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� MB adsorbability per surface area of
the synthesized ZnO NRAs is 39% of
that of ACFs.

� MB adsorbtion on ZnO NRAs/ACFs
increases linearly with surface area.

� Defect level of ZnO NRAs plays more
role than other characteristics in TOF
of ZnO NRAs/ACFs.

� ZnO NRAs/ACFs show higher syner-
gistic effect than the mechanically
mixed ZnO-ACFs.

� ZnO NRAs/ACFs after 5 recycles show
comparable TOF with that for the
fresh ZnO NRAs.
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a b s t r a c t

Well-aligned ZnO nanorod arrays were assembled on activated carbon fibers by a stepwise sequence of
sol-gel and hydrothermal synthesis methods. These ZnO nanorod arrays on activated carbon fibers
having different characteristics such as surface area, rod concentration, aspect ratio and defect level,
were applied as catalysts for the photodegradation of an aqueous methylene blue solution. They showed
very promising methylene blue adsorbility in the dark (ca. 0.025e0.031 mg methylene blue m�2 catalyst,
vs. 0.072 mg methylene blue m�2 activated carbon fibers). Significantly, the defect level of ZnO nanorod
arrays has a major effect on the turnover frequency compared to other characteristics. A synergistic effect
between activated carbon fibers and ZnO nanocrystals on enhancing turnover frequency was more
significant for the well-assembled ZnO nanorod arrays on activated carbon fibers catalysts compared to
the mechanically mixed ZnO powder with activated carbon fibers catalyst. Further, turnover frequency
for the ZnO nanorod arrays on activated carbon fibers (0.00312 molmethylene blue molZnO�1 h�1) was twice
higher than that for the corresponding bare ZnO nanorod arrays, and 3 times higher than that for a
commercial ZnO powder. In addition, ZnO nanorod arrays on activated carbon fibers show high
liushouxin@126.com (S. Liu),

ier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

mailto:liwei19820927@126.com
mailto:liushouxin@126.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemosphere.2020.127731&domain=pdf
www.sciencedirect.com/science/journal/00456535
www.elsevier.com/locate/chemosphere
https://doi.org/10.1016/j.chemosphere.2020.127731
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.chemosphere.2020.127731


S. Luo et al. / Chemosphere 261 (2020) 1277312
Photocatalysis
Synergistic effect
degradation (77.5%) and mineralization (55.0%) levels for methylene blue, and also good reusability (or
stability) as demonstrated by a sequential 5-time recycle routine. These outstanding features indicate
that activated carbon fibers supported ZnO nanorod arrays have significant potential to be used as
catalysts for photodegradation.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

ZnO is regarded as an alternative photocatalyst (Chakrabarti and
Dutta, 2004) for photocatalytic treatment of wastewater, in which
TiO2 is commonly employed (Feng et al., 2014). ZnO nanocrystals
with different morphologies (e.g., nanopowder (Lv et al., 2016),
nanofibers (Panthi et al., 2015), nanotubes (Bojer et al., 2017),
nanoflowers (Lam et al., 2018a, 2018b), nanoflakes (Zhang et al.,
2019) and nanorods (Xu et al., 2018)) have been applied for pho-
tocatalytic degradation of wastewater particularly containing
organic dyes (e.g., Methylene Blue (Ummartyotin and Pechyen,
2016; Nguyen et al., 2019), Eosin Y (Chakrabarti and Dutta, 2004),
Acid Yellow 23 (Modirshahla et al., 2011), Acid Orange 7 (Xu et al.,
2018), Rhodamine B (Lv et al., 2016; Nguyen et al., 2019), Ponceau S
(Marathe and Shrivastava, 2015) and Malachite Green (Lam et al.,
2018a, 2018b)). In some reports, ZnO nanocomposites with e.g.,
Al2O3 (Park et al., 2007), clay (Mustapha et al., 2020), Fe2O3 (Al
Haiqi et al., 2020) and MgO (Raj et al., 2019), were also applied to
achieve enhanced photocatalytic degradation efficiency. The effect
of ZnO characteristics such as crystal size and facet (McLaren et al.,
2009), aspect ratio (rod length/rod diameter) (Zhang et al., 2014),
surface area (Melian et al., 2009) and defect level (Wang et al.,
2009), have also been extensively investigated.

Nevertheless, these ZnO nanoparticles/nanocomposites tend to
agglomerate and are difficult to recover from the treated solution
(Lu et al., 2008; Thi and Lee, 2017). One of the practical solutions is
to immobilize or anchor ZnO to substrates, such as glass (Vaiano
and Iervolino, 2018), reduced graphene oxide (Nguyen et al.,
2019; Fan et al., 2015), Nylon 6 (Ummartyotin and Pechyen,
2016), carbonized oak (Tafreshi et al., 2019) and activated carbon
(Melian et al., 2009; Raizada et al., 2014). Among these reported
substrates, activated carbon materials are particularly attractive
and synergistic effects have been observed on photocatalytic
degradation efficiency of supported or mixed ZnO catalysts. This is
achieved by (i) providing large surface areas for enhanced
adsorption of reactants on the catalyst surface, (ii) improving the
separation of photo generated electron/hole (e�/hþ) pairs, (iii)
increasing the light harvesting efficiency and (iv) narrowing the
band-gap of ZnO (Melian et al., 2009; Raizada et al., 2014; Byrappa
et al., 2006; Sobana and Swaminathan, 2007; Vinayagam et al.,
2018). Furthermore, carbon materials were also reported to sup-
press the photocorrosion of ZnO/Carbon nanoparticles during re-
action (Zhang et al., 2009).

