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� Heat-reflective and superhydrophobic cement concrete surface were prepared.
� The surface has high infrared reflectance approaching that of the white TiO2.
� The superhydrophobic properties exhibit good stability to rain and UV exposure.
� The superhydrophobic surface has good anti-ice rain properties under �12 �C.
� The surface has great potential in the exterior of building walls or roofs.
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Antifouling, weatherable, and heat-reflective coatings have much value for solar sheltering of building in
summer. In this work, a multifunctional cement mortar mixture was obtained by mixing ‘‘cool cold” black
pigments with cement, sand, TiO2 nanoparticles and water. After the mixture was mortared on a cement
concrete slab, dried at room temperature and treated with fluorine silicon sol, a gray cement concrete
layer was obtained. UV–visible-infrared spectrometer confirmed that the layer has obvious infrared-
reflective property at 780–2500 nm. Under the radiation of a 275 W and 40 cm height infrared lamp,
the surface temperature of the gray ‘‘cool cold” cement concrete is about 40 �C lower than that of the car-
bon black cement concrete, and is about 20 �C lower than that of the ordinary cement concrete, and is
only about 1 �C higher than that of the white TiO2 cement concrete. Moreover, all these cement concrete
surfaces showed typical superhydrophobic (SH) property and the ‘‘cool cold” cement concrete surface
further exhibited stable SH properties to both rain and UV radiation, which may allow for self-cleaning
performance for the surface and the ability to retain its heat-reflective property over a long period of
time. Meanwhile, the ‘‘cool cold” cement concrete SH surface exhibited excellent anti-ice rain perfor-
mance. Because the layer can be easily mortared on the cement concrete substrate, we think it would
have great potential for use on building roof and outside walls to reduce air-conditioning energy con-
sumption in the summer.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Due to the rapid increase of building energy consumption,
which accounts for nearly approximately one-third of total societal
energy consumption [1], it is important to seek some effective
methods to realize building energy saving [2,3]. Recently, enhanc-
ing the infrared reflectance of the exterior wall or roof has been
studied and adopted to solve this problem, because the infrared
energy accounts for approximately half of the total solar energy
[4]. So far, white or light color coatings [5,6] have been widely
applied on the exterior of building walls or roofs because it is well
known that white color possesses the best solar reflective perfor-
mance [7].

However, the white or light color always has the problem of
being easily polluted and single color, hardly satisfies human
demand in actual building decoration. In recent years, more and
more deep color pigments which possess excellent infrared reflec-
tive property have been developed, such as blue [8], yellow [9], red
[10] and so on. To apply these infrared reflective pigments in the
field of building exterior wall or roof, some researchers introduced
these pigments into organic coating and prepared infrared reflec-
tive coatings [11,12]. And the inorganic infrared reflective coatings
such as cement concrete have also been prepared [13,14].
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Coating surfaces exposed in the actual outdoor environment
will be polluted by dust deposition, which generally reduces the
infrared reflectance [15]. As a result, much manpower and energy
may be consumed to clean the polluted surface [16]. It is well
known that superhydrophobic (SH) surfaces possess the self-
cleaning ability due to micro roughness and low surface energy
[17–19]. Some deep color, SH and infrared reflective organic coat-
ings have been prepared recently [20–22] and they all show excel-
lent self-clean property. However, organic coatings have poor UV
resistance when they are used on building exterior wall or roof.
Different with common coatings, SH coating is sensitive to UV
aging because once micro- or nano-cracks appear on the coating
surface caused by UV aging, water droplets would adhere on the
surface.

Based on mature methods of SH surface preparation, inorganic
concrete SH surfaces have also been prepared in the past 5 years
[23–28]. For example, Nosonovsky et al. synthesized SH concrete
for the first time by applying hydrophobic emulsions on Portland
cement mortar tiles [23]. Arabzadeh et al. created a skid-resistant
SH coating on pavement by spraying different nanomaterials with
different durations [25]. Gao et al. prepared SH and luminescent
cement pavement materials by mixing the luminescent materials
and hydrophobic materials with cement [26]. She et al. fabricated
SH concrete surface by direct spraying nano-silica gel functional-
ized by low surface-energy surfactants to simultaneously modify
the inherent multi-scale microstructure and surface chemical
properties [28]. However, all these concrete SH surfaces have no
infrared-reflective function.

