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Abstract
This work presents a facile method of growing zinc-doped α-hematite (Zn-doped α-Fe2O3) nanostructures via thermal 
oxidation of Fe sheet in the presence of  Zn2+ mist. Both undoped and Zn-doped α-Fe2O3 nanostructures exhibit blade-like 
morphology mixed with some nanowires. In general, smaller yet denser nanostructures are formed at higher oxidation 
temperatures. On the other hand, misting (water vapor) enhances the oxidation rate, leading to larger nanoblades. Raman 
and energy dispersive X-ray spectroscopy reveal the successful incorporation of Zn in the α-Fe2O3 lattice. However, exces-
sive  Zn2+ (0.01 M) promotes the formation of large Zn hydroxide chloride particles on top of the α-Fe2O3 nanoblades. 
The undoped α-Fe2O3 nanostructures prepared at 650 °C in water vapor effectively adsorb hexavalent chromium [Cr(VI)] 
in aqueous solution with about 95% removal efficiency. The sample oxidized in 0.005 M  Zn2+ mist is also efficient in the 
Fenton-assisted photodegradation of methyl orange with > 90% removal even after five degradation cycles.

Keywords Thermal oxidation · Misting · Cr(VI) adsorption · Zn-doped hematite · Heterogenous Fenton · Hematite 
nanostructures

1 Introduction

Bodies of water near industrial facilities are constantly 
laden with various pollutants, both organic and inorganic, 
that could negatively affect the ecosystem if left untreated. 
Heavy metals, which exist in ionic forms, are one of the 
most common inorganic wastes that can be found in 
contaminated waters today. For example, hexavalent 
chromium, Cr(VI), is a strong carcinogenic and can lead 
to multiple complications, and even death, if ingested by 
humans. This contaminant is commonly found near textile, 
leather tanning, ore processing and refining, and electro-
plating facilities [1]. Due to its threat to human health, a 
maximum limit of 0.05 mg/L of Cr(VI) is set by the World 
Health Organization (WHO) for human consumption and 
fisheries [2]. Synthetic dyes are also produced in industrial 

scales as it gives color to almost any material, such as 
papers, textiles, and plastics [3]. Due to their inherent sta-
bility, dyes cannot be easily biodegraded and removed 
from solution upon discharge. This again poses risks to the 
environment if left untreated as synthetic dyes are haz-
ardous compounds [4, 5]. In addition, colored wastewater 
can alter the ecosystem of a body of water as it impedes 
the efficient penetration of sunlight necessary for aquatic 
flora and fauna.

Common treatments for industrial effluents include ion 
exchange [6, 7], flotation [8], filtration [9], adsorption [10, 
11] and coagulation and flocculation [12]. Among these 
methods, adsorption provides a direct and economical 
route for removing both organic and inorganic contami-
nants. Furthermore, adsorbent materials can potentially 
be reused through desorption/regeneration processes. 
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Adsorption occurs because of van der Waals forces (physi-
cal adsorption) or from the formation of chemical bonds 
(chemical adsorption) between the adsorbent and adsorb-
ate species [13]. Another promising way to remove organic 
pollutants is through advanced oxidation processes, spe-
cifically by photodegradation [14–16]. This process uti-
lizes a semiconductor photocatalyst, such as transition 
metal oxides, which harnesses light energy for activation. 
Absorption of light energy greater than or equal to the 
band gap of the semiconductor results to photoexcitation, 
where electrons from the valence band are excited to the 
conduction band, leaving behind a hole in the conduc-
tion band. The production, and consequent utilization, of 
these charge carriers are integral in the redox processes 
producing the radical species that will then attack and 
degrade the target pollutants. Since its discovery, photo-
catalysis has been widely explored in its application for the 
degradation of organic pollutants, and even for the oxida-
tion or reduction of some heavy metals to its less harmful 
or benign states. Since organic and inorganic pollutants 
necessitate different treatment approaches, the fabrica-
tion of multi-functional materials that can be utilized for 
both systems, i.e. for adsorption and photocatalysis, is 
therefore worth considering. Not only will it potentially 
reduce treatment costs, but it will provide a degree of flex-
ibility by extending the applicability of the material for the 
treatment of different types of pollutants.

Hematite (α-Fe2O3) is a naturally occurring iron oxide 
abundant in rocks and soils [17]. Different synthesis meth-
ods for various nanostructured α-Fe2O3, such as combus-
tion [18, 19], hydrothermal process [20–22], sol–gel [23, 
24], precipitation [25–27], and thermal oxidation, [28–30] 
have already been explored for various applications. 
Several studies have investigated the utilization of nano-
structured α-Fe2O3 for both adsorptive removal and pho-
tocatalytic degradation of pollutants [22, 23, 28, 31–33]. As 
a photocatalyst, however, α-Fe2O3 has several drawbacks 
including very fast photoexcited state lifetime due to its 
rapid recombination rate  (10−12 s) [31] and short diffusion 
length (< 10 nm) [32, 34]. Thus, doping and nanoengineer-
ing the surface of α-Fe2O3 have been proposed to address 
these limitations.