Flexible activated carbon fibers (ACFs) with favorable properties
like large surface area, high adsorbability and convenience in
handling (Tian et al., 2017; Liu et al., 2018), have also been
considered for the immobilization of ZnO nanocrystals. Chen et al.
immobilized ZnO nanoflowers (ZnO NFs) on ACFs by a hydrother-
mal method and reported an improved photocatalytic degradation
of dyes (Chen et al., 2014) combined with a good catalyst recycla-
bility (Chen et al., 2016). Thi et al. fabricated ZnO rod on activated
carbon fiber (ZnO rod-ACF) by a ‘microwave method’, which was
based on a hydrothermal synthesis approach with an additional
ZnO seed formation step (Thi and Lee, 2017). The ZnO rod-ACF
composites showed a higher total organic carbon (TOC) removal
than bare ZnO. Recently, the authors have successfully assembled
ZnO nanorod arrays (ZnO NRAs) on ACFs (ZnO NRAs/ACFs) by an
integrated sol-gel and hydrothermal synthesis method (Luo et al.,
2020). The well-aligned ZnO NRAs showed extremely high sur-
face area (20 m2 g�1), aspect ratio (20:1) and defect level. A pre-
liminary evaluation of ZnO NRAs/ACFs for the photocatalytic
degradation of methylene blue (MB) showed excellent MB degra-
dation (77.5%) (Luo et al., 2020). However, due to the different re-
action conditions used such asMB concentration and ZnO dosage, it
is not straightforward to compare the novel ZnO NRAs assembled
on ACFs with state-of-the-art ZnO nanocrystals and to obtain in-
sights in synergistic effects, if any, on the novel ZnO NRAs/ACFs
catalysts.

In this contribution, the turnover frequency (TOF) of the catalyst
has been used as a parameter for the evaluation of photocatalytic
degradation efficiency of the novel ZnO NRAs and ZnO NRAs/ACFs
catalysts. TOF is widely used to evaluate catalyst efficiency but has
not been considered for photocatalytic degradation. ZnO NRAs/
ACFs catalysts with different characteristics such as surface area,
aspect ratio, rod concentration and defect level, were studied for
photocatalytic degradation of aqueous methylene blue solution.
Each characteristic has been investigated in detail aiming to
establish the effect of the structural and optical characteristics of
the ZnO NRAs/ACFs on photocatalytic degradation performance. All
these aspects have been discussed in the existing literature sepa-
rately but never in a systematic and comprehensive manner. Bare
ZnO powder, nanorods (NRs) and nanorod arrays (NRAs) were also
tested to study possible synergistic effect between ACFs and three
types of ZnO nanocrystals. By eliminating differences in reaction
conditions (vide supra) and the use of the TOF as a measure for
catalyst activity, possible synergistic effect between ACFs and ZnO
nanoparticles can be established more accurately. Finally, catalyst
reusability (or stability) was checked by performing recycle ex-
periments in batch for 5 times. The results provide insights in the
effects of catalyst structure as well as synergistic effects on pho-
tocatalytic degradation when using well-aligned ZnO nanorod ar-
rays on activated carbon fibers.
2. Experimental

2.1. Materials

Activated carbon fibers (surface area of 940 m2 g�1 (Luo et al.,
2020)) were supplied by Qinhuangdao Zichuan Carbon Fiber Co.,
Ltd., PR China. ZnO powder (surface area of 4 m2 g�1 (Luo et al.,
2020)), methylene blue (C16H18ClN3S) and all the chemicals used
for the syntheses of the catalysts, namely zinc acetate dihydrate
(Zn(CH3COO)2$2H2O), 2-methoxyethanol (CH3OCH2CH2OH), mon-
oethanolamine (MEA, HOCH2CH2NH2), zinc nitrate hexahydrate
(Zn(NO3)2$6H2O), hexamethylenetetramine (HMT, (CH2)6N4) and
absolute ethanol (CH3CH2OH), were of analytical grade and sup-
plied by Tianjin Kemiou Chemical Reagent Co., Ltd., PR China.

http://creativecommons.org/licenses/by/4.0/
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2.2. Catalyst preparation

An integrated synthesis approach involving a sol-gel (Ohyama
et al., 1997) followed by a hydrothermal synthesis step
(Vayssieres, 2003) has been reported by the authors (Luo et al.,
2020) to assemble well-aligned ZnO nanorod arrays on ACFs. In
the first step, a layer of ZnO seeds (denoted as ZnO SLs) was
precipitated on the ACFs surface. Zinc acetate dihydrate
(1.10e2.74 g, equivalent to 0.1e0.25 mol L�1) was dissolved in 2-
methoxyethanol (50 mL) followed by adding MEA (0.3e0.75 mL)
under stirring (400 rpm) at 60 �C. After 30 min, ACFs (3 � 3 cm)
were added to the sol solution using a dip-coating protocol
(Mechiakh et al., 2010). The wet ACFs with coating were dried
under air at 80 �C for 12 h and then heated under N2 at 500 �C for
10 min. The samples are denoted as ZnO SLs/ACFs-x with x being
the zinc acetate concentration (mol L�1) applied in the sol-gel
synthesis step.

The hydrothermal synthesis solution was prepared by mixing a
zinc nitrate solution (0.01e0.1 mol L�1, 30 mL) and an HMT solution
(0.01e0.1 mol L�1, 30 mL) under stirring at 25 �C. After 30 min, the
thus obtained solution together with the ZnO SLs/ACFs-x from the
sol-gel synthesis step were loaded into a Teflon-lined stainless steel
autoclave and heated to 95 �C for 1e6 h. Then after filtering, the
filter cake was rinsed with deionized water (5 times) and thenwith
ethanol (5 times). Thewet samples were dried under air at 80 �C for
12 h to obtain ZnO nanorod arrays (denoted as ZnO NRAs) assem-
bled on ACFs, which are denoted as ZnO NRAs/ACFs-x-y-z with y
being the zinc nitrate concentration (mol L�1) and z the hydro-
thermal synthesis time (h).

By varying the concentrations of zinc acetate (x), zinc nitrate (y)
and hydrothermal synthesis time (z), in total, 9 ZnO NRAs/ACFs-x-
y-z catalysts were prepared. For comparison, another catalyst, with
ZnO nanorods (denoted as ZnO NRs) on ACFs, was synthesized by
following the above protocol but using only 0.025 mol L�1 zinc
nitrate hexahydrate and pristine ACFs for hydrothermal synthesis
of 4 h. Accordingly, this catalyst is denoted as ZnO NRs/ACFs-0-
0.025-4. In addition, a mechanically mixed catalyst consisting of
commercial ZnO powder and ACFs (denoted as ZnO-ACFs) was also
prepared.

