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HIGHLIGHTS

« The photocatalytic cement composites with g-CsN4 nanosheets (CNNs) were prepared.
« The CNNs based composites showed high visible light photocatalytic efficiency.

« The CNNs increased cement hydration degree leading a densified microstructure.

« The CNNs can improve the micro-hardness of the cementitious composites.
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ABSTRACT

The combination of photocatalyst with cementitious materials for air pollution abatement and self-
cleaning has gained considerable attention. However, the most popularly used photocatalytic cementi-
tious composites based on TiO, achieve the purification function under ultraviolet sunlight, significantly
impeding a broader application of photocatalytic cementitious composites. Here, the photocatalytic
cementitious composites were prepared by incorporating g-C3N4 nanosheets (CNNs) in Portland cement.
With the increase of CNNs content, the photocatalytic NO, abatement and self-cleaning performance was
notably improved, while the micro-hardness of cementitious composites increased first and then
decreased. Among the three mixing dosages (0.5%, 1% and 2% by weight of cement), the cementitious
composite admixed with 2% CNNs showed the highest photocatalytic NOy abatement efficiency of
2273 pmolm—2h~!, and could degrade the rhodamine B within 40 min under visible light.
Additionally, its microscopic hardness was 5.4% higher than the one without CNNs, suggesting that a
moderate amount of CNNs (below 2%) in cementitious composites was effective in achieving an improved
photocatalytic depollution performance.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

to solar light, the electrons (e~) in the valence band are transferred
to the conduction band leaving holes (h*). The e~ and h* can reach

Air pollution is one of the major threats for the public health. the surface of the semiconductor particle initiating the redox pro-

Nitrogen oxides (NOy) emitted from vehicle traffic and fossil fuel
combustion is the main source for urban smog, depletion of tropo-
spheric ozone and inception of acid rain, which would trigger seri-
ous respiratory, heart or lung diseases, and even premature death
[1,2]. A promising solution lies in the utilization of semiconductor
based photocatalysis driven by the inexhaustible and clean solar
energy [3,4]. As illustrated in Fig. 1, by exposing the photocatalyst
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cess. The e~ of the conduction band with strong reducing potential
reacts with oxygen to produce superoxide radicals (¢03). Then the
¢03 reacts with water molecules to form the hydroxyl radicals
(eOH). On the other hand, the generated h* reacts with hydroxyl
groups from water molecules, surrounding the photocatalyst, to
form eOH. Afterwards, the eOH acts as a strong oxidants with the
potential to decompose a wide range of air pollutants (VOCs,
NO,, etc.) [5,6]. However, these semiconductors based photocata-
lysts are usually powdery. Therefore, in order to ensure its photo-
catalytic performance, nano-sized photocatalytic materials are
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Fig. 1. Schematic illustration of the mechanism for photodegradation of the air
pollutants.

often immobilized onto a supporting material or substrate to pre-
vent loss from mechanical abrasion and environmental damages.

Due to the inherent porous feature, cementitious materials are
the most potential substrate for the application of photocatalytic
materials in building and construction industries. The surfaces of
urban construction are typically exposed to the highest levels of
air pollution. It is promising to apply photocatalysis on building
materials as an attractive sustainable strategy to purify air pollu-
tants and endow the building with self-cleaning and antimicrobial
properties [7,8]. In this respect, the photocatalytic cementitious
materials have been fabricated using various preparation methods,
such as spray coating and intermixing. Martinez et al. applied a
polymer-matrix-based coating incorporating nano-TiO; to the dif-
ferent substrates and found that the use of mortar as the substrate
showed the best photocatalytic performance of degradation of NO
[9]. Angelo et al. reported a highly active photocatalytic paint
incorporated with TiO, for outdoor NOy abatement [10]. Guo
et al. studied a TiO,-intermixed concrete surface layer with good
photocatalytic NO removal ability and found that harsh abrasion
exerted no obvious deterioration to photocatalytic performance
of TiO,-intermixed cementitious materials [11]. The photocatalytic
coatings on building materials often exhibits a weak adhesion to
the substrates, rendering poor durability in aggressive outdoor
environments [12]. In contrast, intermixing photocatalyst with
cementitious materials is regarded as a facile and universal
method to prepare photocatalytic cementitious composites, which
harboured robust resistance to abrasion action and weathering in
real-life service [11].