In particular, Zn-doping has been employed by previous 
studies to improve the electronic properties of α-Fe2O3. 
Chu et al. [35] hydrothermally synthesized spindle-like, 
Zn-doped α-Fe2O3 nanostructures. It was further modified 
with tungsten sulfide  (WS2) and were used as hybrid pho-
tocathode for hydrogen production. α-Fe2O3 microcubes 
were also hydrothermally produced in another study and 
used as electrode for acetone detection [36]. The amount 
of  Zn2+ was also found to influence the size of resulting 
α-Fe2O3 microcubes. α-Fe2O3 thin films, on the other hand, 
were fabricated by Chen et al. [37] via spin coating and 

consequent thermal treatment for hydrogen production. 
Incorporation of dopant rendered the naturally n-type 
α-Fe2O3 to a p-type semiconductor and extended its 
absorption edge to enhance its photoactivity. These recent 
works suggest that Zn doping is beneficial in improving 
the properties of α-Fe2O3. While these techniques pose 
promising practical applications for removal of pollutants 
in solution, the production of equally efficient Zn-doped 
α-Fe2O3 nanostructures via a direct, one-step technique 
still comes with a challenge.

In this study, the fabrication of Zn-doped α-Fe2O3 
nanoblades by thermal oxidation of iron (Fe) sheets in the 
presence of  Zn2+ mist was described.  Zn2+ was introduced 
into the α-Fe2O3 nanoblades by misting using a com-
mercial nebulizer during thermal oxidation. To the best 
of our knowledge, this study is the first to demonstrate 
the growth of Zn-doped α-Fe2O3 nanostructures through 
this simple, direct process. At the same time, the effects 
of oxidizing temperature, time, and atmosphere on the 
morphology and phase composition of α-Fe2O3 nanostruc-
tures were investigated. The adsorptive removal of Cr(VI) 
using the α-Fe2O3 nanoblades was thoroughly studied by 
varying the initial concentration of Cr(VI), contact time 
and temperature. The photocatalytic properties of α-Fe2O3 
nanoblades was also investigated by photodegrading 
methyl orange (MO) in the presence of minute amounts of 
hydrogen peroxide  (H2O2). This work is also among the first 
to demonstrate the use of common, antiseptic grade  H2O2 
solution as activator of the Fenton reaction rather than 
concentrated solutions which are more expensive and 
difficult to handle. Finally, the reusability of the α-Fe2O3 
nanoblades as a photocatalyst was also evaluated by per-
forming several cycles of photodegradation of MO.

2  Methodology

2.1  Synthesis and characterization of Zn‑doped 
α‑Fe2O3 nanoblades by thermal oxidation

Iron (Fe) foils (99.99% purity, Nilaco Inc.) with thickness 
of 0.5 mm were cut to 1.0 × 1.0 cm2 dimensions. The Fe 
sheets were subjected to 1200 grit silicon carbide (SiC) 
paper wet grinding, followed by ultrasonic cleaning in 
acetone for 5 min. Grinding was done to ensure the sur-
face of the foil is free from any native oxides. After clean-
ing, the Fe sheet was placed in an alumina crucible boat 
and positioned in a Carbolite MTF 12/38/250 tube furnace. 
Thermal oxidation was performed at 500, 650, and 800 °C 
in dry air and with water vapor for 180 min with a heat-
ing rate of 5 °C/min. Water vapor was introduced into the 
furnace using a compressor nebulizer (Omron NE-U17) 
with maximum air flow rate of 17 L/min and nebulization 
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rate of approximately 0.3 mL/min at 1.7 MHz ultrasonic 
frequency. The samples were then furnace cooled to room 
temperature. The synthesis of Zn-doped α-Fe2O3 samples 
was performed at 500 °C for 3 h, while misting 100 mL of 
0.005 or 0.010 M zinc chloride  (ZnCl2, JT Baker) aqueous 
solution. Misting was done during ramp-up and soaking. 
After 3 h of misting, about 73 mL was left in the nebulizer. 
The morphology of both doped and undoped samples 
was observed under a field-emission scanning electron 
microscope (FE-SEM, Hitachi SU8230). Phase identifica-
tion was performed by X-Ray diffractometry using Cu Kα 
radiation (XRD, Shimadzu XRD 7000 Maxima) and Raman 
spectroscopy (Horiba LabRAM HR Revolution) collected 
using a 50 × objective and a 632 nm He–Ne laser. Elemen-
tal analysis was carried out by energy dispersive X-ray 
spectroscopy (EDX, Horiba XMax).

2.2  Adsorptive removal of Cr(VI) by α‑Fe2O3 
nanoblades

Cr(VI) solutions were prepared by dissolving appropriate 
amounts of potassium dichromate  (K2Cr2O7, Loba Chemie, 
99.9%) in water. The pH of the solution was adjusted to 
2 by adding sulfuric acid (18.4 M  H2SO4, Sigma Aldrich). 
At this pH, Cr(VI) is present as  HCrO4

− anion. The α-Fe2O3 
nanoblades were then immersed in the solution for 24 h. 
The effects of contact time, initial Cr(VI) concentration 
(30–210 mg/L), and temperature (25, 35, and 45 °C) on 
the adsorption capacity were investigated. The measure-
ment of remaining Cr(VI) in solution was done through 
a standard colorimetry method in a UV–Visible spectro-
photometer (Ocean Optics) at λ = 542 nm. About 2 drops 
of diphenyl-carbazide  (C13H14N4O, DKL Laboratories), 
prepared by dissolving 0.5 mg of diphenyl-carbazide in 
100 mL acetone  (C3H6O, Fisher Chemical), were added to 
every 2.0 mL aliquots before UV–Vis testing.