Another advantage of SH surface is anti-icing and anti-ice rain
property through reducing water droplets adhesion and heat
exchange on it [29–36]. Eshaghi et al. confirmed that anti-icing
property of SH glass was better than that of the general glass under
�12 �C [34]. In previous studies, our research group prepared the
SH copper foils and elucidated the mechanism of jumping conden-
sation and delayed frost growth on them [35]. Zhao et al. prepared
the concrete SH surface through template method and demon-
strated its anti-icing property under �5 �C [36].

It is unavoidable for organic materials to be degraded and aged
by ultraviolet (UV) light, oxygen and rain water [37,38]. As for
organic SH coatings, degradation and weathering generally influ-
ence the SH property durability. Therefore, in this work, we pre-
pared the heat-reflective and SH concrete inorganic layers just
through simply adding TiO2 nanoparticles and black ‘‘cool cold”
infrared reflective pigments into cement mortar, and followed by
mortaring on a cement slab, drying at room temperature and
finally treating with fluorine silicon sol. We convince that these
inorganic coatings have great potential applications on building
exterior wall and roof to reduce the energy consumption, espe-
cially in summer.
Table 1
The typical formulation of cement concrete layers (g).

Samples Cement Sand Nano TiO2 Black ‘‘cool cold” pigment CB

1 10 15 2 2 0
2 10 15 2 4 0
3 10 15 2 6 0
4 10 15 4 0 0
5 10 15 0 0 4
6 10 15 0 0 0
2. Experimental section

2.1. Materials

Portland cement (PO42.5R) was purchased from Guangdong
Runhe Jiancai Co., Ltd. (China). Sand (70–90 mesh number,
�200 lm diameter) was purchased from Lingshou Hongfeng Co.,
Ltd. (China). Infrared reflective pigment (‘‘cool cold” pigment-
Black 30C941, which consist mostly of CrO3 and Fe2O3) with diam-
eter �0.5 lm was obtained from Shepherd Color Company (USA).
Nano TiO2 (R-105) was purchased from Dupont Company (USA).
Carbon black (N234) was sullied by Zhongce Rubber Co., Ltd.
(China). 1H, 1H, 2H, 2H-Perfluorodecyltriethoxysilane (FAS) was
purchased from Sicong New Material Ltd (Quanzhou, China). All
other chemicals were general sale products and were used directly
after being received.

2.2. Preparation of the cement concrete layers

A certain amount of Portland cement, sand, Nano TiO2, black
‘‘cool cold” pigment or carbon black (CB) was added into a beaker
according to the specific formulation (Table 1) and mixed by hand
with a small trowel for 10 min till the color became uniformly.
Then 5.2 g water was added and the mixture was stirred by the tro-
wel to get cement mortar. The cement mortar was daubed on a
10 cm � 10 cm cement slab with a trowel and cured at room tem-
perature for 36 h. After that, 1 mL of FAS was added into 70 mL
water/ethanol mixed solution (40 mL water and 30 mL ethanol)
with stirring and 1 mol/L dilute hydrochloric acid were used to
adjust the pH value of the solution to about 4. After stirring for
another 2 h at room temperature, the FAS sol was created. The
dried cement concrete layers were wetted with the FAS sol and
dried at 120 �C for 1 h to get SH cement concrete layers (Fig. 1).

2.3. Characterization

The infrared-reflective properties of the cement concrete layers
were measured by UV–visible–infrared spectrometer (Lambda750,
PE Company, USA). To simulate heat-reflective property, the layers
were placed on a polystyrene (PS) foam board under a 275-W
infrared lamp (Fig. 2) or under solar radiation, and changes in sur-
face temperature were recorded. Here the PS foam was used to
avoid the heat of the layers transferring to the substrates. The sam-
ple was irradiated by the infrared lamp for 20 min and the surface
temperature per minute was measured though an infrared ther-
mometer. Then the lamp was turn off and the temperature was
continuously followed for another 10 min.