At present, titanium dioxide (TiO,) is the most commonly used
photo-catalyst because of its chemical stability and high reactivity.
Thanks to its inert nature and ease of use, TiO, has been widely
incorporated in building materials to improve the aesthetics and
hygiene of urban infrastructures and to combat the urban air pol-
lution [13,14]. However, due to its wide band gap (3.2 eV), TiO, can
only be excited under UV irradiation to form photogenerated elec-
tron-hole pairs. It is unfortunate that only about 4.5% of the solar
spectrum falls in the UV range [15]. This adversely impedes a
broader application of TiO,. Moreover, TiO, was recently reported
for the possibility of causing cancer when inhaled [1]. Therefore,
the development of nontoxic photocatalysts with an outstanding
visible light activity that can be used in building materials is
imperative.

Graphitic carbon nitride (g-C3N4), a typical graphite-like layered
material, is well known as a nontoxic metal-free semiconductor
[16]. With its unique features such as high thermal and chemical
stability, high-hardness and visible-light driven band gap, g-CsN4

is considered as a kind of prospective photocatalyst in various
applications including water splitting [17], CO, reduction [18],
and pollutants removal [19,20]. Over the past few years, g-C3Ny
has become a fascinating visible light driven photocatalyst for envi-
ronmental pollution mitigation. Chang et al. found that the porous
g-C3N4 prepared by a facile pyrolysis method showed remarkably
photocatalytic performance in degradation of Rhodamine B (RhB)
under visible-light [21]. Papailias et al. reported that the g-CsN4
obtained via thermal polycondensation of melamine could effec-
tively remove NO, under visible light [22]. Sano et al. found that
the photocatalytic NO abatement of g-C3N,4 under visible light could
be significantly improved by 8.6 times compared to the conven-
tional g-C3N4 via an alkaline hydrothermal treatment [23]. Com-
pared to inherent wide band gap of TiO, (3.2 eV) which is excited
only under UV irradiation, g-CsN,4, owing to its narrow band gap
of 2.7 eV, offers a great potential for air purification under visible
light. Furthermore, g-CsN4 can be facilely synthesized in a large
scale with low cost by polycondensation of various carbon and
nitrogen-containing organic precursors.

Normally, there are two types of g-C3N4: bulk g-C3N4 and g-C5Ny4
nanosheets (CNNs). Compared with the bulk g-C3N4 prepared by
traditional thermal polymerization, ultrathin CNNs are extremely
advantageous for promoting photocatalysis efficiency. The appar-
ent advantages associated with nanosheets include large specific
surface area for providing abundant reactive sites and short bulk
diffusion length for reducing the recombination probability of pho-
toexcited charge carriers [24,25]. Recently, Kou and co-workers
reported a new g-C3N4 based photocatalytic cement, showing an
enhanced visible-light photocatalytic activity via construction of
the Sn0,/g-C3Ny4 heterostructures to enhance electron-hole separa-
tion and interfacial charge transfer [26]. While limited research
regarding the cementitious materials incorporated with CNNs for
air purification and self-cleaning applications has been reported.

In this study, we introduce a novel photocatalytic cementitious
composite based on CNNs. The photocatalytic performances in
terms of NO, removal in a continuous mode and discoloration of
RhB were examined under visible light. Furthermore, the effect of
CNNs on microscopic mechanical property of the cementitious
materials, cement hydration and composite hydration products
were investigated by micro-hardness, isothermal calorimetry, X-
ray diffraction (XRD), Fourier transform infrared (FTIR), thermo-
gravimetry (TG) and field emission scanning electron microscopy
(FESEM). The primary objective of this study is therefore to provide
atheoretical basis for the beneficial use of an earth-abundant g-C3N,4
photocatalyst as a multifunctional material in sustainable building
and constructions for improved environmental pollution mitigation.

2. Experimental
2.1. Materials

A grade 42.5R Portland cement which is in accordance with Chi-
nese standard (GB/T17671-1999) was used. The composition of the
cement in wt% is as follows: CsS (tricalcium silicate): 55.6, C,S
(dicalcium silicate): 19.6, C3A (tricalcium aluminate): 7.5, SO3 (sul-
phur trioxide): 2.1, C4AF (tetracalcium alumino ferrite): 9.3. Mela-
mine, ammonium chloride and commercial titanium dioxide (TiO,)
were purchased from Sinopharm Chemical Reagent Co. Ltd. and
used without further purification. Deionized water was used in
all experiments.

