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Metal-organic framework composites, which are combined from metal-organic framework and advanced carbon material, have
drawn great attention in many fields of application such as environmental remediation and catalysts. Within this paper, the
carbon/MIL-53(Fe) composite was fabricated via an in situ synthesis, in which N-containing carbon dots (NCDs) were mixed
with MOF precursors’ solutions under various ratios before going through the solvothermal stage. It was showed that the
introduction of a certain amount of NCDs would affect characteristic features and improve the photocatalytic performance of
final products. The optimal doping content of NCDs in NCD/MIL-53(Fe) composite was determined. SEM images showed
that the M-140 appeared as hexagonal bipyramid-shaped crystals with an average size of 700 nm. Compared with pristine
MIL-53(Fe), the M-140 was more visibly light-responsive, and its calculated band gap energy was approximately 2.3 eV. In
addition, M-140 catalyst also displayed more excellent photocatalytic activity for Methylene Blue degradation in a pH range
from 5 to 7. Under optimal conditions, MB was achieved within 60 minutes and the removal rate was nearly 100% after 5
cycles. The photocatalytic mechanism of the obtained NCD/MIL-53(Fe) composite was discussed.

1. Introduction

Metal-organic frameworks (MOFs), a class of highly ordered
materials consisting of metal ions/clusters and multifunc-
tional organic bridges, have emerged considerable attention
in various fields of applications due to their unique properties
such as high surface area, structural diversity, and tailorabil-
ity. In photocatalysis, metal clusters can absorb incident pho-
tons to excite electrons, while the organic bridges can
function like antennas to harvest incoming light [1]. Fe-
containing MOFs, which have Fe oxo-clusters as the metal
core, become a promising photocatalyst because Fe–O clus-
ters are visible light-responsive. MIL-53(Fe), the typical Fe-
containing MOF, is constructed from FeO6 octahedral chain
cross-linked 1,4-benzene dicarboxylate (BDC) ligands. The

MIL-53(Fe) has been studied for various applications such
as adsorption [2], sensors [3] and photocatalytic degradation
contaminants [4], and drug delivery [5] due to its flexible
structure making it easier to open/close its pores for adsorp-
tion/desorption guest molecules [2].

The number of publications on the MOF composite has
increased considerably in recent years. MOF composites,
which consist of MOFs and other materials, are easier to
synthesize, and they show more advantages and have fewer
drawbacks in comparison with the individual components
[6]. Some notable MOF composites including MOF/silica,
MOF/metal nanoparticles, MOF/organic polymers, and
MOF/carbon (Table 1) composites have been successfully syn-
thesized. Especially, metal-organic framework- (MOF-)
derived carbon materials have attracted great interest in many

Hindawi
Adsorption Science & Technology
Volume 2021, Article ID 5906248, 13 pages
https://doi.org/10.1155/2021/5906248

https://orcid.org/0000-0003-3762-3423
https://orcid.org/0000-0003-0201-7212
https://orcid.org/0000-0003-0726-7472
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/5906248


T
a
bl
e
1:
Sy
nt
he
si
s
st
ra
te
gy
,p

hy
si
ca
l
pr
op

er
ti
es
,a
nd

pe
rf
or
m
an
ce

of
so
m
e
M
O
F-
ba
se
d
co
m
po

si
te
s.

N
ot
e

M
at
er
ia
ls

P
re
pa
ra
ti
on

st
ra
te
gi
es

A
pp

lic
at
io
n

S B
ET

(m
2
g-
1 )

H
ig
hl
ig
ht
ed

re
su
lt
s

R
ef

1
Z
IF
-8

H
yd
ro
th
er
m
al

B
is
ph

en
ol

A
ab
so
rp
ti
on

20
6

B
P
A
ad
so
rp
ti
on

ca
pa
ci
ty

re
ac
he
d
59
.2
m
g
g-
1

[3
5]

Z
IF
-8
@
SB

A
-1
5

St
ep
-b
y-
st
ep

co
or
di
na
ti
on

m
et
ho

d
72
2

B
P
A
ad
so
rp
ti
on

ca
pa
ci
ty

up
to

11
6.
9
m
g
g-
1

2
Z
IF
-6
7

H
yd
ro
th
er
m
al

C
r
(V

I)
re
du

ct
io
n

13
00
.2

C
r(
V
I)
co
ul
d
no

t
be

re
du

ce
d
in
to

C
r(
II
I)

[3
6]

P
d@

Z
IF
-6
7

M
O
F
en
ca
ps
ul
at
ed

P
d

na
no

pa
rt
ic
le
s

69
.3

C
r(
V
I)
(i
ni
ti
al
co
nc
en
tr
at
io
n:

