was also confirmed by 
theoretical calculation as shown below. Therefore, combining 
UV–Vis adsorption spectrum, MS, and in situ XPS tests, we can 
conclude that a Z-scheme heterojunction is formed between 
COF-366-Ni-OH and TiO2.[28] As shown in Figure  5b, under 
irradiation, both of COF-366-Ni-OH and TiO2 can be excited 
to generate electrons and holes, after that the excited electrons 
of TiO2 move to COF-366-Ni-OH and remain positive holes. 
As for NH2-MIL-125 and TiO2, they tend to form II-type het-
erojunction according to the literature previously reported.[29] 
The photogenerated electrons can migrate from the CB of NH2-
MIL-125 to the CB of TiO2. Meanwhile, the photoinduced hole 
on VB of NH2-MIL-125 can migrate to VB of TiO2. As a result, 
the photogenerated electrons accumulate at the CB of COF-366-
Ni-OH, then are used for CO2 reduction. In the meantime, the 
holes accumulate at the VB of TiO2 will be used for H2O oxi-
dation on MTCN-H (ys) (Figure 5b). It is noted that the band 
gap of TiO2 in this system is relative low (2.08  eV) compared 
to previously reported (3.2  eV). The possible reason is that 
the amine group ligand (NH2-BDC) which decomposed from 
NH2-MIL-125 and the surface states play an important role for 
reducing the band gap of TiO2. To check the above assumption, 

we performed band structure calculations based on bulk, sur-
face, and surface decorated TiO2 by periodic models. As shown 
in Figures S27–S29, Supporting Information, the band gap of 
the surface decorated TiO2 decreases ≈0.53 eV comparing with 
the bulk anatase TiO2, and the trend is consistent with our test 
results. The detail calculation results are shown on the below of 
Figure S27, Supporting Information. In MTCN-H (ys), a more 
negative CB value level than the CO2/CO standard reduction 
potential (−0.53 V vs RHE.) of COF-366-Ni-OH (−0.84 V vs RHE) 
and a more positive VB value of TiO2 (+1.5 V vs RHE) than the 
H2O/O2 standard oxidation potential (+0.82  V vs RHE) have 
been calculated by MS and UV-Vis absorption data which have 
proved that MTCN-H (ys) can catalyze the CO2 reduction to CO 
with H2O as an electron donor.[30] The theoretical calculation 
of charge deformation density based on the MTCN-H (ys) with 
the effect of NH2-BDC ligand on TiO2, also supports the above 
proposed mechanism (Figure  5c and Figure S30, Supporting 
Information). The calculations show that the charge exchange 
occurs between COF-366-Ni-OH and TiO2. The CO2 reduction 
pathway was studied by the computational hydrogen electrode 
model using DFT. The DFT calculation results show that the 
photocatalytic CO2 reduction reaction is conducted on Ni metal 
center of TAPP on COF-366-Ni-OH. The detailed CO2 to CO 
process is also shown in Figure S31, Supporting Information. 
In the photocatalytic process, the CO2 molecule adsorbed at the 
Ni site is converted to CO after gradually gaining two electrons 
and two protons, simultaneously generating an H2O molecule. 
Among these elementary reaction steps, the adsorbed CO2* on 
the TAPP-Ni and then accompanied by an electron transfer step 

Adv. Mater. 2021, 33, 2105002

Figure 5. a) High-resolution in situ XPS for Ti 2p of TCN-H (hs) in the dark and under irradiation, b) schematic illustration of the charge-transfer 
process for MTCN-H (ys) under light irradiation, c) schematic of the mechanism for CO2 reduction coupled with H2O oxidation for TiO2 and COF-366-
Ni-OH, d) DFT-calculated ΔG profiles of MTCN-H (ys) for the CO2 to CO conversion and H* generation.
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to generate COOH* was calculated to be the rate-determining 
step based on thermodynamic Gibbs free energy calculation 
(Figure 5d, red curve). In this process, the produce and transfer 
of protons (H+) to CO2* and COOH* is another crucial step 
that affects the whole reaction rate.[31] Through theoretical cal-
culations, we can find that NH2-MIL-125 facilitates the disso-
ciation of H2O into H+ (Figure 5d, black curve). Therefore, the 
NH2-MIL-125 in the center of the yolk-shell structure will make 
this micro-reactor at a higher H+ concentration environment 
and therefore favor the H+ participation in the CO2 reduction 
reaction. The schematic energy-level diagrams of MCN-H (cs), 
TCN-H (hs), and MTCN-H (ys) are shown in Figure S32, Sup-
porting Information. As can be seen, MCN-H (cs) lacks suitable 
active sites for the H2O oxidation and TCN-H (hs) possesses 
low CO2 adsorption capability and less H+ participating in the 
process of CO2 reduction. In addition, compared with MCN-H 
(cs) and TCN-H (hs), MTCN-H (ys) has a longer lifetime of 
photogenerated carriers and suitable band gap position that can 
effectively separate photogenerated carriers and increase the 
optical absorption range attributing to the special ternary het-
erojunction systems and special yolk-shell morphology.