2.2. The synthesis of g-C3N4 nanosheets

Motivated by a previous report [27] and thanks to the gases
(NH3 and HCI) released from NH4Cl with the increase of tempera-
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ture, the large-quantity and high-quality few-layer g-CsNy
nanosheets (CNNs) were prepared through a facile one step
method. In a typical procedure, 4 g of melamine powders and
20 g ammonium chloride were fully mixed and heated at 550 °C
for 4 h with a heating rate of 3 °C min~'. Upon cooling down, the
resultant fluffy agglomerates were milled into powders in an agate
mortar for further use. The structural features of the as-prepared
CNNs were investigated using XRD and FTIR (Fig. 2). Fig. 3 (a)
shows the morphology of the CNNs, and the ultrathin thickness
(approximately 5 nm) was further verified by AFM image (Fig. 3
(b) and (c)). The particle size distribution and nitrogen adsorp-
tion-desorption isotherms of the CNNs are shown in Fig. 4 and
Fig. 5, respectively. Besides, the BET surface area of the CNNs is
about 76.6 m? g~ 1.

2.3. The preparation of photocatalytic cementitious composites

For the preparation of photocatalytic cementitious composites,
the water/cement ratio for all batches was kept consistent at 0.4.
The CNNs suspensions were firstly prepared by dispersing the
CNNs (0.5, 1 and 2% by the weight of cement) into deionized water
for 2 h under ultrasonication. Then ordinary Portland cement and
CNNs suspension were mixed in a standard lab mixer for 2 min
with a revolution speed of 200+ 5 r min~!, and another 2 min of
300+ 5 r min~!. After mixing, the fresh cementitious composites
were cast into molds (diameter 30 mm, thickness 5 mm) under
compaction on a vibration table. The samples were then left in
the mould for 24 h before demoulding and cured in an environ-
mental chamber at 20 + 2 °C and over 95% relative humidity for 6
additional days before subjecting to assigned tests. As a prelimi-
nary exploration of using CNNs in cementitious composites, the
effect of CNNs on cement hydration after 7 days was studied, as
a representative. According to previous reports, the compressive
strength and the hydration degree of 42.5R Portland cement
cementitious composites cured for 7 days can reach 80-95% [28-
30] and 75-91% [31], respectively, of that for 28 days, suggesting
that the composites have reached a high maturity at a curing age
of 7 days. In addition, the 2% TiO, added cement composite was
prepared as reference sample in test of photocatalytic activity via
the foregoing method.

2.4. Microscopic hardness

Microscopic hardness is a fast way for measuring the effects of
CNNs on the mechanical properties of cementitious composites

Intensity (a.u.)

10 20 30 40 50 60 70
2 Theta (degree)

since it is directly related to the strength of a material [32].
Micro-hardness (HV) of photocatalytic cementitious composites
were determined by a Vickers Microhardness tester (THVS-1-
800M-AXY) with a load of 0.5 N. The sample was ground on an
automatic machine using various sand paper with grade of #320,
#600, #800, and #1200 sequentially, until a flat mirror surface
was obtained. Then the ground sample was cleaned with deionized
water and dried in a vacuum oven at 45 °C for 12 h. Statistical tests
were carried out over each sample to ensure a reliable measure-
ment of the local mechanical properties. The indentation was
repeated for 30 times on different areas of the sample surface.
The interval distance of adjacent vertexes was set as 50 pm.