2.
0
m
M
)
w
as

co
nv
er
te
d
th
e
to

C
r(
II
I)
w
it
hi
n
5
m
in

3
M
IL
-5
3(
Fe
)

So
lv
ot
he
rm

al
P
ho

to
de
gr
ad
at
io
n
M
et
hy
le
ne

B
lu
e

47
.9

FM
-1

ha
d
ra
te

co
ns
ta
nt

w
hi
ch

is
tw
o
ti
m
es

th
at

of
M
IL
-5
3(
Fe
)
in

U
V
lig
ht

[3
7]

Fe
2O

3/
M
IL
-5
3(
Fe
)

T
he
rm

al
de
co
m
po

si
ti
on

of
M
IL
-

53
(F
e)

P
ho

to
de
gr
ad
at
io
n
M
et
hy
le
ne

B
lu
e

47
.4

4
Fe

3O
4@

M
IL
-1
00
(F
e)

C
or
e-
sh
el
lm

ic
ro
sp
he
re

P
ho

to
de
gr
ad
at
io
n
M
et
hy
le
ne

B
lu
e

51
1.
42

T
he

ph
ot
od

eg
ra
da
ti
on

effi
ci
en
cy

re
ac
he
d
99
.7
7%

in
20
0
m
in

un
de
r
vi
si
bl
e
lig
ht

an
d
w
it
h
H

2O
2
su
pp

or
t

[3
8]

5
Fe
-B
T
C
/

po
ly
do

pa
m
in
e

P
D
A
pi
nn

ed
on

th
e
in
te
rn
al
M
O
F

su
rf
ac
e

H
ea
vy

m
et
al
io
ns

ab
so
rp
ti
on

—
B
in
ds

up
to

16
34

m
g
of

H
g2

+
an
d
39
4
m
g
of

P
b2

+

pe
r
gr
am

of
co
m
po

si
te

[3
9]

6
M
IL
-5
3(
A
l)
/P
V
A

B
le
nd

ed
M
O
F
in
to

P
V
A

W
at
er

de
sa
lin

at
io
n

—
D
es
al
in
at
e
10
0
g
L-

1
N
aC

l
so
lu
ti
on

fo
r
ov
er

12
0
ho

ur
s
of

co
nt
in
uo

us
op

er
at
io
n,

w
it
h
a

sa
lt
re
je
ct
io
n
ra
te

of
ov
er

99
.9
99
%

[4
0]

7
M
IL
-5
3(
Fe
)

So
lv
ot
he
rm

al
C
r
(V

I)
re
du

ct
io
n

20
.6

T
he

ps
eu
do

fi
rs
t
or
de
r
re
ac
ti
on

ki
ne
ti
cs

(k
)

of
C
r(
V
I)
re
m
ov
al
ov
er

th
e
C
M
Fe
-3

is
0.
01
91
,w

hi
ch

is
3.
4
ti
m
es

hi
gh
er

th
an

pu
re

M
IL
-5
3(
Fe
)
(k

=
0:
00
57
)

[4
1]

g-
C
3N

4/
M
IL
-5
3(
Fe
)

In
si
tu

so
lv
ot
he
rm

al
m
et
ho

d
18
.5

M
O
F-
ca
rb
on

co
m
po

si
te

8
C
Q
D
s/
M
IL
-5
3(
Fe
)

C
Q
D
-e
m
be
dd

ed
M
IL
-5
3(
Fe
)
by

in
si
tu

sy
nt
he
si
s

C
r
(V

I)
re
du

ct
io
n

—
C
r(
V
I)
(i
ni
ti
al
co
nc
en
tr
at
io
n:

8
m
g
L-

1 )
w
as

co
nv
er
te
d
to

C
r(
II
I)
w
it
hi
n
50

m
in

un
de
r
vi
si
bl
e
lig
ht

[1
1]

9
C
Q
D
s@

Z
IF
-5

C
or
e-
sh
el
l

P
ho

to
de
gr
ad
at
io
n
M
et
hy
le
ne

B
lu
e

—
M
B
(i
ni
ti
al
co
nc
en
tr
at
io
n:

25
m
g
L-

1 )
w
as

de
co
m
po

se
d

w
it
hi
n
10
0
m
in

un
de
r
vi
si
bl
e
lig
ht

[1
2]

10
M
IL
-8
8(
Fe
)

So
lv
ot
he
rm

al
m
et
ho

d
P
ho

to
de
gr
ad
at
io
n
M
et
hy
le
ne

B
lu
e

an
d
rh
od

am
in
e
B

—
M
IL
-8
8(
Fe
)@

G
O
co
m
po

si
te
s
ha
d
M
B
an
d
R
B
de
gr
ad
at
io
n

effi
ci
en
cy

w
it
hi
n
50

an
d
60

m
in
,r
es
pe
ct
iv
el
y

[9
]