Furthermore, for characterization and evaluation, bare ZnO
nanocrystals (vide infra), ZnO NRs and ZnO NRAs samples were
obtained by ultrasonicating the parent ZnO NRAs/ACFs-x-y-z and
ZnO NRs/ACFs-0-0.025-4.
2.3. Catalyst characterization

Scanning electron microscopy (SEM) images were taken on
MB degradationðh;%Þ¼
�
1� MB concentration in the sample

MB concentration after dark adsorpti

MB mineralizationð%Þ¼
�
1� TOC after 2� h photocatalytic degrad

TOC after dark adsorption

Average TOF
�
h�1

�
¼
�
moles of MB degradaded during the reacti

moles of ZnO dose
ESEM Quanta 200 (FEI) equipped with PV7760/68 ME detector for
energy dispersive X-ray (EDX) analysis. Samples were pasted onto
the sample stage using conductive tape, followed by a gold sput-
tering treatment.

High resolution transmission electronmicroscopy (TEM) images
and selected area electron diffraction (SAED) patterns were taken
on Tecnai G2 F20 S-TWIN (FEI). The samples were uniformly
dispersed in ethanol under ultrasonication, and subsequently
loaded onto copper grids.

Physisorption of N2 at 77 K was performed on ASAP 2020
(Micromeritics). Samples were degassed at 200 �C for 2 h under
vacuum prior to measurements.

Photoluminescence (PL) spectra were recorded on FLS 980 (EI)
at room temperature. The excitationwavelength was set at 325 nm.
Samples were coated onto quartz cuvettes for solid fluorescence
testing.
2.4. Photocatalytic degradation of MB

Photocatalytic degradation performance of the catalysts for the
removal of dyes in aqueous solution was evaluated using MB as a
model compound. Reactions were carried out in a jacketed glass
reactor equipped with a UV lamp (365 nm, 8 W). The catalyst was
added to the MB solution in the reactor and was magnetically
stirred in the dark at 25 �C for 2 h (dark adsorption step). After-
wards, UV light was turned on and the photocatalytic degradation
of MB was performed at 25 �C, during which the reaction solution
was sampled every 20 min. A fixed temperature of 25 �C was
applied in this contribution as this is the most common reaction
temperature for photocatalytic degradation in the open publica-
tions. For a wider application, other reaction temperatures can also
be considered. Detailed reaction parameters such as amount of MB
solution, MB concentration before and after dark adsorption,
catalyst dosage and reaction time, are shown in Tables S1, S3 and S4.
ZnO dosage/ZnO loading on catalyst was fine tuned to ensure a
similar MB concentration for each experiment after dark adsorp-
tion. As such, turnover frequency’s (TOFs) of catalysts were applied
for comparison of photocatalytic degradation efficiencies of the
various catalysts.

MB concentrations in the samples were analyzed by TU 1950
UVeVis spectrophotometry (PuXi, PR China). The concentrations of
MB after 2-h dark adsorption were defined as the initial MB con-
centrations for the photocatalytic degradation experiments. Total
organic carbon (TOC) values were analyzed using TOC-VCPN
Analyzer (Shimadzu, Japan). The percentage degradation of MB
(ɳ), the mineralization of MB and the average turnover frequency of
the catalyst were calculated using Equations (1)e(3) below.
on

�
� 100 (1)

ation
�
� 100 (2)

on with UV light
��

reaction time (3)



Fig. 1. SEM images of (a) ACFs, (b) ZnO NRs/ACFs, (c) ZnO SLs/ACFs, (d) ZnO NRAs/ACFs after hydrothermal synthesis of 3 h, (e) ZnO NRAs/ACFs after hydrothermal synthesis of 4 h,
(f) TEM and (g) HRTEM images, and (h) SAED patterns of ZnO nanorod peeled off from ZnO NRAs/ACFs after hydrothermal synthesis of 4 h.
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Fig. 2. MB adsorbability for ACFs, ZnO NRAs and ZnO NRAs/ACFs with different surface
area.
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3. Results and discussions

3.1. Characteristics of the ZnO NRAs/ACFs

ZnO NRAs/ACFs catalysts were prepared by a stepwise approach
developed earlier by the authors (Luo et al., 2020), which involves
coating of ACFs with ZnO seed layers (ZnO SLs) via a sol-gel syn-
thesis followed by growth of the well-aligned ZnO nanorod arrays
(ZnO NRAs) via a hydrothermal synthesis step (Experimental Sec-
tion 2.2). Pre-coating ZnO SLs on ACFs was of prime importance as
evidenced by the formation of randomly assembled ZnO nanorods
(ZnO NRs) and tufted spheres on the ACFs surface (Fig. 1-b) when
only hydrothermal synthesis protocol using pristine ACFs (Fig. 1-a)
was applied. The sol-gel synthesis step for the nucleation of ZnO SLs
on ACFs included successive hydrolysis, condensation and anneal-
ing (Experimental Section 2.2). The obtained ZnO SLs on ACFs were
shown to consist of relatively homogeneously mono-layer
dispersed nanospheres with particle sizes between 150 and
250 nm (Fig. 1-c). It has been shown in our previous publication
that the ZnO seed concentrationmay be tuned by adjusting the zinc
acetate concentration during the sol-gel synthesis step (Luo et al.,
2020). In the subsequent hydrothermal synthesis step, ZnO NRAs
grow in an orderly fashion via simultaneous nucleation and surface
coverage, and a successive rapid growth of the rods (Fig. 1). In the
initial stage of the hydrothermal synthesis (�3 h), the ZnO nanorod
growth rate is rather low and predominantly ZnO nanocrystalline
grains are formed on the ACFs surface (Fig. 1-d). Prolongation of the
hydrothermal synthesis time to 4 h leads to rapid growth of well-
aligned NRAs on ACFs (Fig. 1-e). The length and diameter of ZnO
NRAs are tunable by varying the zinc nitrate concentration and
reaction time during the hydrothermal synthesis step (Luo et al.,
2020). The individual ZnO rods (Fig. 1-f) on ZnO NRAs/ACFs show
a single crystalline nature (Fig. 1-h) with high crystallinity (Fig.1-g),
which was also confirmed by its powder X-ray diffraction (PXRD)
patterns (Luo et al., 2020).