2.3  Fenton‑assisted photocatalytic degradation 
of methyl orange by α‑Fe2O3 nanoblades

In a typical experiment, 2 pieces of 1.0 × 1.0 cm2 α-Fe2O3 
foil were immersed in 30 mL 5 mg/L methyl orange (MO, 
 C14H14N3NaO3S, Loba Chemie). Afterwards, 30.0 μL of 
3 wt% hydrogen peroxide (antiseptic grade  H2O2, Rhea) 
was added to initiate the heterogeneous Fenton reaction. 
Control set-ups were also included where MO alone, and 
MO with  H2O2, was exposed to UV irradiation to account 
for their corresponding effects. Photocatalytic degradation 
was performed under two 10 W UV-C lamps (Sankyo Denki 
G10T8, λ = 253.7 nm) inside a blackbox set-up. Then, 2 mL 
aliquot samples were taken at set time intervals and tested 
by UV–Vis spectroscopy to monitor the change in the 
MO concentration with time. For the reusability studies, 

2 pieces of 1.0 × 1.0 cm2 α-Fe2O3 foil were re-used in the 
photodegradation of 5 mg/L MO solution for five cycles. 
In each cycle, the catalysts were rinsed with deionized 
water twice before immersion into the MO solution and 
UV irradiation. Final concentration was then quantified 
using UV–Vis spectroscopy.

3  Results and discussion

3.1  Effects of temperature and atmosphere 
on the growth α‑Fe2O3 nanoblades

Figure 1 shows the XRD patterns of the Fe sheets after 
thermal oxidation in air and water vapor at increasing tem-
perature. The diffraction patterns suggest the formation 
of multilayered iron oxide phases after thermal oxidation. 
Peaks attributed to magnetite  (Fe3O4) were determined at 
2θ = 30.2, 43.2, 57.1, and 62.6° for the sample synthesized 
in air at 500 °C as seen in Fig. 1a. These peaks correspond 
to the reflections of the (220), (400), (511), and (440)  Fe3O4 
planes, respectively. The sharpest peak at 2θ = 35.8° could 
be an overlap between the (311)  Fe3O4 and (110)  Fe2O3 
peaks. However, (311) is the strongest peak of  Fe3O4, sug-
gesting that the Fe oxide film could be predominantly 
 Fe3O4. Other small peaks due to α-Fe2O3 (2θ = 33.2, 54.2°) 
and the Fe substrate (2θ = 45.0 and 65.3°) were also identi-
fied from the XRD pattern.

As the temperature was increased to 650 and 800 °C 
in dry air, the α-Fe2O3 peaks became more pronounced 
as shown in the XRD patterns in Fig. 1b, c. The peaks at 
2θ = 24.2, 33.6, 40.9, 49.7, 57.6, and 64.1° are due to the 
reflections of the (012), (104), (113), (024), (511), and (300) 
planes of α-Fe2O3, respectively (PDF No 84-0307). These 
peaks became stronger as the temperature was raised. 
Then again, the relative intensity of the (110) α-Fe2O3, 
which coincides with the (311)  Fe3O4 peak, was reduced 
after oxidation at 800 °C. This can be attributed to the 
decrease in the relative amount of  Fe3O4. At 800 °C, the 
relative intensities of the (104) and (110) α-Fe2O3 also 
follow more closely the values from the standard diffrac-
tion pattern of α-Fe2O3. This further supports the growth 
of α-Fe2O3 at higher temperatures. On the other hand, 
the strong peak at around 2θ = 43.6° in Fig. 1c could be 
due to the (200) peak of wustite (FeO). Based on the Fe-
oxygen phase diagram, FeO becomes stable at tempera-
tures above 570 °C. It is known that the thickness of the 
FeO layer increases with temperature at the expense of 
the outer  Fe3O4 and surface  Fe2O3 layers [30]. This could 
explain the sharp FeO peak observed at 800 °C.

Similar XRD patterns were obtained for the samples 
prepared in the presence of water vapor. Like the sam-
ples oxidized in dry air,  Fe3O4 peaks were more apparent 
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at 500 °C, while the α-Fe2O3 peaks at 800 °C. This was also 
accompanied by a very sharp (200) FeO peak at 2θ = 43.5°. 
Then again, the XRD peaks of all samples were relatively 
sharper when water vapor was introduced. This possibly 
indicates minor crystal growth, which could be attributed 
to enhanced oxidation rate in the presence of water vapor.

Figure 2 shows the corresponding FE-SEM images of 
the as-synthesized α-Fe2O3 nanoblades. In all samples, the 
α-Fe2O3 nanostructures have blade-like appearance, with a 
broad base and narrow tip. Nanoblades have thicknesses 
not more than 80 nm. Short nanowires were also present 
particularly in the samples synthesized in dry air at 500 
and 650 °C as seen in Fig. 2a, b. Denser nanosheet cover-
age was also apparent at 800 °C as in Fig. 2c. On the other 
hand, it is obvious in Fig. 2d–f that the nanoblades were 
larger when water vapor was present. The broadest blades 
were generated at 650 °C, which have an average width 
taken at half-height of around 830 nm. This is about 215% 
larger compared to the nanoblades produced in dry air at 
the same temperature.