M
IL
-8
8(
Fe
)/
G
O

In
si
tu

sy
nt
he
si
s

—
M
IL
-8
8(
Fe
)@

G
O

co
m
po

si
te
s
ha
d
M
B
an
d
R
B

de
gr
ad
at
io
n
effi

ci
en
cy

w
it
hi
n
20

an
d
30

m
in
,r
es
pe
ct
iv
el
y

11
H
K
U
ST

-1
/G

O
/F
e 3
O
4

In
si
tu

sy
nt
he
si
s

M
B
ab
so
rp
ti
on

53
3

M
ax
im

um
ab
so
rp
ti
on

ca
pa
ci
ty

10
5.
88

m
g
g-
1
at

25
° C

[8
]

12
N
C
D
s/
M
IL
-5
3(
Fe
)

In
si
tu

sy
nt
he
si
s

P
ho

to
de
gr
ad
at
io
n
M
et
hy
le
ne

B
lu
e

6.
99

N
C
D
s/
M
IL
-5
3(
Fe
)
ha
d
M
B
de
gr
ad
at
io
n
effi

ci
en
cy

w
it
hi
n

60
m
in
ut
es

un
de
r
vi
si
bl
e
lig
ht

ir
ra
di
at
io
n
(M

B
co
nc
en
tr
at
io
n;

10
m
g
L-

1 )
N
C
D
s/
M
IL
-5
3(
Fe
)
ca
n
be

re
us
ed

fo
r
5
ti
m
es

T
hi
s

st
ud

y

2 Adsorption Science & Technology



fields of application owing to their nanoporous structure
yielding a high surface area and tunable chemical and physi-
cal properties [7]. Furthermore, various advanced carbon
materials, including CNTs, graphene, C60, carbon quantum
dots, carbon fibers, and activated carbon, have been coupled
with MOF to prepare the MOF/carbon hybrid materials
[8–12].

Preparation methods have a great influence on the
configuration of the final sample. For example, Lin et al.
successfully synthesized MIL-53(Fe)/CQD photocatalyst by
solvothermal a mixture comprising MOF precursors and
glucose as a carbon source. The results indicated that CQDs
were in situ generated inside the pores of MIL-53(Fe) parti-
cles, and CQD-embedded MIL-53(Fe) showed a better activ-
ity toward Cr(VI) reduction than MIL-53(Fe) [11]. Another
research conducted by Si et al. showed that the 3-5 nm in
size CQDs could wrap on the surface of ZIF-8 nanoparticles
to form a well-designed core-shell structure. Furthermore,
the CQDs@ZIF-8 composite exhibited superior photocata-
lytic performance, while the MB removal rate was 6 times
higher than that of ZIF-8 [12]. Meanwhile, Petit et al. had
tried to improve the porosity of some typical MOF materials,
such as MOF-5, HKUST-1, and MIL-100(Fe), by preparing
MOF-graphene oxide (GO) composite via an in situ method.
To be more specific, graphene oxide was added to the MOF
precursor mixture, and the mixture then underwent the same
heating process as the synthesis of pure MOF [13–15]. The
authors also mentioned three advantages of the in situ
method: (i) functional groups of GO can function as nucle-
ation sites during the formation of MOF, (ii) chemical reac-
tions can lead to synergistic effects between GO and MOF,
and (iii) new porosities could be formed because of the irreg-
ular arrangement of graphene sheets and MOF [16].

Carbon dots (C-dots or CDs), a member of the nanoma-
terial class, were first discovered in 2004 by Xu et al. when
the authors purified single-wall carbon nanotubes (SWCNTs)
[17]. CDs are also called carbon nanodots, fluorescent carbon
NPs, or fluorescent carbon dots [18, 19] owing to their inter-
esting physical and optical properties such as nanosized parti-
cles, broad optical absorption, multiple photoluminescence
spectra, upconverted luminescence, and fast electron transfer
capability [20]. These impressive features of C-dots are caused
by their structure, which consists of sp2 and sp3 hybrid carbon
networks with various functional groups [21]. They have loads
of applications such as biometric measurement [18], photoca-
talyst [22], sensing [19], LED [23], and energy storage devices
[24]. Heteroatom-doped carbon dots, for example, N-doped
carbon dots, have been widely studied because they show bet-
ter optical properties in comparison with the original C-dots
[22]. Precursors for the synthesis of N-doped CDs are com-
monly rich-carbon substances (sugar, biomass, and organic
compounds) and amine derivatives (NH3, Urea, ethanol-
amine, and 1,2-ethylenediamine) [25]. There are different
routes to synthesize carbon dots, such as laser ablation [26],
microwave irradiation [21, 27], and hydrothermal synthesis
[28], among which the most facile method is microwave irra-
diation due to lower associated costs and one-step procedure
[21]. Recently, C-dots are widely studied in the strategy of
designing catalytic systems, in which they function as elec-

tron mediators or photosensitizers to enhance the perfor-
mance of the final catalyst [29].