The surface morphology of the layers was characterized via field
emission scanning electron microscopy (F-SEM, NovaNano450,
FEI). The wettability of the layers was tested by measuring the
water contact angle (WCA) and sliding angle (SA) using the
contact-angle system (OCA35, German Dataphysics) with 4 lL
deionized water droplets. Each layer was measured five times
and the average values were obtained.

The stability of the SH property towards UV radiation was mea-
sured by placing the SH layer under a 36-W UV lamp (340 nm
wavelength, radiation strength at 1.0 W/cm2) for 3 months and
recording wettability to flowing water every 1–15 days. The stabil-
ity of the SH property to water impact was observed in the middle
of the rain (16.5 mm/24 h). The layer was placed at 30� obliquity
and rain drops impacting and adhering to the layer surface were
recorded with video. For more accurate evaluation, The WCAs
and SAs of the layer surface after raining for different time were
measured.

The layers’ anti-ice rain test device is shown in Fig. 3. By con-
trolling temperatures of the Peltier Thermoelectric Cooler stage
at �5 �C to �25 �C, the surface temperatures of the cement con-
crete layers were controlled from �2 to �17 �C. Through a syringe
and a long and fine pinhead, ice-water mixture was dropped onto
the layer surfaces. The drop diameter was 3–5 mm and the drop-
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Fig. 1. Preparation process of the heat-reflective and SH cement concrete layer.
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Fig. 3. Homemade device for measuring the anti-icing properties of the concrete SH
layers.
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Fig. 4. The UV–visible–infrared reflectance of different cement layers.
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ping rate was set to 50 mL/h. The whole system was semi-closed in
a glass box with enough nitrogen atmosphere for preventing frost
formation on the layer surface.
3. Results and discussion

3.1. Infrared reflective properties of the cement concrete layers

As we all known, the energy of solar radiation is mainly concen-
trated in the visible region and the near infrared region. We mea-
sured the reflectance of the layers within the wavelength range
from 250 nm to 2500 nm. As shown in Fig. 4, due to the addition
of black ‘‘cool cold” pigment, the ‘‘cool cold” cement concrete lay-
ers show high reflectance (�40%) in the near infrared region
(780 nm to 2500 nm) compared with the ordinary cement concrete
layer (�28%). Moreover, the higher ‘‘cool cold” pigment content,
the higher the infrared reflectance. In the range between
1200 nm and 2500 nm, the reflectances of the black ‘‘cool cold”
cement concrete layers are even higher than that of the white
TiO2 cement concrete layer.

However, there is no significant difference between the infrared
reflectances of the ‘‘cool cold” cement concrete layers containing
10 wt% and 15 wt% pigments. Therefore, with regards to its low
cost, the ‘‘cool cold” layer (10 wt%) is the best formula and was
used to carry out subsequent experiments. Although the white
TiO2 cement concrete layer has higher reflectance in the whole
wavelength range due to the contribution of visible light, the gray
‘‘cool cold” cement concrete layer is still necessary in many appli-
cation situations for its deep color, otherwise carbon black cement
concrete layer showed lowest reflectance (5 wt%).

To study the heat-reflective property of ‘‘cool cold” black
cement concrete layers more intuitively, the surface temperatures
of the layers under infrared lamp radiation were measured. As
shown in Fig. 5, compared with the white TiO2 cement concrete
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Fig. 5. Surface temperatures of the cement concrete layers vs infrared lamp
radiation time.
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layer, the ‘‘cool cold” layers exhibit the near surface temperatures.
The surface temperature of the gray ‘‘cool cold” concrete layer con-
taining 5 wt% ‘‘cool cold pigment” is about 40 �C lower than that of
the carbon black concrete layer, and is about 20 �C lower than that
of the ordinary concrete layer, and is only about 1 �C higher than
that of the white TiO2 concrete layer. These results are the same
trend to the results shown in Fig. 4, implying excellent heat reflec-
tance of ‘‘cool cold” concrete layers.