It has been reported that the formation of α-Fe2O3 
nanostructures is mainly driven by the ‘relief ’ of com-
pressive stresses formed at the  Fe3O4|α-Fe2O3 inter-
face due to solid-state transformations [25, 28, 30]. The 
Pilling-Bedworth (P-B) ratio of  Fe3O4 and α-Fe2O3 were 
reported to be 2.10 and 2.14, respectively [30]. This slight 

specific volume mismatch in the oxide layers is said to 
be sufficient to induce interfacial compressive stresses, 
which then triggers the nanostructure growth at the 
surface of the α-Fe2O3 layer. At the beginning, α-Fe2O3 
nanowires possibly formed at the surface, which then 
laterally grew to nanoblades via surface diffusion driven 
by concentration gradient [30, 38]. Outward diffusion of 
Fe atoms from the substrate is easier at the bottom of 
the blades than at the tips, which explains the broader 
dimensions at the bottom of the nanostructures. Conse-
quently, transport of Fe atoms from the substrate to the 
tips of the nanostructures is slow, ultimately forming the 
tapered, blade-like morphology.

Higher nanowire density and smaller α-Fe2O3 grain 
sizes were observed at elevated temperature in other 
works [30, 38, 39]. This indicates enhanced nucleation, 
which might have limited the subsequent lateral growth 
of the nanowires. This explains the denser and narrower 
nanoblades formed at 800 °C as seen in Fig. 2f, which 
also corresponds to the stronger α-Fe2O3 peaks in the 
XRD patterns. On the other hand, the presence of water 
vapor probably enhanced the oxidation rate by acceler-
ating the inward diffusion of oxygen towards the Fe foil. 
This led to the faster growth of the nanostructures as 
evident from the SEM images and XRD patterns.

Fig. 1  XRD pattern of ther-
mally oxidized Fe sheets in dry 
air at (a) 500, (b) 650, (c) 800 °C 
and water vapor at (d) 500, (e) 
650 and (f ) 800 °C (Legend: 
I-Fe, H-α-Fe2O3, M-Fe3O4, 
W-FeO)
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3.2  Effect of oxidation time

Figure 3 shows the development of the α-Fe2O3 nano-
structures during thermal oxidation of Fe sheet at 650 °C 
for 30–180 min in the presence of water vapor. As seen in 
Fig. 3a, nanoblades of different sizes were formed after 
30 min oxidation. The variety of nanoblade sizes implies 
that some structures may have formed earlier than oth-
ers. Nanoblade widths range from as small as ~ 90 nm to 
about 840 nm. It is also apparent that several nanowires 
(shown in arrows) of around 65 nm in diameter were 
present and homogeneously distributed among the 
nanoblades. At 90 min oxidation time, structures were 
larger yet more uniform. Extending the oxidation time 
up to 180 min led to even bigger and denser nanoblades 
as shown in Fig. 3c. Prolonged oxidation allows more 
time for surface diffusion and atomic transport, which 
promotes growth of nanoblades. Figure 3d shows the 
tilted edge of the Fe substrate after oxidation at 650 °C 
in water vapor for 180 min. Layers with varying thick-
ness and morphology can be observed in Fig. 3d. The 
upper layer measures about 1.7 µm in thickness while 
the lower layer, which is composed of columnar grains, 
has an average thickness of around 5.6 µm. These two 

layers likely correspond to the  Fe3O4 + α-Fe2O3 and FeO 
phases, respectively [28, 30, 38].

Depending on the oxidation temperature, different 
Fe oxide layers may form on the metal substrate [28, 30]. 
It is well established that at temperatures below 570 °C, 
a multilayer of Fe|Fe3O4|α-Fe2O3 film is formed. On the 
other hand, at oxidation temperatures higher than 
570  °C, Fe|FeO|Fe3O4|α-Fe2O3 layers are produced [28, 
30, 38]. According to the Fe–O phase diagram, FeO only 
forms at temperatures above 570 °C. The columnar habit 
of FeO, which was observed in previous works [30, 40], is 
also apparent in Fig. 3d. Oxidation of the topmost layer is 
most favorable since it is the most accessible to oxygen, 
leading to faster oxidation rate. However, the thickness of 
the columnar FeO inner layer was observed to be approxi-
mately three times larger than the upper  Fe3O4 + α-Fe2O3 
layer. The presence of the much thicker FeO layer suggests 
that the lower oxides were formed at the expense of the 
oxide above it as evident from the XRD patterns in Fig. 1. 
Growth of FeO comes from the degradation of the oxygen-
richer  Fe3O4 above it. Similarly,  Fe3O4 continually forms by 
obtaining oxygen from the α-Fe2O3 layer [30]. The ease to 
which FeO forms the thickest layer at 650 °C may also be 
explained by the more efficient diffusion of oxygen (O) 

Fig. 2  FESEM images of α-Fe2O3 nanostructures synthesized in air at a 500, b 650, c 800 °C and in water vapor at d 500, e 650, f 800 °C. Inset 
shows images of samples tilted at about 45°
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in FeO than in the more established  Fe3O4 and α-Fe2O3 
phases. Given enough energy, the direction of O diffusion 
is more favorable towards the phase with the lower O con-
centration, hence the degradation of the higher oxides. 
As a result, the FeO phase is more easily grown than the 
higher oxides above it.