Herein, in situ synthesis was employed to prepare MIL-
53(Fe)/carbon composite reported by Petit et al. with some
adjustment. Instead of using GO, N-containing carbon dots
(NCDs) were employed as a carbon-based component and
were prepared from a mixture of citric acid and urea. The
effects of the adding amount of NCDs on characteristic fea-
tures and photocatalytic performance of all samples were
investigated. Methylene Blue was chosen as a contaminant
for the photocatalytic reaction because it is a widely used
textile industry. When the MB concentration in the effluent
is too high, it leads to serious water pollution problems
such as reducing light transparency, which in turn nega-
tively affects the growth of natural organisms in the aque-
ous environment. The reaction parameters affecting MB
degradation by the as-prepared catalysts were also deter-
mined, including the pH solution, catalyst, and H2O2 exter-
nal dosage.

2. Experimental Method

2.1. Materials and Substances. All chemicals and reagents
were obtained from commercial suppliers and used without
further purification. Ferric chloride hexahydrate (>99%,
FeCl3·6H2O), terephthalic acid (1,4-BDC, >98%), Methylene
Blue (MB, >99%), hydroperoxide solution (H2O2, 30%, v/v),
citric acid (CA > 99%), urea (>99%), ethyl acetate (>95%),
hydrochloric acid (HCl, 36-38%), sodium hydroxide
(NaOH, >96%), isopropyl alcohol (IPA, >99%), and ethyl-
enediaminetetraacetic acid disodium dihydrate (EDTA-
2Na, >99%, C10H14N2Na2O8) were purchased from Xilong
Scientific Company; dimethylformamide (DMF, >99%) was
supplied from Samchun Pure Chemical Co., Ltd.; and p-
benzoquinone (BQ, >99%) was obtained from Daejung Che-
micals & Metals Co., Ltd. Distilled water was used for all test
experiments.

2.2. Preparation of N-Doped Carbon. The N-doped carbon
dots (NCDs) were prepared from Citric acid and urea as
precursors via a microwave-assisted method reported by
Qu et al. with some modifications [21]. The molar ratio of
citric acid/urea in the precursor mixtures was 1 : 5 owing
to the optical and photoluminescence properties of the
obtained NCDs, according to Zholobak et al.’s study [28].
Firstly, citric acid (4 g) and urea (6.3 g) were completely dis-
solved in distilled water (20mL) to form a transparent solu-
tion. After that, the solution was heated in a commercial
microwave oven at a level of 800W for 5mins, during
which the solution changed from a color-less liquid to a
dark clustered solid. The solid was then washed with ethyl
acetate to remove the residual small molecules and then
suspended in 50mL distilled water. To remove large or
agglomerated particles, the aqueous solution of the NCDs
was centrifuged (4000 rpm, 20min) and then dried in the
vacuum at 60°C for 2 days. The resulting dark-brown solid
was used for the preparation of NCDs/MIL-53(Fe) in the
following stage.
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2.3. Preparation of NC-MIL-53(Fe) Catalysts and Original
MIL-53(Fe) Catalyst. MIL-53(Fe) photocatalyst was synthe-
sized via the solvothermal method employed in our previous
study with some modifications [30]. MIL-53(Fe) was synthe-
sized from a mixture of 0.83 g (5mmol TA) and 1.35 g
(5mmol) FeCl3.6H2O in 25mL DMF. The mixture was
transferred into a Teflon-lined stainless-steel autoclave and
heated at the temperature of 150°C for 5 hours. The light-
brown solid was collected by filtration and subsequently sus-
pended in H2O2 0.1M solution in 6 h under visible light irra-
diation. Afterward, the solution was filtered, and the solid
samples were dried in the vacuum at 70°C for 2 h and
150°C for 3 h, eventually denoted as M0.

Carbon-based material and MIL-53(Fe) composite or
NCDs/MIL-53(Fe) was prepared via in situ synthesis, with
a certain amount of NCD solid (e.g., 100, 120, 140, 160,
and 180mg) added to MIL-53(Fe) precursor solution. Each
mixture was sonicated in a water bath for 1 h before heating
to completely suspend NCDs with other components. The
final products were named M-100, M-120, M-140, M-160,
and M-180, respectively.

2.4. Characterization. XRD patterns were obtained by a Bru-
ker D8 Discovery X-ray Diffractometer using Ni-filtered Cu-
Kα radiation (λ = 0:154056nm) as the X-ray source. The
recorded range of 2θ was from 5° to 45°, and the scanning
rate was set at 4° per min. The FTIR spectra were measured
by a JASCO FT/IR6300 Spectrometric Analyzer in the range
from 400 to 4000 cm-1 at room temperature. UV-vis diffuse
reflectance spectra (UV-vis DRS) were recorded by a JACO
V-670 UV-vis spectrophotometer with BaSO4 as a reflec-
tance standard. The morphology of the samples was
observed with a JEOL JMS-7600F scanning electron micro-
scope (SEM). Elemental mapping of the sample was charac-
terized by energy-dispersive X-ray spectroscopy (EDS,
Oxford instruments X-Max). The Brunauer–Emmett–Teller
(BET) surface areas and pore size distribution of the samples
were determined on a TriStar 3000 V6.07A at 77K using
nitrogen adsorption isotherm.