The advantage of this sequential sol-gel and hydrothermal
synthesis method to grow ZnO NRAs on flexible ACFs substrates is
that the characteristics of the ZnO nanorods, such as growth
orientation, rod concentration, aspect ratio (rod length/rod diam-
eter) and surface area of the ZnO NRAs, are controllable by
adjusting the two-step synthesis parameters (concentration of zinc
acetate (x), zinc nitrate (y) and hydrothermal reaction time (z)).
Accordingly, 9 ZnO NRAs/ACFs-x-y-z catalysts were synthesized to
investigate the effect of ZnO characteristics (Table 1) on photo-
catalytic degradation performance.
Table 1
Characteristics of the ZnO NRAs/ACFs catalysts synthesized at various conditions. Data ta

Step 1 -sol-gel synthesis Step 2 -hydrothermal

Entry Catalyst Zn(CH3COO)2
(mol L�1)

Zn(NO3)2
(mol L�1)

Hydrother

1 ZnO NRAs/ACFs-0.10-0.025-4 0.10 0.025 4
2 ZnO NRAs/ACFs-0.15-0.025-4 0.15 0.025 4
3 ZnO NRAs/ACFs-0.20-0.025-4 0.20 0.025 4
4 ZnO NRAs/ACFs-0.25-0.025-4 0.25 0.025 4
5 ZnO NRAs/ACFs-0.15-0.01-4 0.15 0.010 4
6 ZnO NRAs/ACFs-0.15-0.05-4 0.15 0.050 4
7 ZnO NRAs/ACFs-0.15-0.1-4 0.15 0.100 4
8 ZnO NRAs/ACFs-0.15-0.025-3 0.15 0.025 3
9 ZnO NRAs/ACFs-0.15-0.025-5 0.15 0.025 5
10 ZnO NRs/ACFs-0-0.025-4 0 0.025 4
11 ZnO-ACFs e e e

a Surface area of ZnO NRAs peeled off from ZnO NRAs/ACFs.
b Surface area of ZnO NRAs/ACFs.
3.2. Dark adsorption of MB on ZnO NRAs/ACFs

Photocatalytic degradation of methylene blue (a well-known
basic dye in the textile industry (Li et al., 2013)) over the ZnO
NRAs/ACFs was evaluated in a jacketed glass batch reactor at 25 �C
using UV light with a constant illumination intensity as the light
source. Photocatalytic degradation of an organic pollutant over
heterogeneous photocatalysts (e.g., SiO2 and ZnO on AC) is gener-
ally believed to occur by a two-step mechanism: the organic
molecule is first adsorbed on the catalyst surface followed by
oxidation by photogenerated active radicals (e.g., hydroxyl radi-
cals). Since the adsorption of the pollutants on the photocatalyst is
the prerequisite for catalytic photodegradation (Raizada et al.,
2014; Matos et al., 1998), the extent of methylene blue adsorption
on the as-prepared ZnO NRAs/ACFs was first considered.

To eliminate the effect of light on the adsorption of dye mole-
cules, the adsorbability of MB on ZnO NRAs/ACFs was tested by
performing a dark reaction for 2 h under stirring. Typically, the time
to establish adsorption/desorption equilibrium of MB on a catalyst
is 30e120 min (Zhang et al., 2014; Melian et al., 2009; Sobana and
Swaminathan, 2007; Becker et al., 2011). It can be seen from
Table S1 (Entry’s 1e9) that almost 30e60% of MB is removed from
the aqueous solution by adsorption on ZnO NRAs/ACFs catalysts. Of
ken with permission from Ref (Luo et al., 2020).

synthesis

mal time (h) ZnO loading (atom %) SBET (m2 g�1)a SBET (m2 g�1)b Aspect ratio

7.1 16 689 15:1
10.6 13 619 15:1
19.7 14 505 15:1
21.1 12 395 15:1
8.2 16 620 20:1
16.9 6 603 12:1
18.4 4 594 5:1
9.3 20 613 7.5:1
13.6 5 597 18:1
8.0 e e e

18.1 4 e e
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interest is the observation that the adsorbed amount of MB linearly
increases with the surface area of the ZnO NRAs/ACFs (Fig. 2). The
adsorbability of MB is 0.025e0.031 mg per square meter of ZnO
NRAs/ACFs (Table S1), which is almost similar to the MB adsorb-
ability of ZnO NRAs peeled off from the ZnO NRAs/ACFs (ca.
0.025 mg MB per square meter of ZnO, Entry 10 in Table S1).
Vinayagam et al. (2018) found that the dark adsorption of a dye
molecule (orange G) on ZnO catalysts fitted well with a Langmuir
equation assuming a homogeneous and monolayer adsorption on
the surface. We have illustrated (Luo et al., 2020) that the layer of
ZnO nanocrystalline grains was grown on the ACFs surface after the
sol-gel synthesis and nucleation and incubation in the initial stage
of the hydrothermal synthesis. The surface properties of the ZnO
NRAs/ACFs catalysts used mainly arise from the ZnO nanoparticles.
Consequently, adsorption of MB on the ZnO NRAs/ACFs also follows
a Langmuir isotherm. It needs to be noted that dark adsorptionmay
not represent the actual adsorption of MB on the ZnO NRAs when
UV light irradiation is applied. Nevertheless, the adsorbability of
MB on ZnO NRAs is approximately 39% of that of ACFs (ca.
0.072 mgMB per square meter of ACFs, Entry 11 in Table S1). This is
most likely related to the intrinsic adsorption properties (e.g., sur-
face area and porosity) of ZnO and ACFs. It should be highlighted
here that the adsorption of dye molecules on ZnO can be remark-
ably enhanced by increasing its surface area via coating on ACFs
with a high surface area.
3.3. Effect of ZnO NRAs characteristics on the photocatalytic
degradation of MB over ZnO NRAs/ACFs