It is also interesting to note that nanowires preferen-
tially grow at the edges of the substrate during oxidation 
as seen in the inset of Fig. 3d. The edges are areas of high 
surface plastic deformation brought about by mechanical 
cutting of the parent Fe sheet. In a similar work, Fe sheet 
was oxidized at 600 °C for 1 h in the presence of 300 mbar 
 O2. Prior to oxidation, sandblasting was done in the surface 
of the sheets to investigate its effect on the morphology of 
the oxide nanostructures. Sandblasting for 5 s drastically 
increased the density of the resulting nanowires relative 
to the untreated sample. However, extended sandblasting 
time to 9 s resulted in the formation of dense nanoblades. 
The results suggest that there is a certain degree of surface 
roughening that promotes nanowire growth [41]. Another 
work was also able to produce similar results. Etched Fe 
sheets were first induced with mechanical deformation 
via conventional hammering and were then oxidized in 

air at 640 °C for 1 h. As a result, densely packed nanowires 
were formed after oxidation. Other morphologies such as 
nanoflakes were hardly observed [42]. In the same man-
ner, the mechanical cutting of the substrates in this study, 
which effectively induced plastic deformation and surface 
roughness along the edges, also possibly resulted in the 
formation of nanowires.

3.3  Effect of Zn doping on the morphology 
and structure of α‑Fe2O3 nanoblades

The structural and compositional analysis of the Zn-doped 
α-Fe2O3 films oxidized at 500 °C in the presence of varying 
 ZnCl2 concentration is shown in Fig. 4a. Upon introduc-
tion of Zn dopant, α-Fe2O3,  Fe3O4, and Fe XRD peaks were 
still indexed from the XRD patterns. This suggests that 
the phase composition of the Fe oxides was preserved. 
However, the peak at 2θ = 35.8° was shifted to the left rela-
tive to the undoped sample as seen in the inset of Fig. 5a. 
This can be attributed to the Zn atoms being success-
fully incorporated in the α-Fe2O3 lattice. The ionic radius 
of  Zn2+ (0.073 nm) [36] is larger than  Fe3+ (0.064 nm) [32, 
43] resulting to the shift to the left in the XRD pattern. 

Fig. 3  SEM Images of α-Fe2O3 nanostructures formed in water vapor at 650 °C for a 30, b 90, c 180 min; d edge view SEM image of the as-
synthesized sample at 650 °C in water vapor showing the different Fe oxide layer. Inset shows preferential nanowire growth at the edge



Vol.:(0123456789)

SN Applied Sciences (2020) 2:2099 | https://doi.org/10.1007/s42452-020-03950-1 Research Article

However, an unknown peak at 2θ = 38.02° was identified 
in the diffraction patterns of the Zn-doped samples, which 
might be due to a Zn hydroxide chloride phase.

Raman spectroscopy was also employed to confirm the 
successful incorporation of Zn into α-Fe2O3 as shown in 
Fig. 4b. Raman peaks at 223 and 496 cm−1 are assigned to 

the  A1g mode of α-Fe2O3, while the peaks at 244, 290, 404, 
and 610 cm−1 are attributed to the  Eg mode of α-Fe2O3 
[37, 43, 44]. All samples exhibit the same vibration pat-
tern, specific only to α-Fe2O3, which suggests that it is the 
dominant phase at the surface of the samples. Noticeably, 
a new Raman band at about 655 cm−1 emerged after the 

Fig. 4  a XRD patterns (Legend: I-Fe, H-α-Fe2O3, M-Fe3O4, *zinc hydroxide chloride) and b Raman spectra of undoped and Zn-doped α-Fe2O3 
samples synthesized at 500 °C for 3 h

Fig. 5  FTIR spectra of the 
undoped and Zn-doped 
α-Fe2O3 (0.005 M)
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introduction of dopant as seen in the inset of Fig. 5b. This 
peak is assigned to the  Eu longitudinal optical (LO) mode 
that is attributed to structural defects brought about by 
Zn doping [37, 43–45].

FTIR analysis of the undoped and Zn-doped sample 
misted with 0.005 M  ZnCl2 is shown in Fig. 5. The spectra 
for both the undoped and Zn-doped α-Fe2O3 samples are 
similar except for a pronounced peak centered at around 
1079 cm−1 in the doped sample which can be assigned 
to Fe–OH hydroxo-complex [46]. Another notable differ-
ence is the apparent shift to higher wavelengths of the 
peak associated with the Fe–O stretching vibration at 
500–560 cm−1 of the Zn-doped sample relative to pure 

α-Fe2O3. This may be ascribed to the effect of Zn-doping 
wherein the lattice parameters of α-Fe2O3 are altered due 
to the variation in the cation-oxygen bond length by 
substituting  Fe3+ with  Zn2+, consequently affecting band 
positions in the FTIR spectra [45]. This agrees well with the 
results of the XRD and Raman spectroscopy measurements 
indicating that Zn was successfully incorporated.

The morphology of the undoped and doped samples is 
compared in the FE-SEM images in Fig. 6. By misting with 
0.005 M  ZnCl2, the blade-like morphology of the α-Fe2O3 
was still evident from the FE-SEM images. However, they 
appear less uniform relative to the undoped sample. The 
presence of chlorine ions  (Cl−) in the oxidizing atmosphere 

Fig. 6  Top-view SEM images of a, b undoped, and Zn-doped using c, d 0.005 and e, f 0.010 M  Zn2+. Images on the right show tilted-view 
images
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possibly hindered the oxidation process and slowed down 
the formation of the nanostructures. Increasing the con-
centration to 0.010 M  ZnCl2 resulted in non-uniform, slen-
der nanoblades mixed with hexagonal plate-like particles. 
These particles are possibly the Zn chloride hydroxide 
detected from the XRD patterns in Fig. 5a.