2.5. Catalytic Degradation Experiments. Textile dye degrada-
tion experiments were conducted under visible light. The vis-
ible light was generated by an OSRAM Mercury vapor lamp
250W through a UV-cutoff filter. 10mg of sample was sus-
pended into 50mL of 10mgL-1 MB aqueous solution under
a stirring process by magnetic stir at ambient conditions.
The reaction mixture was then kept in the dark for 30 minutes
to establish the adsorption/desorption equilibrium. After 30
minutes, the mixture was taken out to the visible light and
subsequently added a known concentration of H2O2. The
remaining dye concentration in centrifugal liquids was deter-
mined by the Hatch UV-vis spectrophotometer model DR
3900 with a 1 cm quartz cell for every 10 minutes.

The parameters of reactions including the initial pH,
concentration of dye solution, and H2O2 dosage were also
studied. To determine the stability of the synthesized
NCDs/MIL-53(Fe), the catalyst was recovered from the
resulting MB aqueous by centrifugation and reused for sub-
sequent reactions.

3. Results and Discussion

3.1. Characterization of the Prepared NC/MIL-53(Fe) Samples

3.1.1. X-Ray Diffraction (XRD). To study the crystalline
structure of NCDs, MIL-53(Fe), and NCD/MIL-53(Fe) sam-
ples, their XRD patterns were recorded and are plotted in
Figure 1(a). Looking at the XRD pattern of NCDs, there
were various peaks in the range from 20° to 27°. These peaks
were attributed to the diffraction plane of (002) with highly
disordered carbon atoms, and the pattern is in good agree-
ment with some previous reports for C-dots [21]. The
XRD pattern of M0 exhibited several characteristic peaks at
9.4°, 12.9°, 17.4°, and 25.7° that is consistent with the simula-
tion pattern (Figure 2) as well as the previous literature [4,
30]. Additionally, the well-defined peaks suggested the high
crystallinity of MIL-53(Fe) material after immersing in
diluted H2O2 solution (0.1M) that is as stated in our previ-
ous study [30]. The XRD curves of denoted-as M-100, M-
120, M-140, M-160, and M-180 samples remained nearly
unchanged in terms of MOF’s characteristics values, con-
firming the loading amount of NCDs did not affect the crys-
tallinity of the final products. However, when increasing the
amount of NCDs, there was a decrease in the intensity of
peak 12.9o, while new peaks at around 17.5° and 27°

emerged. These noticeable changes indicated that NCDs
could change the lattice structure of MIL-53(Fe), corre-
sponding to previous studies [11, 31].

3.1.2. Fourier Transform Infrared Spectroscopy (FTIR). To
identify functional groups of all obtained catalysts, FTIR
spectra of all samples are performed in Figure 1(b). FTIR
result of NCDs is in good agreement with previous studies
[21, 27]. In detail, there were two absorption peaks in the
range from 3000 to 3250 cm-1 assigned to the asymmetric
(ϑas(N-H)) and symmetric (ϑs(N-H)) vibration of -NH2
groups. The absorption peaks around 1697 and 1574 cm-1

were assigned to ϑ(C=O), while the peak at 1398 cm-1 corre-
sponded to C-N stretching. Looking at the black curve of the
M0 sample, the characteristic absorption peaks that
appeared at 1622, 1524, 1375, 748, and 525 cm-1 matched
well with the literature [4, 30, 32]. The 1524 cm-1 peak and
the 1375 cm-1 peak were attributed to asymmetric (ϑas (C–
O)) and symmetric (ϑs(C–O)) vibrations of carboxyl groups,
respectively. The C–H stretching vibrations of benzene were
represented by a sharp peak at 748 cm-1, while the absorption
peak at 525 cm-1 corresponds to the Fe–O stretching, implying
the formation of Fe-oxo bond between the Fe3+ and the car-
boxylic groups. From FTIR spectra of NCD/MIL-53(Fe) sam-
ples, the characteristic peaks of pure MIL-53(Fe) remained
unchanged, while there was an increase in the intensity of
C=O stretching vibration (~1700cm-1). The increasing inten-
sity suggested that NCDs embedded in NCD/MIL-53(Fe) par-
ticles since C=O vibration was previously mentioned as NCD
characteristic feature.