Overall, the improved performances can be attributed to the 
synergistic effect of the three components of MTCN-H (ys), 
as following: First, the special shells (COF-366-Ni-OH) permit 
multiple reflections of the incident light, thereby improving the 
light utilization; Second, the NH2-MIL-125 in the center of the 
yolk-shell structure will favor the H+ participation in the CO2 
reduction reaction and enhance CO2 adsorption capability; 
Third, TiO2 is advantageous to the completion of H2O oxida-
tion reactions. More importantly, the multivariate compositions 
(NH2-MIL-125, TiO2, and COF-366-Ni-OH) successfully fabri-
cate the Z-scheme and II-type heterojunction simultaneously 
in one catalyst system, which is highly conducive to improve 
charge transfer and separation efficiency. Accordingly, MTCN-H 
(ys) shows excellent photocatalytic CO2 reduction efficiency.

3. Conclusion

In summary, we present a MSISAE strategy that enables contin-
uous syntheses of COFs-based heterojunction with core-shell, 
yolk-shell, and hollow-sphere structures through the precise 
tuning of core decomposition rate of NH2-MIL-125 into TiO2 
during the synthesis of COFs. The controllable collapse of NH2-
MIL-125 core to in situ produce nano-size TiO2 results in the 
controllable tuning of various morphologies with diverse multi-
components. Thus, MTCN-H (ys) with rarely reported yolk-
shell morphology displays remarkable catalytic performance 
in photocatalytic reduction of CO2 with H2O, which can be 
ascribed to its unique yolk-shell architecture, distinctive three 
components and coexistence of Z-scheme and II type hetero-
junction supported by sufficient experimental results. Besides, 
we also study the mechanism for photoexcitation process and 
CO2 reduction by combining experiments with theoretical cal-
culations. The in situ XPS tests and DFT calculations prove that 
the photogenerated electrons driven by light effectively transfer 
from MOFs to TiO2, then to COFs, bringing about the electrons 
gathering at the Ni metal center in COFs and simultaneously 
used for the photocatalytic CO2 reduction reaction. Meanwhile, 

the positively charged holes in the TiO2 fulfill the H2O oxida-
tion reaction. Furthermore, NH2-MIL-125 facilitates the disso-
ciation of H2O into H+ and favors the H+ participation step in 
the CO2 reduction process, thus enhancing the CO2 reduction 
performance. We believe that the controllable MSISAE strategy 
demonstrated in this work will provide novel inspirations for 
the rational design of porous crystalline materials based artifi-
cial photocatalysts.

4. Experimental Section
The Synthesis of TAPP-Ni/Cu: The synthesis of TAPP-Ni/Cu was 

carried out according to a previously published method.[32]

The Synthesis of COF-366-Ni-OH: The synthesis method of COF-366-
Ni-OH followed previously reported procedure.[20] Specifically, TAPP-Ni 
(27  mg, 0.036  mmol), DHA (15.5  mg, 0.08  mmol), dichlorobenzene 
(1 mL), ethanol (1 mL), and 6 m aqueous HAc (200 µL) were mixed in a 
Pyrex tube (o.d × length, 19 × 65 mm). After sonication for ≈15 min, the 
tube was flash-frozen at 77 K and degassed to obtain an internal pressure 
of ≈100 mTorr. After the temperature returned to room temperature, the 
mixture was heated at 120 °C and kept it undisturbed for 72 h. After 
filtration and washed by tetrahydrofuran, the wet sample was transferred 
to a Soxhlet extractor and washed with tetrahydrofuran (12 h). Lastly, 
the product was evacuated at 120 °C under dynamic vacuum for 12 h to 
obtain an activated sample.