Elemental mapping of the doped samples in Fig.  7 
shows that Fe, O, and Zn are present in the samples. By 
misting with 0.005  M  ZnCl2, about 22.35  wt% Zn was 
incorporated in the α-Fe2O3 lattice as shown in Fig. 7a. The 
elemental maps suggest that Zn is uniformly distributed 
within the nanoblades, which further implies successful 
doping of Zn in the α-Fe2O3 lattice. The elemental map for 
the sample doped with 0.010 M  ZnCl2 in Fig. 7b confirms 
that the hexagonal plate-like particles are composed of Zn. 
The total wt% of Zn was about 25.32%, which include both 

the atoms in the α-Fe2O3 lattice and the distinct hexago-
nal plate-like particles. These findings suggest that there 
is a maximum amount of Zn that can be introduced in the 
lattice. Excessive dopant concentration leads to the forma-
tion of a secondary phase.

3.4  Adsorptive removal of Cr(VI) by α‑Fe2O3 
nanoblades

The α-Fe2O3 nanoblades prepared by thermal oxidation at 
180 min at increasing temperature with and without water 
vapor were used for the adsorptive removal of Cr(VI) ions 
in aqueous solution. Figure 8a summarizes the removal 
efficiency for Cr(VI) for all the samples after adsorption of 
200 mg/L Cr(VI) solution for 24 h. Removal efficiency for 
all the samples ranges from around 75–95%. The sample 

Fig. 7  Elemental map of α-Fe2O3 nanoblades doped with a 0.005 M and b 0.010 M  Zn2+
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synthesized at 650 °C in water vapor yielded the highest % 
removal of about 95%. This condition may have likely pro-
duced a good combination of nanowires and nanoblades 
on the surface of the Fe foil as seen in Fig. 2e. It is also 
evident from the inset of Fig. 2e that the nanoblades are 
wide, indicating a large surface area. This possibly results 
to more adsorption sites for Cr(VI). Thus, this same sample 
was used in the experiments for the effect of contact time, 
Cr(VI) initial concentration, and adsorption temperature.

Figure 8b presents the change in the percent removal 
of Cr(VI) with time after contact with α-Fe2O3 nanoblades. 
The solution has an initial concentration, volume, and pH 
of 15 mg/L, 75 mL, and 2, respectively. The area of adsorb-
ate and agitation rate was set at 1.0 cm2 and 100 rpm, 
respectively. Initially, uptake of Cr(VI) was rapid. In fact, 
about half of the initial amount of Cr(VI) was removed 
after 10 min. Prolonging the adsorption led to the gradual 

increase in the Cr(VI) uptake until a plateau was reached, 
wherein almost 100% removal was attained after 50 min. 
As the amount of Cr(VI) in solution was reduced, the 
driving force for adsorption was also decreased, which 
explains the slower removal rates at longer adsorption 
time.

The effect of initial Cr(VI) concentration on the removal 
efficiency of the α-Fe2O3 films is shown in Fig. 8c. The total 
volume of the solution and area of adsorbate was 75 mL 
and 1.0 cm2, respectively. The pH was set at 2, while con-
tact time was 24 h. The removal efficiency progressively 
decreased with increasing initial concentration, which sug-
gests that there is a finite amount of adsorption sites avail-
able on the surface of the α-Fe2O3 nanoblades. Decrease in 
the removal efficiency can be due to the saturation of the 
adsorption sites of the α-Fe2O3 nanoblades. On the other 
hand, Fig. 8d reveals the enhancement in the adsorption 

Fig. 8  a Equilibrium removal efficiencies of the α-Fe2O3 adsorbents 
for Cr(VI), b percent removal of Cr(VI) in solution with time with ini-
tial  [Cr6+] = 15 mg/L, pH = 2, and area of adsorbent = 1.0 cm2, c effect 

of initial Cr(VI) concentration on the removal efficiency, d effect of 
adsorption temperature on the removal efficiency
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efficiency with increasing temperature. Adsorption experi-
ments were conducted at 25, 35, and 45 °C at an initial 
concentration of 210 mg/L, while keeping the pH, volume, 
agitation rate, and area of adsorbate constant. The removal 
efficiency was improved from 80.9 to 85.4% when the tem-
perature was raised from 25 to 45 °C. The enhanced effi-
ciency at elevated temperature implies that the adsorption 
process is highly likely to be endothermic in nature. The 
system is able to absorb energy at higher temperature to 
promote the adsorption of Cr(VI) onto the active sites of 
the adsorbent.

Figure  9 shows the FTIR spectra of the undoped 
α-Fe2O3 before and after adsorption with Cr(VI). The 
characteristic Fe-O stretching mode is evident at about 
500–560 cm−1 [46–50]. The wide band found at 3211 cm−1 
and at 1630 cm−1 are each assigned to the O–H stretch 
and H–O–H bending vibration modes respectively due to 
adsorbed water on the surface [46–50]. These peaks are 
pronounced only with the sample immersed in Cr(VI) solu-
tion. Another prominent peak found at about 1090 cm−1 
is previously ascribed to Fe-OH hydroxo-complexes [46].