2.5. Characterization

The phase compositions of samples were characterized by X-ray
diffraction (XRD) analysis on a Bruker D8 Advance X-ray diffrac-
tometer with a Cu Ko ray source. Fourier transform infrared (FTIR)
spectra were obtained using a Thermo Scientific Nicolet IS50 Four-
ier transform infrared spectrometer at a resolution of 2cm™'. A
total of 64 scans were performed to obtain each spectrum. Thermo-
gravimetry (TG) of samples was performed using a Netzsch STA449
F3 simultaneous Thermogravimetric analyser to measure the con-
tent of non-evaporable water (NEW) and hydration products in
cementitious composites. The non-evaporable water (NEW) con-
tent measurement is one of the most intensively used methods
of monitoring the degree of cement hydration [33]. The condition
of TG analysis was in a nitrogen atmosphere (flowrate of
80 mL min~!) at a heating rate of 10 °C min~! up to 1000 °C. The
morphology of the materials was observed by a Thermoscientific
Verios G4 UC field emission scanning electron microscope (FESEM).
A tapping-mode atomic force microscopy (AFM, Dimension Icon,
Bruker) with Si-tip cantilever was used to probe the thickness of
the synthesized CNNs on the mica substrate. The hydration heat
of cementitious composites was measured by a TAM air isothermal
microcalorimeter (TA Instruments, USA). The measurement of
hydration heat was performed at an isothermal condition
(25 £ 0.1 °C). The 5 g of Portland cement was firstly put into a sam-
ple ampoule of thermometric TAM. The as-prepared CNNs suspen-
sion was added to the sample ampoule with a syringe. Afterwards,
the paste was mixed with a special electric stirrer for 90 s and
placed into the chamber of TAM Air. The hydration heat evolution
rate and cumulative hydration heat of the cementitious composites
containing CNNs can be monitored as a function of time. The
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Fig. 2. (a) XRD patterns and (b) FTIR spectroscopy of CNNs.
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Fig. 4. Particle size distribution of CNNs.

water/cement ratio (0.4) used was the same as to prepare the pho-
tocatalytic cementitious composites mentioned above.

2.6. Visible light photocatalytic activity

2.6.1. Visible light photocatalytic removal of NO, in air

All the tests were carried out at ambient temperature
(25 + 2 °C). The photocatalytic NO, abatement of the sample was
evaluated by a continuous flow reactor adapted from an existing
design[34] as illustrated in Fig. 6 (a). The volume of the cylindrical
reactor, which was made of glass and covered with quartz glass
window, was 141.3 mL (®60 mm x 50 mm) (Fig. 6(b)). One sample
was placed in the middle of the reactor, and a 300 W xenon lamp

251 nm

-32.3 nm

1
35.0 um

T
0.0 1: Height Sensor

4 5 6 T um

250

200

150 -

100

50

Quantity adsorbed (cm*/g STP)

1 1
0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure (P/P))

Fig. 5. Nitrogen adsorption-desorption isotherms of CNNs.

with a light passed through a UV cut off filter (. > 420 nm) was ver-
tically placed outside the reactor as a light source. The required
light intensity of 30 mW cm™2 on the surface of the samples was
obtained by adjusting the distance between the lamp and the reac-
tor. The initial concentration (1 ppm NO) of the testing gas was
achieved with two mass flow controllers supply. The relative
humidity of the testing gas was control at 50 + 2% by the gas wash-
ing bottle before the gas entered the glass reaction chamber. The
flow rate of the testing gas through the reactor was controlled at
1 L min~! by a mass flow controller. Once the adsorption-desorp-
tion equilibrium reached, the lamp was turned on. The concentra-
tions of NO and produced NO, were continuously measured using
a NOy analyzer (Model 42i, Thermo Environmental Instruments
Inc). The removal amount of NOy was calculated as following:
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Fig. 6. (a) Schematic diagram of gaseous NO, removal experimental set-up; (b) image of the reactor.

Qo= (75:5){ J (Nolo - NOD)de [ 1Nz}~ NOzJae 4 xT)

(1)

where Qyo, (umol m~2 h™') is the amount of nitric oxides removed
by the test sample; [NO]o and [NO,]o (ppm) are t is the initial con-
centration of nitrogen monoxide and nitrogen dioxide respectively
without visible light; [NO] and [NO,] (ppm) are the outlet concen-
tration of nitrogen monoxide and nitrogen dioxide respectively
under visible light irradiation; t (min) is the time of removal oper-
ation; f (L min~!) is the flow rate at the standard state (273K,
1.013 kPa); A (m?) is the surface area of cement composite samples;
T (30 min for all experiments) is the duration of the photocatalytic
process, and 22.4 represents that the volume of 1 mol ideal gas at
the standard state is 22.4 L (ideal gas law).