Photocatalytic degradation studies of MB on ZnO NRAs/ACFs
described in this section were all carried out at similar reaction
conditions (300 mL MB aqueous solution, initial MB concentration
of 5 mg L�1, catalyst dosage of 45 mg, dark adsorption for 2 h and
2 h photodegradation). A preliminary experiment on photo-
degradation of MB without the use of a catalyst showed a constant
MB concentration, indicating that the photodegradation of MB by
Fig. 3. MB Degradation (ɳ) and average TOF for ZnO NRAs/ACFs catalysts prepared
under different sol-gel and hydrothermal synthesis conditions: (a) ZnO NRAs/ACFs-
0.10-0.025-4, (b) ZnO NRAs/ACFs-0.15-0.025-4, (c) ZnO NRAs/ACFs-0.20-0.025-4, (d)
ZnO NRAs/ACFs-0.25-0.025-4, (e) ZnO NRAs/ACFs-0.15-0.01-4, (f) ZnO NRAs/ACFs-0.15-
0.05-4, (g) ZnO NRAs/ACFs-0.15-0.1-4, (h) ZnO NRAs/ACFs-0.15-0.025-3, and (i) ZnO
NRAs/ACFs-0.15-0.025-5.
only applying the UV light for 2 h is negligible. A photosensitization
effect may occur when the photocatalyst is present, though is ex-
pected to be limited when using ZnO photocatalysts (da Silva et al.,
2017) and is therefore not considered in this study.

It is difficult to identify whether the reduction in concentration
of MB is due to degradation/mineralization or by adsorption. To
eliminate the latter, the MB concentration after 2 h dark adsorption
was applied as the initial MB concentration and used for calculation
of the extent of MB degradation andmineralization (Equations 1-2).
TheMB concentration and degradation (ɳ) versus the photocatalytic
reaction time for the various ZnO NRAs/ACFs catalysts are shown in
Figs. S1eS3. Rapid photodegradation of MB was observed in the
initial stage of the reaction (0e1 h). Afterwards, the degradation
rate slowed down gradually. The degradation (ɳ) of MB and average
TOF of the ZnO NRAs/ACFs for a 2 h reaction time are plotted in
Fig. 3, showing that the photocatalytic performance of the catalysts
is highly depending on the ZnO NRAs/ACFs. The most efficient
photocatalytic degradation (90.2%) and highest average TOF
(0.0034 molMB molZnO�1 h�1) were obtained using the ZnO NRAs/
ACFs-0.15-0.025-4 (Fig. 3-b). In the subsections below, the rela-
tion between ZnO NRAs/ACFs structure (and thus synthesis proto-
col) and photocatalytic degradation is discussed.

3.3.1. Photocatalytic degradation performance of ZnO NRAs/ACFs
catalysts prepared at different sol-gel synthesis conditions

It has been reported by the authors (Luo et al., 2020) that higher
concentrations of zinc acetate (from 0.1 to 0.25 mol L�1) for the sol-
gel synthesis significantly increases the ZnO nanorods concentra-
tion and ZnO loading (7.1e21.1 atom%, Table 1) of the prepared ZnO
NRAs/ACFs, without affecting the aspect ratio (15:1, Table 1) and
specific surface area (12e16 m2 g�1, Table 1) of the ZnO NRAs. Fig. 3
shows that a slight increase in the ZnO dosage (from 0.055 g L�1

(Fig. 3-a) to 0.071 g L�1 (Fig. 3-b)) leads to an increased MB
degradation (from 77.5% to 90.2%), which is related to the amount
of active sites available for photocatalysis. However, photocatalytic
performance is lowered significantly when further increasing the
ZnO dosage to 0.113 g L�1, Fig. 3-d. High ZnO dosage may enhance
light scattering (Evgenidou et al., 2005) and reduce the penetration
(Vinayagam et al., 2018) of light in solution, leading to worse per-
formance. A similar effect on the degradation efficiency (e.g., when
using direct blue 53 and acid violet) on ZnO nanoparticles mixed
with (Sobana and Swaminathan, 2007) or loaded on (Byrappa et al.,
2006) activated carbon was reported as well.

3.3.2. Photocatalytic degradation performance of ZnO NRAs/ACFs
prepared at different hydrothermal synthesis conditions

Under the optimized sol-gel conditions (zinc acetate concen-
tration was 0.15 mol L�1), variation of the hydrothermal synthesis
conditions (e.g., zinc nitrate concentration and hydrothermal time)
led to ZnO NRAs/ACFs with similar surface areas (594e620 m2 g�1,
Table 1) but distinct differences in ZnO nanorods characteristics
such as concentration, surface area and aspect ratio (Luo et al.,
2020). This allowed us to investigate the effect of the ZnO nano-
structure on the photocatalytic degradation of MB at similar con-
centrations after dark adsorption (2.2e2.5 mg L�1, Figs. S2-I and S3-
I). Unfortunately, the number of ZnO NRAs/ACFs catalysts used in
this study is limited, which makes it impossible to draw conclu-
sions on the effect of individual structural characteristics such as
aspect ratio and surface area. As such, no apparent dependence of
the TOF of the ZnONRAs/ACFs catalysts on the ZnO rods aspect ratio
(Fig. 4-a), ZnO rods surface area (Fig. 4-b) and ZnO dosage (Fig. 4-c)
was observed, due to the fact that these factors are correlated.

Interestingly, the photoluminescence properties of ZnO NRAs
(Fig. 5 and Table S2) seem to be of high importance (Fig. 4-d). The
room-temperature photoluminescence spectra of ZnO NRAs (Fig. 5)



Fig. 4. TOFs of ZnO NRAs/ACFs vs. (a) ZnO nanorods aspect ratio, (b) ZnO nanorods surface area, (c) ZnO dosage and (d) the intensity ratio of deep-level emission to near-band-edge
emission of ZnO nanorods.