The adsorption of Cr(VI) onto the α-Fe2O3 nanostruc-
tures is primarily driven by the electrostatic interactions 
between the adsorbent and adsorbate [28, 46, 47, 49, 
50]. According to its speciation diagram, Cr in solution 
exists primarily as  HCrO4

− anions at pH = 2 [51, 52]. On 
the other hand, the point of zero charge (PZC) of α-Fe2O3 
is previously reported at around pH = 8.3–8.8 [53, 54], 

rendering the adsorbent with a positive surface charge 
at acidic conditions. In aqueous medium, α-Fe2O3 is 
covered with hydroxyl groups (S-OH) which are proto-
nated at acidic conditions (Eq. 1) [55]. This charge dif-
ference drives the negatively charged  HCrO4

− ions to be 
attracted onto the positively charged α-Fe2O3 surface, 
leading to the loss of Cr(VI) in solution (Eq. 2). This may 
be described by the following chemical reactions [46, 
55]:

Related studies agree that the adsorption of  HCrO4
− onto 

α-Fe2O3 involves the formation of a surface complex [47, 
52, 56, 57]. It was suggested that  HCrO4

− may have under-
gone ligand exchange with the surface hydroxyl groups of 
α-Fe2O3, ultimately forming an inner sphere surface com-
plex [52], as represented in Eq. 2. This may be associated 
with the pronounced peak centered at about 1090 cm−1 
of the FTIR spectrum of α-Fe2O3 after adsorption which 
was previously assigned to Fe-OH hydroxo-complexes 
as seen in Fig. 9. The highly acidic environment was able 
to increase the degree of protonation of the adsorbent 
thereby increasing adsorption sites, maximizing the high 
surface area of the α-Fe2O3 nanostructures to efficiently 
remove Cr(VI) in solution.

(1)S − OH + H
+
↔ S − OH

+

2

(2)S − OH
+

2
+ HCrO

−

4
↔ S − HCrO4 + H2O

Fig. 9  FTIR spectra of the 
undoped α-Fe2O3 before and 
after adsorption of Cr(VI)
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3.5  Fenton‑assisted photodegradation of methyl 
orange by undoped and Zn‑doped α‑Fe2O3 
nanoblades

Figure 10 shows the MO percent removal by photodeg-
radation using the α-Fe2O3 nanoblades with increasing 
irradiation time. Pure MO was found to be highly stable 
even under UV-C irradiation since percent removal due to 
photolysis was only around 5.6%. On the other hand, the 
change in the concentration of MO after contacting with 
the α-Fe2O3 nanoblades without  H2O2 was minimal with 
only about 6% removal efficiency after 5 h. One end of 
the structure of MO consists of a sulfonate group attached 
to sodium (Na). In aqueous solutions, Na exists as a dis-
solved cation, leaving behind the sulfonate group of MO 
with a negative charge. This negatively charged end of 
MO is electrostatically attracted towards the protonated 
surface hydroxyl groups of α-Fe2O3, potentially leading to 
the removal of MO in solution [58]. However, the PZC of 
α-Fe2O3 is earlier stated at around pH = 8.3–8.8 [53, 54]. 
The actual MO solution, on the other hand, is at neutral 
pH. Hence, α-Fe2O3 may have only formed a weak, posi-
tive surface charge, which resulted to fewer adsorption 
sites and small uptake of the anionic MO even after 5 h. 
The large size of the MO molecule further aggravates the 
adsorption process due to steric hindrance. Therefore, 
removal of MO via adsorption is not significant. Similarly, 
direct photocatalysis by illuminating both undoped and 

Zn-doped (0.01 M) α-Fe2O3 in MO was only able to remove 
around 5.3% and 5.6%, respectively.

Meanwhile, adding 30 µL  H2O2 in MO under UV-C 
light degraded a considerable amount of MO even in the 
absence of the α-Fe2O3 photocatalyst. The removal effi-
ciency was around 50% after 5 h. When both α-Fe2O3 and 
 H2O2 were present, photodegradation of MO was faster 
and more effective. In fact, around 72.8% of the initial MO 
concentration was removed after 5 h in the presence of 
both undoped α-Fe2O3 and  H2O2. The Zn-doped α-Fe2O3 
samples, together with  H2O2, achieved even faster MO 
degradation. Removal percentages of approximately 99.8 
and 92.4% were obtained for the α-Fe2O3 misted with 
0.005 M and 0.010 M  ZnCl2, respectively.