2.6.2. Self-cleaning test

The self-cleaning performance of the sample was evaluated fol-
lowing a procedure reported elsewhere [35]. Typically, a plastic
ring (diameter 2.0 cm) was glued on the surface of as-prepared
photocatalytic cementitious composites. 1 mL rhodamine B (RhB)
solution with a concentration of 1.0 mmol L' was applied evenly
on the surface of samples within the plastic ring. Then the speci-
mens were oven dried at a temperature of 40 °C for 10 h. After dry-
ing, one sample was placed horizontally under a 300 W xenon
lamp with a light passed through a UV cutoff filter (A > 420 nm).
The required light intensity of 30 mW cm 2 on the surface of the
samples was obtained by adjusting the distance between the lamp
and the samples. To avoid temperature rise, the samples were
cooled down using an electrical fan during the operation. The color
change of the dye applied on the photocatalytic specimens which
were subjected to different light irradiation time (i.e., 0, 10, 20,
30, 40, 50 and 60 min in this study) were pictured by a Nikon
D7000 SLR camera (the distance between the camera lens and
the specimen remained the same 10 cm). The histogram analysis
of the obtained images was analyzed by the software Image]64
1.35.

The removal efficiency of RhB was evaluated as follows:

G-G

0% Co

x 100% (2)

where Cy and C; are the concentration of the initial and remaining
RhB respectively; t is the light illumination time.

3. Results and discussion

3.1. The effect of CNNs on early microscopic mechanical property of
cementitious composites

The microscopic hardness of cementitious composites contain-
ing different dosages of CNNs (0, 0.5, 1, 2% by weight of cement)
which were cured for 7 days is displayed in Fig. 7. With the addi-
tion of CNNs, a parabolic growth tendency of the microscopic hard-
ness of cementitious composites can be observed. The microscopic
hardness of the cementitious composites with 2, 1 and 0.5% CNNs
are 105.4, 115.3 and 117.9% respectively of the one without CNNs
due to the strengthening effect of CNNs. When the CNNs content is
>0.5%, the microscopic hardness tends to slightly decrease, which
can be attributed to the increased probability of agglomeration of
CNNs in cementitious composites. This phenomenon agrees with
a previous study that the cluster of the nano-materials weakened
the microscopic hardness of cementitious composites [36]. Addi-
tionally, due to the high specific area, the addition of CNNs often
leads to the increasing in the water demand, resulting in an
increase in porosity [37]. This can also be responsible for the
decline in microscopic hardness.

60

50

40-— /\\

HV [-]
3

20

10+

1 1 1 1
0% CNNs  0.5% CNNs 1% CNNs 2% CNNs

Fig. 7. Microscopic hardness of cementitious composites with different content of
CNNs.
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3.2. The effect of CNNs on early hydration of cement

The hydration process of cementitious composites containing
CNNs was monitored by isothermal calorimetry (TAM Air). Fig. 8
(a) shows the heat flow curves of the cementitious composites con-
taining different dosages of CNNs. It is well known that cement
hydration is a dissolution-precipitation process [38] and all speci-
mens display two significant heat flow maxima during the main
period. As can be seen in Fig. 8(a), the first peak of the samples con-
taining CNNs starts earlier than that of the samples without CNNs.
The addition of the CNNs greatly increases the intensity of the first
heat peak, especially for the 2% addition. All the samples contain-
ing CNNs show a slightly higher intensity of the second heat evo-
lution peak in comparison with the reference sample. Fig. 8(b)
shows the curves of the cumulative heat evolution during the first
100 h hydration. The increasing cumulative heat release at 2 h
hydration can be observed with addition of CNNs, consistent with
the heat evolution rate during the first heat peak. This indicates
that the addition of CNNs can significantly accelerate the early
hydration of cement, mainly resulting from the aluminate reaction
[39]. The heat evolution of the second heat peak during the
2-100 h hydration can be attributed to the silicate reaction, C3A
dissolution and ettringite precipitation [40]. With the increasing
time of hydration up to 100 h, although there is no significant dif-
ference of the cumulative heat, the samples containing 0.5 and 1%
CNNs show a slight increase in the cumulative heat evolution with
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Fig. 8. (a) Heat flow curves and (b) Cumulative hydration heat for cementitious
composites with different content of CNNs.

respect to that of pure cementitious composites, indicating an
enhanced degree of hydration due to a multiplication of heteroge-
neous nucleation sites provided by CNNs. It is also widely accepted
that the ultra-fine particles could act as potential heterogeneous
nucleation sites for the hydration products, resulting in an acceler-
ation of cement hydration [41,42]. However, too much CNNs would
obstruct the contact between cement particles and water, which is
a disadvantage for the hydration process of cement. This results in
a lower cumulative heat evolution at 100 h hydration for the 2%
CNNs-added cementitious composites.