Fig. 5. Photoluminescence spectra of ZnO NRAs peeled off from (a) ZnO NRAs-0.15-
0.01-4, (b) ZnO NRAs-0.15-0.025-3, (c) ZnO NRAs-0.15-0.025-4, (d) ZnO NRAs-0.15-
0.025-5, (e) ZnO NRAs-0.15-0.05-4, and (f) ZnO NRAs-0.15-0.1-4.
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show four emission bands: a weak ultraviolet emission band
centered at 405 nm, a sharp blue emission band centered at
475 nm, and a broad green emission band centered at 535 nmwith
a shoulder from the yellow emission band at 620 nm. The UV
emission band, generally centered at 380 nm, is characteristic for
the near-band-edge emission (NBE) of a ZnO semiconductor
(Giakoumaki et al., 2017), associated with the recombination of
excitons (Zeng et al., 2010; Yang et al., 2010; He et al., 2018; Gao
et al., 2012). The UV emission band for the ZnO NRAs used in this
study is red-shifted to 405 nm (Fig. 5). Such a red-shift was also
observed for modified single-crystal ZnO nanowires (from 385 nm
to 397 nm) (Deng et al., 2009) and ZnO NRAs (from 375.2 nm to
391.6 nm) (Tan et al., 2016). This shift is believed to be related to a
high level of intrinsic Zn defects (e.g., Zni and VZn), which are known
to play crucial role in UV emissions in ZnO materials (Rao et al.,
2014). According to this, the extended red-shift to 405 nm
observed for ZnO NRAs indicates its highly defective nature. The
deep-level emissions (DLE) in the visible region are related to
intrinsic and extrinsic defects in ZnO, although the defects and the
electron transitions are still unambiguous for blue emission (e.g.,
attributed to the transition from the extended interstitial-zinc (ex-
Zni) state to the valence band (Zeng et al., 2010)), green emission
(e.g., due to the recombination of electrons in singly ionized
oxygen-vacancy (VO) with the photoexcited holes (Vanheusden
et al., 1996)) and yellow emission (e.g., ascribed to interstitial-
oxygen (Oi) defect (Wu et al., 2001)). The intensities of the DLE
peaks in photoluminescence spectra normalized on NBE peaks are
an indication for the defect levels in ZnO (Zhang et al., 2014).
Alternatively, the intensity ratio of the DLE to NBE (IDLE/INBE) peaks
may be used to get a semi-quantitative indication of crystal defects
(He et al., 2018; Gao et al., 2012; Pal and Santiago, 2005; Azad et al.,
2017). The normalized photoluminescence spectra (Fig. 5) and the
calculated IDLE/INBE ratio (Table S2) of ZnO NRAs clearly show the
difference in defect levels for the various ZnO NRAs prepared at
different hydrothermal synthesis conditions. A very good correla-
tion between the photocatalytic degradation efficiency (TOF) and
catalyst defects (IDLE/INBE) (Fig. 4-d) was observed and implies that
defects (e.g., the two predominant Zni and VO defects) are the active
sites of the ZnO catalysts when considering photocatalytic degra-
dation (Zhang et al., 2014). Thus, defects in the ZnO NRAs are likely
more important for catalyst performance than other structural
properties (e.g., rod concentration, surface area and aspect ratio).

3.4. Synergistic effects between ZnO NRAs and ACFs for the
photocatalytic degradation of MB

Several studies revealed a synergistic effect between ZnO
nanocrystals and activated carbon or activated carbon fibers in
photocatalytic degradation (Melian et al., 2009; Thi and Lee, 2017;
Raizada et al., 2014; Byrappa et al., 2006; Sobana and Swaminathan,
2007; Vinayagam et al., 2018; Chen et al., 2014, 2016). However,
comparison is cumbersome since other factors, e.g., the initial dye
concentration after dark adsorption and ZnO dosage, also play a
role and these factors are not always kept at constant values. In our
previous report, we observed a synergistic effect between ZnO
crystals and ACFs when comparing catalyst performance for ex-
periments with mechanically mixed ZnO-ACFs, ZnO nanorods
randomly grown on ACFs (ZnO NRs/ACFs) and ZnO nanorod arrays
orderly assembled on ACFs (ZnO NRAs/ACFs). This is clear when
considering MB degradation (ɳ) over ACFs mixed/supported ZnO
catalysts (Entry’s 3, 6 and 9, Table S3) with those for bare ZnO
crystals (Entry’s 1, 4 and 7, Table S3) (Luo et al., 2020). However, the
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performance of the well-aligned ZnO NRAs on ACFs (ɳ of 77.5%,
Entry 9, Table S3) is only marginally better than found for me-
chanically mixed ZnO powder with ACFs (ɳ of 71.6%, Entry 3,
Table S3). Comparison though is cumbersome as different ZnO
dosages (0.055 g L�1 for ZnO NRAs/ACFs vs. 0.101 g L�1 for ZnO-
ACFs) were applied due. Differences in ZnO loading (or ZnO rod
concentration) on the catalysts (Table 1) was adjusted to obtain
similar MB concentrations after dark adsorption (Luo et al., 2020).
To eliminate ZnO dosage effects, turnover frequency of the catalysts
was used as a measure to compare the photocatalytic efficiency.
Three types of catalysts (ZnO-ACFs (18.1 atom.% Zn, Entry 11,
Table 1), ZnO NRs/ACFs-0-0.025-4 (8.0 atom.% Zn, Entry 10, Table 1,
termed as ZnO NRs/ACFs hereafter) and ZnO NRAs/ACFs-0.1-0.025-
4 (7.1 atom.% Zn, Entry 1, Table 1, termed as ZnO NRAs/ACFs here-
after)), were evaluated, considering that the MB concentrations
after dark adsorption for 2 h using these catalysts were similar (ca.
2 mg L�1, Table S3).