To investigate the real heat-reflective effect of the ‘‘cool cold”
concrete layers in the actual environment, we measured the sur-
face temperature of the layers under the solar radiation from
9:00 am to 3:00 pm with the highest air temperature of 25 �C
(Fig. 6). Same as the results shown in Fig. 5, the white TiO2 concrete
layer shows the lowest surface temperature and the best heat-
reflective effect. On the contrary, the carbon black concrete layer
shows the worst heat-reflective effect. The surface temperature
of the ‘‘cool cold” layer (10–15 wt%) is 8 �C and 17 �C lower than
the ordinary concrete layer and the carbon black concrete layer,
respectively. These two data are both smaller than those measured
under infrared lamp (Fig. 5), where the corresponding difference
are 20 �C and 40 �C, respectively. This is because visible light
energy accounts for half of the whole solar energy and these three
layers all adsorb most of visible light energy. Due to the same rea-
son, the surface temperature of ‘‘cool cold” layer is about 3–5 �C
higher than that of white TiO2 concrete layer.
Video S
3.2. Morphology and wettability of the coatings

The surface morphologies of all cement concrete layers are
shown in Figs. 7 and 8. As shown in Fig. 7, the surfaces of the
TiO2 layer and carbon black layer both show micro- and nano
roughness structures due to aggregation of nanoparticles. There
is no obvious nano structure on the ordinary concrete layer surface
due to the lack of nanoparticles. However, due to the decoration of
FAS, all the three layers surfaces exhibit typical SH property. The
WCA and SA of the TiO2 layer surface are 151.8� ± 0.6� and
5.4� ± 1.2�, respectively. The WCA and SA of the carbon black layer
surface are 153.2� ± 1.1� and 3.8� ± 1.0�, respectively. And the WCA
and SA of the ordinary concrete layer surface is also 150.4� ± 0.3�
and 8.9� ± 2.2�, respectively.

Fig. 8 shows the surface morphologies of the ‘‘cool cold” cement
concrete layers with different ‘‘cool cold” pigment content. On the
‘‘cool cold” layer surface, the nano TiO2, the ‘‘cool cold” pigments
and the sands together form the micro- and nano roughness struc-
tures. Following an increase in ‘‘cool cold” pigment content, more
submicron structures appear. Similar with other cement concrete
layer surfaces, all the ‘‘cool cold” layer surfaces exhibit the typical
SH properties, e.g., with CAs all bigger than 150� and SAs all smaller
than 10�.

3.3. The stability of the SH property to rain and UV radiation

Due to being used on roof or exterior wall, it is unavoidable that
the cement concrete layer will be scoured by rain in the actual
environment. We placed the ‘‘cool cold” layer (10.0 wt%) in the rain
to test its outdoor rain-resistance ability. Representative images
taken during rainfall are shown in Fig. 9. The results showed that
after 2 h rain, the whole surface was completely dry and there
are no rain droplets adhering on the surface. Most of the raindrops
bounced off the surface of the layer (see Supplementary data,
Movie S1). After 6 h, there were a few rain droplets on the surface
(in the red circle) at concave cites. However, these rain droplets
could be taken away by the subsequent drops. This test shows that
our concrete layer can keep stable SH property in the rain environ-
ment and endow exterior wall self-cleaning prospectively. We also
measured the WCAs and SAs of the layer after being subjected to
rain over different time periods. The results are shown in Fig. 10.
The results further prove that the layer surface can keep SH prop-
erty within 6 h raining. The possible reason is that unlike SH coat-
ing formed by organic resin especially from waterborne resin [18],
there is no polar groups in the inorganic concrete layer surface thus
its SH property is stable to raining.
1.
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Another requirement for an SH coat is UV resistance. Compared
with organic coating, concrete layer should be much more stable to
UV exposure. In another study, we measured the UV resistance of
concrete SH surface, which possesses the same formulation with
the ordinary concrete layer studied here. The results showed that
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Fig. 7. Surface SEM images of white TiO2 cement concrete layer (A/B), carbon black conc
respectively. The insets are profiles of 4 lL water drops on coatings, showing CAs all lar
after 68 days UV radiation or 40 days outdoor natural weathering,
the surface still exhibited typical SH property (see Supplementary
data, Movie S2 and S3).
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Fig. 8. SEM images of cement concrete layers with different ‘‘cool cold” pigment contents. A/B: 5 wt%; C/D: 10 wt%; E/F: 15 wt%. B, D, F are magnified images of A, C, E,
respectively. The insets are profiles of 4 lL water drops on coatings, showing CAs all larger than 150�.
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3.4. Anti-ice rain property of the cement concrete layer