In order to investigate the effect of CNNs on the hydration crys-
tals of cementitious composites, XRD patterns of CNNs-added
cementitious composites hydrated for 7 days were investigated.
As shown in Fig. 9 (a), although the characteristic peaks of the
CNNs were not found in the XRD patterns due to its tiny amounts
in the composites or its inherent low crystallinity, the peaks of cal-
cium hydroxide (CH) and calcite were detected clearly for all sam-
ples while no other new phases were observed with increasing
CNNs dosage. On the other hand, differences were found in the rel-
ative intensities of the (00 1) and (10 1) peaks of CH for all the
samples, indicating the different preferential orientation growth
of CH under conditions with different CNNs dosages. It can be
observed in Fig. 9 (b) that the relative intensities of the (00 1)
and (1 0 1) peaks decrease gradually with increasing CNNs dosage,
suggesting that the CNNs lowered the orientation index of CH crys-
tals, which can be attributed to the nucleation effect of CNNs. And

001)  calcite
a (100)hl 10D carcite
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Fig. 9. (a) XRD patterns and (b) orientation index of CH crystal of cementitious
composites with different content of CNNs.
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Fig. 10. FTIR spectroscopy of cementitious composites with different content of
CNNs.

the diminished orientation of CH crystals has been reported to be
able to improve the interface structure of cementitious composites
[43,44].

Fig. 10 represents FTIR patterns of cementitious composites
with different contents of CNNs hydrated for 7 days. After the
introduction of the increased content of CNNs, the growing peak
at 1250 cm™ ! originated from tri-s-triazine heterocyclic rings in
CNNs is observed clearly, suggesting that the composite materials
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were successfully prepared. The band appeared at 1650 cm™' is

attributed to the stretching and bending vibration of the chemi-
cally bound water in the calcium silicate hydrate (C-S-H) [45,46].
A slightly negative shift of the peak at 1650 cm™! with the addition
of CNNs was observed indicating the formation of strong bond
between C-S-H and CNNs. The interaction between the CNNs and
the cement hydrates can improve the load-transfer efficiency from
the cementitious composites to CNNs. Consequently, the micro-
scopic hardness of the cementitious composite was enhanced.
The peak at 3640 cm™! is attributed to the O-H of portlandite
phase [47]. For the 0.5 and 1% CNNs-added cementitious compos-
ites, the intensity of the O-H group of CH increase slightly com-
pared to that of pure cementitious composite while the 2%
CNNs-added cement composite shows a declined intensity. This
suggested that the addition of 0.5 and 1% of CNNs help increase
the content of CH in cementitious composites while the addition
of 2% CNNs exerted a negative impact on the formation of
portlandite.

Fig. 11 shows the TG/DTG curve of cementitious composites
with different CNNs dosages hydrated for 7 days. There are 3
endothermic peaks in the DTA curves attributed to the decomposi-
tion of C-S-H [48], CH [49] and calcite [50] respectively, which is in
good agreement with the mineralogical characterization in XRD
analysis (Fig. 9(a)). The content of non-evaporable water (NEW)
is measured as the weight loss of the sample between 105 °C and
1000 °C [43]. Using formula (3), the NEW at different CNNs con-
tents was calculated and shown in Fig. 12.

NEW = W105°C - W1000°C - WCaC03 - WCNNS (3)

where NEW is the weight percentage of non-evaporable water;
Wigsec is the percentage of weight loss after 105 °C heat treatment;
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Fig. 11. TG/DTG curve of the cementitious composites with different content of CNNs: (a) 0%, (b) 0.5%, (¢) 1% and (d) 2% CNNs.
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Fig. 12. CH and NEW content of cementitious composites with different content of
CNNs.