3.4.1. Photocatalytic degradation performance of ZnO powder, ZnO
NRs and ZnO NRAs

To study synergistic effects, ZnO crystals without ACFs, namely
ZnO powder, ZnONRs peeled off from ZnONRs/ACFs, and ZnONRAs
peeled off from ZnO NRAs/ACFs, were initially evaluated for the
photocatalytic degradation of MB. Experiments were carried out at
the same initial MB concentration (ca. 2 mg L�1), reaction time
(120 min or 60 min) and ZnO dosage (0.067 g L�1 or 0.833 g L�1).
Generally, the use of ZnO crystals at a low ZnO dosage (0.067 g L�1)
gave relatively poor MB degradations (ɳ) (Luo et al., 2020) with
values of 31.9e47.1% after 120 min (Entry’s 1, 4 and 7 in Table S3).
Increasing the ZnO dosage to 0.833 g L�1 leads to improved MB
degradation (84.7e89.9%, Entry’s 2, 5 and 8 in Table S3) at an even
shorter reaction time of 60 min, related to the higher amount of
catalyst used. However, the TOFs of the three types of ZnO crystals
decreased with higher ZnO dosage (Table S3). The TOFs of the three
types of ZnO crystals at a low ZnO dosage (0.067 g L�1) are plotted
in Fig. 6-B.

The TOF found for the 1D ZnO NRs (0.00114 h�1) and ZnO NRAs
(0.0015 h�1) is considerably higher than for commercial ZnO
powder (0.001 h�1) and this may be ascribed to a higher defect
level and enhanced favorable optical properties of the former (Luo
et al., 2020). In addition, the unique one-dimensional structure of
ZnO crystals might also play an important role in improving light
capture (Guo et al., 2012), and enhancing the transport of electrons
Fig. 6. (A) MB Degradation (ɳ) and (B) average TOF for ZnO-ACFs, ZnO NRs/ACFs-0-0.02
and thus inhibiting the recombination of photogenerated electron/
hole pairs (Lin et al., 2015). Since photocatalytic degradation re-
actions generally occur on the catalyst surface, the increased sur-
face area for 1D ZnO crystals (16 m2 g�1 for ZnO NRAs vs. 4 m2 g�1

for ZnO powder, Table 1) might also be beneficial for catalyst ac-
tivity. For the 1D ZnO nanocrystals, ZnO NRAs show a higher TOF
than ZnO NRs, which might be related to particle anisotropy.
Compared to ZnO NRs, ZnO NRAs grow along c-axis, resulting in a
higher amount of (002) planes (Luo et al., 2020). This favors the
adsorption of OH�, and as such leads to higher concentrations of
OH$ radicals and a better photocatalytic degradation efficiency
(Dodd et al., 2009). On the other hand, the well-constructed space
charge region along the longitudinal direction of ZnO can allow the
flow of the photogenerated electrons in the axial direction, which
dramatically inhibited the recombination of electron/hole (e�/hþ)
pairs, resulting in large amount of e� and hþ on the surface acting
as active sites for the intensified photocatalytic degradation effi-
ciency (Zhang et al., 2014).

We have screened the literature and have attempted to deter-
mine the TOFs of state-of-the-art ZnO NRs and ZnO NRAs. However,
this proved difficult as often not all relevant data is provided (e.g.,
ZnO dosage). TOF values for a representative ZnO NRs (TOF of
0.00162 h�1 (Zhang et al., 2014)) and a ZnO NRAs (TOF of 0.00114
h�1 (Song et al., 2012)) were calculated and are given in Table S3
(Entry’s 12e13) together with the photocatalytic reaction condi-
tions. It can be seen that the TOFs of the as-synthesized ZnO NRs
(0.00139 h�1, Entry 10 in Table S3 and ZnONRAs (0.00147 h�1, Entry
11 in Table S3) are comparable with state-of-the-art 1D ZnO crys-
tals. Considering that the power of the UV lamp used in this work is
only 8 W, which is much lower than those used in the literature
(400W (Zhang et al., 2014) and 300W (Song et al., 2012), Table S3),
the photocatalytic degradation efficiency on the as-synthesized
ZnO NRs and ZnO NRAs is expected to be significantly increased
when using UV light at a higher power level.

3.4.2. Photocatalytic degradation of MB over ZnO-ACFs, ZnO NRs/
ACFs and ZnO NRAs/ACFs

Immobilizing ZnO NRs and NRAs on ACFs as well as mechani-
cally mixed ZnO powder and ACFs catalysts showed significantly
enhanced TOFs compared to the corresponding ZnO nanocrystals
(Fig. 6-B). This positive effect of the addition of ACFs is clearly seen
from the TOFs for ZnO powder (0.001 h�1, Fig. 6-B and Entry 1 in
Table S3) and the mixed ZnO-ACFs (0.00183 h�1, Fig. 6-B and Entry
5-4 and ZnO NRAs/ACFs-0.1-0.025-4 catalysts for 5 successive recycle experiments.



Fig. 7. MB degradation and mineralization over ZnO-ACFs, ZnO NRs/ACFs-0-0.025-4
and ZnO NRAs/ACFs-0.1-0.025-4 catalysts.
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3 in Table S3). ACFs most likely adsorb the dye molecules, which are
then transferred to the photoactive ZnO sites (Sobana and
Swaminathan, 2007). Comparatively, a better synergistic effect is
observed when using ZnO NRAs/ACFs, which showed a TOF
(0.00312 h�1, Fig. 6-B and Entry 9 in Table S3) twice as high as for
ZnO NRAs (0.0015 h�1, Fig. 6-B and Entry 7 in Table S3). This is most
likely related to the enhanced adsorbability of MB (Fig. 2) on ZnO
NRAs/ACFs compared to ZnO NRAs, associated with a larger surface
area for the former (Table 1) (Raizada et al., 2014). In addition, the
high conductivity of ACFs can promote the transport of the pho-
togenerated electrons (Chen et al., 2014, 2016). As a consequence,
the photogenerated electron/hole (e�/hþ) pairs are effectively
separated, leading to an efficient generation of the reactive OH$
radicals for enhanced photocatalytic degradation efficiency. ZnO
NRAs/ACFs showed the highest TOF (0.00312 h�1, Fig. 6-B and Entry
9 in Table S3), which is almost three times the TOF found for
commercial ZnO powder (0.001 h�1, Fig. 6-B and Entry 1 in
Table S3). This indicates that immobilization of well-aligned ZnO
NRAs on flexible ACFs (ZnO NRAs/ACFs) leads to catalysts with
outstanding photocatalytic degradation performance when
compared to related ZnO based photocatalysts.