3.1.3. Optical Properties of NCDs/MIL-53(Fe). Figure 3 illus-
trates the UV-vis spectra of the NCD solution, the UV-vis
DRS patterns of the photocatalytic materials, and their band
gap energy. Firstly, NCD solution exhibited a broad optical
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absorption in the range of 200 to 500nm with three peaks at
270nm, 325nm, and 410nm (Figure 3(a)). The solution
also had a yellowish color when being illustrated by day-
light. In terms of the UV-vis DRS of M0, the black pattern
had the maximum absorption band at around 350nm
(Figure 3(b)), which could be ascribed to the ligand-to-
metal charge transfer (LMCT) of O(II)→Fe(III) [4, 30,
32]. The absorption edge was at around 420nm, and the
optical band gap was calculated at approximately 2.7 eV
(Figure 3(c)) by the relation Eg = 1240/λ, corresponding to
previous studies [4, 30, 32]. Meanwhile, the absorption edge
of NCD/MIL-53(Fe) samples was shifted to the longer
wavelength region compared with pure MIL-53(Fe). Fur-
thermore, M-140 had the highest background absorption
among five NCD/MIL-53(Fe) catalysts (Figure 3(b)), with
the maximum absorption band at around 400 nm. In terms
of band gap energy, there was a gradual increase in the cal-
culated value as NCDs were added from none to 140mg.
However, a slight drop in band gap energy was observed
as the adding amount of NCDs rose to 180mg. The sample
having the highest estimated bandgap was M-140 (~2.3 eV),
corresponding to the changes in UV-vis DRS results of all
NCD/MIL-53(Fe) samples. Another noticeable point was
the presence of a small characteristic peak in the range of
300-500 nm happening in the patterns of M-100 and
M-120 but not in the other NCD/MIL-53(Fe) patterns. This
peak was assigned to the d-d transition (6A1g→4A1g
+4Eg(G)) of Fe3+ ion [32]. The peak for the d-d transition
only happened in the absorption spectra of M-100 and M-
120. This phenomenon could be explained by the formation
of defective Fe clusters. The presence of a small amount of
NCDs before the formation of MIL-53(Fe) lattice would
cause some defective Fe clusters which could not bond with
fully six ligands BDC. As a result, the missing linker Fe clus-

ters would form complexes, leading to the d-d transition
presence in UV-vis DRS. When the amount of NCDs was
140mg and more, Fe clusters would form stable bonds with
NCDs and BDC linkers, meaning that characteristics of
defective Fe clusters were disappeared.

3.1.4. Scanning Electron Microscopy (SEM) and Energy-
Dispersive X-Ray Spectroscopy. The morphology and particle
size of the MIL-53(Fe) and NCD/MIL-53(Fe) composite
samples were examined by scanning electron microscopy
(SEM) at different magnifications (Figure 4). As featured in
Figure 4(a), pure MIL-53(Fe) was microrods, with an

5 10 15 20 25 30
2-theta (deg)

35 40 45

In
te

ns
ity

 (a
.u

.)

(a)

4000

Tr
an

sm
itt

an
ce

3500 3000 2500 2000 1500 1000 500
Wavenumber (cm–1)

NCDs
M-180
M-160
M-140

M-120
M-100
M0

(b)

Figure 1: (a) PXRD patterns and (b) FT-IR spectra of MIL-53(Fe) and NCDs/MIL-53(Fe).
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Figure 4: (a) SEM images ofMIL-53(Fe) particles at differentmagnifications; (b) SEM images of NCD/MIL-53(Fe) composite particles (M-140).
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Table 2: Specific surface area and porous structure of M0 and M-140.

Samples Langmuir surface area (m2 g-1) BET surface area (m2 g-1)a Pore volume (cm3 g-1)b Pore size (nm)c

M0 13.35 9.77 0.03 34.13

M140 9.75 6.63 0.001 21.09
aBET-specific surface; btotal pore volume measured at P/Po = 0:99; cpore diameter calculated from the adsorption branch of the isotherm using the BJH
method.
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Figure 6: (a) Nitrogen adsorption-desorption isotherms of M0 and M-140. (b) The Barrett–Joyner–Halenda (BJH) mesoporous size
distribution of MIL-53(Fe) and NCDs/MIL-53(Fe).
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average size of 4μm in width and several tens of micrometers
in length, adhering to earlier reports for MIL-53(Fe) [4, 30,
32]. Meanwhile, NCDs/MIL-53(Fe) not only had few micro-
bars but also had a myriad of hexagonal-bipyramid-like par-
ticles about 700-1000 nm in size (Figure 4(b)). The particle
size of M-140 was much smaller than that of M0. Further-
more, the surface of M-140 nanoparticles looked very rough
unlike the smooth surface of MIL-53(Fe) microrods. This
rough surface indicated the presence of C-dots with an aver-
age size of around 10nm. The changes in the morphology
and particle size also suggested that the presence of NCDs
limited space for the formation of the Fe-BDC bonding net-
work, leading to produce smaller particles.

The EDS elemental mapping was used to measure the
distribution of the Fe element, and the results are plotted
in Figure 5. It is noticeable that iron elements were uni-
formly dispersed in the bipyramid-like particles confirming
the interaction between MOF and C-dots.