Wiggoec is the percentage of weight loss after 1000 °C heat treat-
ment; Wcacos and Wenns are the percentage weight loss of sample
after the decomposition of CaCO3 and CNNs, respectively. It can be
seen in Fig. 12 that the addition of 0.5 and 1% CNNs increases the
NEW of cementitious composites. Especially, the NEW of 0.5%
CNNs-added cement composite is 10.8% higher than that of cemen-
titious composites without CNNs. With further increase of the CNNs
dosage (2%), the NEW of cementitious composites decreases signif-
icantly. It can be deduced that a moderate amount of CNNs
increases the degree of cement hydration due to the nucleation
effect of CNNs, while too much CNNs impedes the polymerization
of silicate chain resulting in a decreased hydration degree. The
results from above hydration heat also support this observation.
The weight loss between 400 °C and 500 °C is considered to be
the decomposition of CH [51]. As shown in Fig. 12, with the addition
of CNNs, a parabolic growth tendency of the content of CH can be
observed. The content of CH in 0.5 and 1% CNNs-added cementi-
tious composites is larger than that in other cementitious compos-
ites. This indicates that a moderate amount of CNNs can facilitates
the generation of CH in cementitious composites, which is in good
agreement with the deduction from the FTIR analysis.

To further explore the effects of CNNs on cement hydration, the
morphology of hydration products in the cementitious composites
with different CNNs dosages hydrated for 7 days was investigated
by the FESEM technique. Fig. 13 shows the FESEM images of the
microstructure of cementitious composites with CNNs. Noticeable
changes in the micro-morphology of the composite were observed
with the increase of CNNs dosage. For the plain cement composite,
many immature cluster hydration products emerge in fracture sur-
face, and some morphological needle-like hydration products dis-
orderly stack with loose and porous structure (Fig. 13 (a)). For
0.5% and 1% addition of CNNs ((Fig. 13(b) and (c)), the characteris-
tic immature cluster and needle-like hydrates are scarcely seen
while the mature and compacted hydration products are uniformly
distributed in the fracture surface, indicating higher hydration
degrees compared to the plain cement paste. Those are consistent
with the hydration degrees of CNNs-added cementitious compos-
ites inferred from the NEW. The most of CNNs embedded in the
cementitious composites cannot be observed clearly due to the
envelopment of dense hydration products. Moreover, the presence
of CNNs may provide good mechanical interlocking between
hydration products, which contributes to the increased hardness
of the cementitious composites. These results also confirmed the
conclusion aforesaid that intermixing with CNNs help improve
the microscopic hardness of the cementitious composites. How-
ever, compared to the 1% CNNs-added sample, the microstructure

of 2% CNNs-added cementitious composites presents more pores
(Fig. 13(d), which is attributed to that the excessive CNNs would
reduce the cement hydration degree and increase the probability
of bleeding. This can also be responsible for the decline in micro-
scopic hardness.

3.3. Visible light photocatalytic performance of the cementitious
composites with CNNs

3.3.1. Visible light photocatalytic removal of NO,

Cementitious composites intermixed with CNNs were
employed for photocatalytic removal of NOy in air under visible-
light irradiation in a continuous mode to demonstrate their poten-
tial capability for air purification. Fig. 14 shows the photocatalytic
NO, removal performances of cementitious composites prepared
with CNNs as well as 2% TiO, under visible-light irradiation. As
can be seen, the presence of CNNs significantly enhanced the pho-
tocatalytic performance of cementitious composites. Compared to
TiO,, CNNs has a narrower band gap that can be excited directly
by visible light. The removal of NOy can be attributed to the reac-
tion between NOy and photogenerated radicals, producing a final
product of NO3 [52,53]. Only an increase of 51.6% in NOx removal
efficiency was observed for the samples with 1% CNNs, compared
to the samples with 0.5% CNNs (83.5 umol m—2h~'). This is
because most of CNNs are enveloped by the denser hydration prod-
ucts in the 0.5 and 1% CNNs-added cementitious composites
(Fig. 13(b) and (c)), and thus they are inaccessible to the reactants
or the irradiation. However, the samples with 2% CNNs acquire a
NO, removal efficiency of 227.3 pmol m~2 h™!, which is 1.8 times
higher than that of samples with 1% (126.6 pmol m~2h~!). This
larger increase in NO, removal efficiency is attributed to not only
the higher probability of CNNs in the surface of cementitious com-
posites, but also the more porous structure for gas diffusion and
light transmittance, which is consistent with the porous morphol-
ogy observed in the FESEM images (Fig. 13(d)).