Of great interest is the observation that mineralization of MB to
CO2 over ZnO NRAs/ACFs (55.0%, Fig. 7-C) is significantly higher
than found for ZnO-ACFs (23.6%, Fig. 7-A). The degradation chem-
istry of MB is known to be rather complicated and involves a large
number of intermediates such as phenolics and carboxylic acids,
formed by a series of radical reactions (Wang et al., 2014; Huang
et al., 2010). Therefore, the high reduction in TOC over ZnO NRAs/
ACFs (Fig. 7-C) also indicates an effective conversion/degradation of
intermediates from the photodegradation of MB.

3.4.3. Reusability (or stability) of ZnO-ACFs, ZnO NRs/ACFs and ZnO
NRAs/ACFs for photocatalytic degradation of MB

It is well known that the separation of ZnO nanocrystals (e.g., as
powder, NRs and NRAs) after reaction from the solution is difficult
and limits recycling of the catalysts. In addition, catalyst stability is
limited due to the formation of aggregates resulting in reduction of
active sites and loss of structural integrity and optical properties
favorable for photocatalytic degradation (Lu et al., 2008; Thi and
Lee, 2017). This is a serious problem and the origin of immobili-
zation of ZnO nanocrystals on a substrate in this study. To check the
reusability (or stability) of the three types of catalysts used in this
study (ZnO-ACFs, ZnO NRs/ACFs and ZnO NRAs/ACFs), the used
catalysts after a photocatalytic degradation were filtered and
reused for another experiment following the same protocol as used
to evaluate activity of the fresh catalysts. In total, the catalysts were
used for 5 times. The concentrations and degradations (ɳ) of MB
versus reaction time are tabulated in Table S4, and the degradation
of MB and TOF for the fresh and used catalysts are shown in Fig. 6.

Themechanicallymixed ZnO-ACFs showed very poor reusability
(or stability), of which the TOF was only 9.5% of the original value
after 5 recycles (Fig. 6-B and S9, Entry’s 6e10 in Table S4). This is
mostly related to the loss of ZnO during the tedious work-up pro-
cedure (Raizada et al., 2014). ZnO NRs/ACFs catalysts showed
slightly better recyclability as compared to ZnO-ACFs (Fig. 6-B and
Entry’s 11e15 in Table S4). The TOF of ZnO NRs/ACFs after recycling
5 times decreased to 18.3% of the initial TOF. It was observed that
the ZnO nanorods and microspheres (Fig. 1) of the ZnO NRs/ACFs
were not stable and readily peeled off during photocatalytic
degradation of MB (Luo et al., 2020). As such, the synergistic effect
between ZnO NRs and ACFs was lost significantly even after 1
recycle resulting in a dramatic reduction (ca. 60%) in the TOF.
Comparatively, ZnO NRAs/ACFs showed promising reusability (or
stability, Fig. 6-B and Entry’s 16e20 in Table S4). After 1 recycle, a
higher TOF (0.00404 h�1 vs. 0.00312 h�1, Fig. 6-B and Entry 17 vs. 16
in Table S4) was observed, which might be due to a higher initial
MB concentration after the dark adsorption step (4.60 mg L�1 vs.
2.01 mg L�1, Entry 17 vs. 16 in Table S4) (Yuan et al., 2007).
Nevertheless, the TOF of ZnO NRAs/ACFs decreased gradually with
more recycles, likely due to poisoning of the ZnO surface by
strongly adsorbed intermediates (Raizada et al., 2014). The TOF of
MB over ZnO NRAs/ACFs after 5 recycles (0.00145 h�1, Fig. 6-B and
Entry 20 in Table S4) was reduced to 46.5% of that of the fresh
catalyst. However, it needs to be highlighted that this TOF is still
comparable with that of the fresh ZnO NRAs (0.00147 h�1, Entry 11
in Table S3). Therefore, the synergistic effect between ACFs and the
immobilized 1D ZnO NRAs is not only reflected by a significantly
enhanced TOF for the photocatalytic degradation of MB, but also by
a better catalyst reusability (or stability). The latter may also be
attributed to a reduced level of photocorrosion of the ZnO nano-
particles in the presence of ACFs (Zhang et al., 2009).
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4. Conclusions

In summary, well-aligned single-crystal ZnO nanorod arrays on
activated carbon fibers were synthesized by a sequential sol-gel
and hydrothermal synthesis method. The as-synthesized ZnO
NRAs show excellent MB adsorbability (ca. 0.025 mgMB per square
meter of ZnO) in the dark, which is approximately 39% of that found
for the pristine ACFs. The amount of MB adsorbed on ZnO NRAS/
ACFs in the dark increases linearly with the surface area of the
catalysts, in line with a Langmuir adsorption.

The defect level as determined by photoluminescence is an
important property of the catalysts and has a larger effect on cat-
alytic activity than aspect ratio, surface area and dosage. ZnO NRAs
show higher TOF (0.0015 molMB molZnO�1 h�1) than a commercial
ZnO powder (0.001 molMB molZnO�1 h�1), associated with the unique
one-dimensional and highly oriented structure, higher surface area
and particularly a higher defect level of the ZnO NRAs.

A significant improvement in photocatalytic degradation per-
formance was obtained when immobilizing the ZnO NRAs on ACFs
(TOF of 0.00312 molMB molZnO�1 h�1), indicating a synergistic effect,
which is higher than for a mechanically mixed ZnO-ACFs catalyst
(TOF of 0.00183 molMB molZnO�1 h�1). This synergistic effect might be
related to enhanced MB adsorption and a faster transfer of the
photogenerated electrons.

ZnO NRAs/ACFs show a significantly higher mineralization of
MB than the mixed ZnO-ACFs (55.0% vs. 23.6%). Besides, reusability
(or stability) for ZnO NRAs/ACFs after 5 recycles is also considerably
better than for the mixed ZnO-ACFs, indicating the advantage of
immobilization of ZnO nanorod arrays on ACFs for catalyst reuse.
This work has shown that the assembly of ZnO NRAs on ACFs is
highly beneficial for enhanced photocatalytic degradation
performance.
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