The porous properties of M0 and M-140 were compared
to each other by N2 adsorption-desorption isotherms at
77K, and the full data is illustrated in Table 2 and
Figure 6. It can be seen from Table 2 that surface area and
porous structure values of M-140 were lower than the data
for M0. It happened due to the presence of closely packed
NCDs that reduce the porosity of M-140 comparing to pris-
tine MIL-53(Fe).

3.2. The Photocatalytic Activity Analyses. The photocatalytic
performance of pristine MIL-53(Fe) and NCD/MIL-53(Fe)
samples was studied through MB degradation experiments,
and the results are shown in Figure 7(a). In detail, about
80% of MB concentration was removed within 100 minutes
when the M0 is present in the solution. Meanwhile, MB was
completely decomposed in the same amount of time with
the presence of NCD/MIL-53(Fe) samples. Therefore,

NCD/MIL-53(Fe) samples exhibited superior photocatalytic
efficiency over the pristine MIL-53(Fe), confirming the
synergistic effect between NCDs and MIL-53(Fe). Moreover,
the catalytic activity of NCDs/MIL-53(Fe) was affected by
adjusting the loading amount of NCDs. It can be seen that
the degradation efficiency increased considerably as the
loading amount of carbon material increased gradually from
100mg to 140mg, with the best performance belonged to
M-140 sample. The MB removal rate was nearly 100%
within 60 minutes, and the UV-vis absorption spectrum of
the reaction at regular intervals of time is plotted in
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Figure 7: (a) The degradation of MB in different conditions. (b) The degradation of MB using M0 and M-140 in different conditions
(experimental conditions: MB, 10mg L-1; H2O2, 5mM; and catalyst, 0.2 g L-1).
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Figure 8. However, when the amount of NCDs continuously
accelerated from 140 to 180mg, the photocatalytic perfor-
mance surprisingly decreased. The results were consistent
with Lin et al.’s study, even though different precursors were
employed in this study. When NCDs acted like an excessive
cocatalyst, it could shield incident light photons which were
supposed to excite electrons of a metal cluster; as the result,
the degradation efficiency reduced; thus, the degradation
efficiency reduced [11]. The observed photocatalytic results
of all NCD/MIL-53(Fe) samples were also compatible with
UV-vis DRS and calculated band gap energy in the previous
part of this paper.

Several MB degradation experiments in different condi-
tions were conducted to compare the catalytic ability of
M0 and M-140 (Figure 7(b)). As mentioned in the previous
part of this paper, the photocatalytic performance of M-140
was better than that of M0. However, almost no change in
the catalytic performance of M0 and M-140 was observed
under visible light absence conditions. It indicated that the
role of NCDs in the NCD/MOF catalyst system would be
photosensitizers to enhance the photocatalytic capacity of
the final product.

3.3. Mechanism of Degradation by C-dots/MIL-53(Fe) as the
Photocatalyst. The catalytic mechanism of NCDs/MIL-
53(Fe) would be thoroughly studied by investigating the
presence of active species generated during degradation
MB reaction (Figure 9(a)). In this part, various scavengers,
such as p-benzoquinone (p-BQ), isopropanol (IPA), and
EDTA-2Na, were used to capture active species including
∙O2

-, ∙OH, and h+. As shown in Figure 9(a), there were sig-
nificant declines in MB removal efficiency with the addition
of IPA and EDTA-Na, verifying that ∙OH and h+ were the
two prevalent species in the MB degradation mechanism.
Meanwhile, BQ did not affect the MB efficiency of M-140
sample, indicating species ∙O2

- was inconsiderable.

Based on the results of the scavenger reactions and other
results, the mechanism of the NCD/MIL-53(Fe) catalyst
system is proposed in Figure 10. Under visible light irradia-
tion, NCDs could capture incident photons with longer
wavelengths (>350nm) to form electron-hole pairs. In the
meantime, MIL-53(Fe) could absorb photons with shorter
wavelengths (<350 nm) to excite electrons. Due to the rela-
tive band alignment between NCDs and MIL-53(Fe), the
migration of electrons from NCDs to MIL-53(Fe) and the
positive charge transfer to NCDs happen, consequently
reducing charge recombination. The excited electrons react
with external H2O2 to generate ∙OH radicals. Both positive
holes (h+) and ∙OH radicals cause pollutant degradation,
confirmed by the results of scavenger reactions. In addition,
Felton reaction also is involved in the contaminant decom-
position as Fe(III) on the surface of Fe-containing catalyst
could react with H2O2 to generate ∙OH radicals following
equations (1) and (2) [4]. Overall, the NCD/MIL-53(Fe)
composites are more visible light-responsive, have better
charge separation, and exhibit more excellent MB photode-
gradation activity.