3.3.2. Self-cleaning performance

The self-cleaning surface, which is one of the most appealing
properties of photocatalytic building materials, can maintain their
esthetic appearance over time. The removal efficiency of rho-
damine B (RhB) applied on the CNNs-added cementitious compos-
ites as well as the one containing 2% TiO, under visible light
irradiation is presented in Fig. 15. The discoloration function of
the CNNs in the cementitious composites under visible light irradi-
ation was observed clearly. The comparison of the pictures (Fig. 16)
taken before and after the irradiation experiments illustrates the
self-cleaning effect more explicitly. It can be found that approxi-
mately 92% of color fading occurs after 40 min exposure for 2%
CNNs sample while 40% of RhB bleach for the 2% TiO,-added
cement composite in the same period. The result indicated that
compared with the TiO,-added cementitious composites, the
CNNs-added ones gave a much better self-cleaning performance
under visible light irradiation. However, the discoloration rate of
the 0.5% CNNs sample was much lower than that of the 2% CNNs
sample. It seemed that only part of the dyes that was near to the
active sites of CNNs could be completely discolored leading to a
much slower discoloration ratio. This is consistent with the finding
shown in Fig. 13(b) that many CNNs are enveloped by compacted
hydration products in the cementitious composites. With an
increasing percentage of CNNs, the more porous structure
(Fig. 13(d)) can promote the percolation of the dye, resulting in a
higher probability of contact of dye with CNNs. This could also con-
tribute to the discoloration. It was also found that the color of the
RhB applied on the control sample (without CNNs) faded to a cer-
tain extent, which was probably due to the direct photolysis or
thermolysis of the dye [54].
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Fig. 13. FESEM images of the microstructure of the cementitious composites with different content of CNNs.
According to the foregoing results, compared with the one con- photocatalytic activity due to the suitable band gap. With the

taining TiO,, the photocatalytic cementitious composites incorpo- increase of CNNs content, the photocatalytic NO, abatement and
rated with CNNs exhibited a much better visible light self-cleaning performance of the photocatalytic cement composite
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increased. For the 2% CNNs-added cementitious composites, exces-
sive CNNs decreased the degree of cement hydration, but the
microscopic hardness was 5.4% higher than that of the control
due to the strengthen effect of CNNs. Moreover, among all the sam-
ples, the one with 2% CNNs showed the highest photocatalytic NOy
abatement efficiency of 227.3 pmol m~2 h™!, and degraded the RhB
within 40 min.

4. Conclusions

The work reported in this paper aims to promote the practical
environmental application of an earth-abundant g-C3N,4 photocat-
alyst in cementitious composites. The main conclusions are listed
below.

(1) With the increase of CNNs content, the hydration degree and
micro-hardness increase first and then decrease. The micro-
scopic hardness of 0.5% CNNs-added cement composite
shows an improvement of 18% compared with the one with-
out CNNs. For the 2% CNNs-added cement composite, exces-
sive CNNs decreases the degree of cement hydration, but the
microscopic hardness is still 5.4% higher than that of the
control due to the strengthen effect of CNNs.

(2) As the growth points for hydration products, the CNNs gave
a strong bond with hydration products, which improved the
load-transfer efficiency from the cementitious composites to
CNNs.

(3) With the increase of CNNs content, the photocatalytic NOy
abatement and self-cleaning performance of the photocat-
alytic cementitious composites increased. Among all the
cementitious composites that were tested, the one with 2%
CNNs showed the highest photocatalytic NOy abatement
efficiency of 227.3 pmolm—2h~!, and degraded the rho-
damine B within 40 min. Compared with the TiO, based
cementitious composites, the one incorporated with CNNs
gave a much better visible light photocatalytic activity due
to the suitable band gap.It was found that a moderate
amount of CNNs (below 2%) CNNs could be used in
cementitious composites for the photocatalytic depollution

30 min 40 min 50 min 60 min

Fig. 16. Color variation of RhB coated on cementitious composites with CNNs and TiO,.
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performance without adverse effect on mechanical proper-
ties of the cementitious composites. This work is expected
to help broaden the application of photocatalytic cementi-
tious materials in sustainable building and constructions
for improved environmental pollution mitigation.
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