The Synthesis of NH2-MIL-125: The synthesis of NH2-MIL-125 was 
prepared through a method based on Nasalevich et al.[19]

The Synthesis of TiO2: NH2-MIL-125 (60 mg), dichlorobenzene (1 mL), 
ethanol (1 mL) and 6 m aqueous HAc (250 µL) were mixed in a Pyrex 
tube (o.d × length, 19 × 65 mm). And then, the subsequent treatment 
was similar to the synthesis of COF-366-Ni-OH.

The Synthesis of COF-366-Ni-OH-Based Nanocomposites with Different 
Amount of HAc: TAPP-Ni (27  mg, 0.036  mmol), DHA (15.5  mg, 
0.08  mmol), NH2-MIL-125 (60  mg), dichlorobenzene (1  mL), ethanol 
(1 mL), and different amount of 6 m aqueous HAc (100, 150, 200, and 
250 µL) were mixed in a Pyrex tube (o.d × length, 19 × 65  mm). The 
subsequent treatment was similar to the synthesis of COF-366-Ni-OH.

The Synthesis of COF-366-Ni-OH-Based Nanocomposites with Different 
Time: TAPP-Ni (27  mg, 0.036  mmol), DHA (15.5  mg, 0.08  mmol), 
NH2-MIL-125 (60  mg), dichlorobenzene (1  mL), ethanol (1  mL), and 
6 m aqueous HAc (200 µL) were mixed in a Pyrex tube (o.d × length, 
19 × 65  mm). Except that the mixture was heated at 120 °C and left 
undisturbed for 12, 24, 72, and 144 h, the subsequent treatment was 
similar to the synthesis of COF-366-Ni-OH.

The Synthesis of COF-366-Ni-OH-Based Nanocomposites with Different 
Temperature: TAPP-Ni (27 mg, 0.036 mmol), DHA (15.5 mg, 0.08 mmol), 
NH2-MIL-125 (60  mg), dichlorobenzene (1  mL), ethanol (1  mL), and  
6 m aqueous HAc (200 µL) were mixed in a Pyrex tube (o.d × length, 
19 × 65  mm). Except that the mixture was heated at 80, 100, 120, and 
140 °C and left undisturbed for 72 h, the subsequent treatment was 
similar to the synthesis of COF-366-Ni-OH.

The Synthesis of NH2-MIL-125/TiO2@COF-366-Cu-OH (ys) or 
NH2-MIL-125/TiO2@COF-366-OH (ys): The synthesis of NH2-MIL-125/
TiO2@COF-366-Cu-OH (ys) or NH2-MIL-125/TiO2@COF-366-OH (ys) 
was carried out following the same protocol as for MTCN-H (ys), by 
replacing the TAPP-Cu and TAPP with TAPP-Ni.

The Synthesis of 2, 3, 6, 7-tetra (4-formylphenyl) Tetrathiafulvalene (TTF-
4CHO): TTF-4CHO was synthesized according to a previously published 
procedure.[5b]

The Synthesis of NH2-MIL-125/TiO2@TTCOF-Ni (ys): TAPP-Ni (15 mg, 
0.02  mmol), TTF-4CHO (12.4  mg, 0.02  mmol), NH2-MIL-125 (40  mg), 
1,4-dioxane (1  mL), 1,3,5-trimethylbenzene (1  mL), and 6 m aqueous 
HAc (100 µL) were mixed in a Pyrex tube (o.d × length, 19 × 65 mm). 
And then, the subsequent treatment is similar to the synthesis of 
COF-366-Ni-OH.

Adv. Mater. 2021, 33, 2105002
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The Synthesis of NH2-MIL-125/TiO2@TPECOF-Ni (ys): TAPP-Ni 
(15 mg, 0.02 mmol), TPE (8.89 mg, 0.02 mmol), NH2-MIL-125 (40 mg), 
1,4-dioxane (1  mL), 1,3,5-trimethylbenzene (1  mL), and 6 m aqueous 
HAc (100 µL) were mixed in a Pyrex tube (o.d × length, 19 × 65 mm). 
And then, the subsequent treatment is similar to the synthesis of 
COF-366-Ni-OH.

The Synthesis of NH2-MIL-88A/Fe2O3@COF-366-Ni-OH (ys): TAPP-Ni 
(27  mg, 0.036  mmol), DHA (15.5  mg, 0.08  mmol), NH2-MIL-88A 
(30  mg), dichlorobenzene (1  mL), ethanol (1  mL), and 6 m aqueous 
HAc (200 µL) were mixed in a Pyrex tube (o.d × length, 19 × 65 mm). 
And then, the subsequent treatment was similar to the synthesis of 
COF-366-Ni-OH.
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