Fe IIIð Þ +H2O2 ⟶ Fe IIð Þ + HOO∙ + H+ ð1Þ

Fe IIð Þ +H2O2 ⟶ Fe IIIð Þ + ∙OH +OH− ð2Þ
3.3.1. Effect of pH. The influence of MB solution’s initial pH
on catalyst performance was also investigated (Figure 9(b)).
The MB degradation efficiency in pH5 and 7 solutions was
nearly the same, and MB was completely decomposed
within 60min for both cases. However, there were noticeable
decreases in the degradation MB performance in pH9 cases,
while the remaining MB concentration was 50% after 60
minutes under visible light irradiation. The phenomenon
in alkaline solution could be due to the deprotonation of
the oxygen-containing functional groups on the surface of
the NCDs, inducing the increase of surface negative charge.

100

80

60

40

20

No scavengers p-BQ EDTA-2Na IPA0

M
B 

re
m

ov
al

 (%
)

(a)

In dark Under visible light

–20 0 20 40 60 80 100
Time (min)

pH3
pH5

pH7
pH9

1.0

0.8

0.6

0.4

C/
C

o

0.2

0.0

(b)

Figure 9: (a) Effect of different scavengers on the degradation of MB. (b) Effect of initial pH on the degradation of MB (experimental
conditions: MB, 10mg L-1; H2O2, 5mM; and M-140, 0.2 g L-1).
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This caused the shift of the Fermi level, inhibited the
electron transition, and resulted in the deceleration in MB
degradation performance [33]. Meanwhile, the MB degrada-
tion performance in pH3 condition slightly decreased, while
the MB had removal reached only 80% after 60 minutes of
visible irradiation. For pH3 case, the decline of decomposing
efficiency happened due to the intramolecular and intermo-
lecular hydrogen bond, leading to the strong vibrational cou-
pling of the -OH functional groups in the surface state of
NCDs [34]. Another reason could be the protonation of
amine groups that would partially affect the migration of

electrons from NCDs to MIL-53(Fe). In general, the M-140
model was capable of decomposing MB dye in a pH range
of 3 to 9; the most effective was in the range 5-7.

3.3.2. Optimal Degradation Reaction. To optimize the
amount of external H2O2 for MB decomposition reaction,
the H2O2 concentration was varied from 0 to 12mM
(Figure 11(a)). It was noticeable that the MB degradation
rate was only 20% with the presence of M-140 catalyst and
with the absence of H2O2 within 60 minutes. Meanwhile,
about 40% and nearly 100% of the dye were decomposed
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Figure 10: Mechanism scheme of NCDs/MIL-53(Fe) in photocatalytic degradation of pollutants.
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with the addition of 0.2mM H2O2 and 5mM H2O2, respec-
tively. However, with the same added volume, when the
H2O2 concentration increased from 5mM to 12mM, there
was almost no significant change in the degradation effi-
ciency. This has been explained in previous studies that the
residual H2O2 molecule captures hydroxyl ∙OH radicals to
form hydroperoxyl (∙OOH) free radicals, which possess less
oxidative ability [4, 30]. This result indicates that the optimal
concentration of H2O2 was 5mM.

The initial MB concentration also has a great influence
on the catalytic performance of as-prepared material. The
MB concentration increased gradually from 10mgL-1 to
50mgL-1, with 10mg of M-140 catalyst and the 5mM
H2O2 for an individual experiment (Figure 11(b)). The
results showed that M-140 completely decomposed MB in
the 20mgL-1 and 50mgL-1 solution within 80 and 110
minutes, respectively. It is also indicating that the catalyst
NCDs/MIL-53(Fe) is not overwhelmed by 50mgL-1 dye
solution.

Finally, the reusability of the catalyst was studied and is
presented in Figure 12. M-140 exhibited a good performance
after 5 cycles, indicating the recycling ability of NCDs/MIL-
53(Fe). However, there was a slight drop in the degradation
efficiency of the 5th run, which could be explained by the
loss of catalyst while recovering by centrifugation.

4. Conclusion

In summary, a series of NCD/MIL-53(Fe) composites with
different amounts of N-containing carbon dots have been
fabricated via an in situ solvothermal method. It was showed
that the introduction of a certain amount of NCDs would
affect characteristic features and improve the photocatalytic
performance of final products. The optimal doping content
of NCDs in NCD/MIL-53(Fe) composite was determined
to be 140mg. SEM images showed that the M-140 appeared
as hexagonal bipyramid-shaped crystals with an average size
of 700nm. Compared with pristine MIL-53(Fe), the M-140
was more visible light-responsive and its calculated band

gap energy was approximately 2.3 eV. In addition, M-140
catalyst also displayed more excellent photocatalytic activity
for Methylene Blue degradation in a pH range from 5 to 7.
Under optimal conditions, MB was achieved within 60
minutes and the removal rate was nearly 100% after 5 cycles.
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