The anti-ice rain property of SH surfaces is always been desir-
able, especially for the cement concrete exterior wall [29–36].
We tested the anti-ice rain performance of ‘‘cool cold” cement con-
crete layer (10 wt%) surface using the device shown in Fig. 3. The
results are displayed in Figs. 11 and 12. When the surface temper-
ature of the layer is descended to �2 �C, �7 �C or �12 �C, neither
subcooled water droplets nor freezing beads or frosting are found
on the surface in 1 h trial. After 1 h trial, the surface WCAs are all
larger than 150� and the SAs all less than 10� (Fig. 11). This demon-
strates that the layers can resist ice rain at least at �12 �C. In win-
ner of cold region, such resistance can protect concrete surface
against freeze-thaw damage, a damage caused by icing of water
penetrating in the nano-holes of surface [36].

However, when the surface temperature of the cement concrete
layer is descended to �17 �C, freezing phenomenon appears on the
layer surface and the freezing region no longer possesses SH prop-
erty after the ice was thawed. However, after the wetted layer sur-
face was dried at 120 �C for 15 min, the SH property of the surface
is restored again (Fig. 12). This demonstrates that even at �17 �C,
little freeze-thaw damage occurs on the cement concrete layer
SH surface. The possible reason is that even the thawed water pen-
etrated in the micro-gaps of SH surface, e.g., forms Wenzel state,
but has not penetrated in the nano-holes of the surface, or the sur-
face nanostructure may be damaged already.

In addition to the mixing process for the cement mortar
described in Section 2.2, we also tried another mixing process,
e.g., the nano TiO2 were firstly dispersed into water by stirring,
ultrasonically treated (600 w) for 10 min. Then the resulted sus-
pension was filled into the mixture of other solid constituents
and the mortar was stirred with a manual trowel till the color
became uniformly. The subsequent procedures were same as
those described in the experimental part. The UV–visible–infra
red reflectances of ‘‘cool cold” cement layer (15.0 wt%) prepared
by two different process was compared. The results showed that
there was no significant difference in the reflectance (see
supplementary data, Fig. S1). To demonstrate the homogeneity
of the constituents on the ‘‘cool cold” cement layer, we mapped
the surface elements by SEM and found that Fe, Cr and Ti were
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Fig. 9. Time-lapse optical images of the gray ‘‘cool cold” concrete layer surface
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distributed homogeneously on both two types of layer surfaces
(see supplementary data, Figs. S2 and S3). Fe and Cr are both
from black ‘‘cool cold” pigment and Ti is from nano TiO2. This
demonstrates that mixing by hands with suitable tool is feasible,
which supplies great convenience for the worker in process of
construction.
4. Conclusions

We prepared heat-reflective and SH cement concrete surfaces
through simply mixing nano TiO2 and black ‘‘cool cold” infrared
reflective pigments with cement mortar, and followed by drying
and decorating with low surface energy FAS sol. These cement
concrete surfaces possess high infrared reflectance approaching
that of the white TiO2 cement concrete surface and excellent
heat-reflective properties either under infrared lamp or under
solar radiation. Meanwhile, the cement concrete SH properties
exhibit good stability to rain and UV exposure. Moreover, their
anti-ice rain properties under �12 �C are also good. Although
gray Portland cement was used here, white cement may also
be adopted and should have better effect in reflecting infrared
and solar energy. We believe that these multifunctional cement
concrete surfaces would have great application potential in the
field of exterior wall or roof for descending air-conditioning
energy consumption.
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t%) and CAs of the surface after 1 h anti-ice rain trial at different temperatures.
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