It is shown from the results that  H2O2 alone, in the pres-
ence of UV light, can degrade a substantial amount of MO. 
Thus, the following chemical reaction plays a role in the 
degradation of MO [59, 60]:

The enhancement of MO degradation in the presence 
of α-Fe2O3 can be described based on (1) direct charge 
separation via photocatalysis or (2) dye sensitization that 
triggers the heterogeneous Fenton reaction. Direct charge 
separation via photocatalysis can be described by the fol-
lowing reactions:

(3)H2O2 → 2OH⋅

(4)MO + OH
⋅

→ degradation products

Fig. 10  Removal efficiencies 
of the undoped and Zn-doped 
α-Fe2O3 catalysts for the degra-
dation of 5 mg/L MO
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Upon absorption of light energy greater than the band-
gap of α-Fe2O3, photoexcitation produces electron–hole 
pairs which migrate to the surface of the material (Eq. 5). 
The photogenerated holes then react with  H2O to produce 
OH· (Eq. 6) that will degrade MO (Eq. 4). The generated 
conduction band electrons may also react with dissolved 
dioxygen in the solution to produce a superoxide anion 
radical O⋅−

2
 which could also potentially contribute to the 

degradation of MO (Eq. 7).
On the other hand, degradation via dye sensitization 

and Fenton reaction commences via the following chemi-
cal reactions [61–63]:

MO attains an excited state  (MO*) upon absorption of 
energy from UV light (Eq. 8). At the surface of α-Fe2O3, 
 MO* reduces  Fe3+ to  Fe2+ (Eq. 9) which consequently reacts 
with  H2O2 and triggers the heterogeneous Fenton reac-
tion (Eq. 10). Likewise, the generated  OH· then attacks MO 
resulting to its degradation (Eq. 4).

Based on experimental observations, the first mecha-
nism is highly unlikely since the removal efficiency of 
direct photocatalysis is very low due to the fast recombi-
nation rate and slow hole mobility of α-Fe2O3 [31, 61]. This 
further suggests that the production of radical species in 
Eqs. 6 and 7 are highly improbable. As observed from the 
degradation results, set-ups with both UV illumination and 
 H2O2 resulted in the highest percent removal. In fact, the 
undoped sample was even able to degrade substantial 
amount of MO, when illuminated in the presence of  H2O2. 
In contrast, contacting MO with undoped α-Fe2O3 even in 
the presence of  H2O2 without UV illumination resulted in 
removal of about 9%. Therefore, UV illumination and  H2O2 
are both necessary in the efficient degradation of MO and 
the second mechanism is the primary degradation route 
in this work.

Further, Zn-doping of α-Fe2O3 has further improved its 
photocatalytic performance. The introduction of  Zn2+ in 
the lattice may have created impurity level/trap state in 
the band gap of α-Fe2O3 which possibly inhibits recom-
bination of photoexcited electron–hole pairs to allow 

(5)Fe2O3 + h� → Fe2O3

(

e
−

cb
, h+

vb

)

(6)H2O + h
+

vb
→ OH

⋅

+ OH
−

(7)O2 + e
−

cb
→ O

⋅−

2

(8)MO + h� → MO
∗

(9)MO
∗
+ Fe

3+
→ MO

∗+
+ Fe

2+

(10)Fe
2+

+ H2O2 → Fe
3+

+ OH
⋅

+ OH
−

surface migration and reaction at the surface [31, 45]. 
However, this is not supported in the degradation results 
since direct illumination of Zn-doped α-Fe2O3 (0.01 M) 
without the presence of  H2O2 did not exhibit any improve-
ment relative to the undoped sample. Hence, extending 
separation lifetime of the photogenerated charge car-
riers is not the enhancing effect of Zn. Doping α-Fe2O3 
with  Zn2+ has been reported elsewhere to cause faster 
interfacial charge transfer as compared to pure α-Fe2O3 
[37, 64]. The low interfacial charge transfer resistance is 
critical in the reaction rate of the Fenton reaction (Reac-
tion 8) since an electron has to transfer from  Fe2+ to the 
adsorbed  H2O2 [65]. A more efficient electron transfer at 
the surface of α-Fe2O3 would also result to a more effec-
tive redox cycle between  Fe2+ and  Fe3+ ultimately leading 
to enhanced production of  OH· that will finally degrade 
MO. Meanwhile, the apparent decrease in efficiency of the 
Zn-doped α-Fe2O3 (0.01 M) sample relative to Zn-doped 
α-Fe2O3 (0.005 M) can be ascribed to the fewer number 
of α-Fe2O3 nanoblades formed as evident in Fig. 6e, f. The 
higher concentration of Cl in 0.01 M  ZnCl2 mist may have 
significantly slowed down oxidation rates which therefore 
led to visibly smaller and less dense α-Fe2O3 nanoblades. 
Furthermore, the presence of the large Zn hydroxide chlo-
ride platelets on top of the nanoblades might have hin-
dered the adsorption of MO. Consequently, there are fewer 
active sites where pertinent chemical reactions can occur. 
Despite the less dense α-Fe2O3 nanoblades, the Zn-doped 
α-Fe2O3 (0.01 M) sample still exhibited better photocata-
lytic performance than the undoped sample. This clearly 
indicates the significant role of interfacial charge transfer 
rate on enhancing the Fenton reaction.

The performance of the Zn-doped α-Fe2O3 (0.005 M) 
sample was also subjected to five cycles of reusability 
as shown in Fig. 11. Almost complete MO removal was 
achieved after the first three cycles of degradation. How-
ever, a slight decrease in efficiency to about 92% was 
attained in the  4th and  5th cycles. The slight decrease in effi-
ciency may possibly be attributed to adsorbed molecules 
on the catalyst surface thereby rendering some degrada-
tion sites inactive. Nevertheless, results show that the Zn-
doped α-Fe2O3 films exhibit excellent photostability and 
may be reused for several number of cycles.

4  Conclusion

In summary, α-Fe2O3 nanostructures were formed by ther-
mal oxidation at varying temperature and atmosphere. 
Oxidation in the presence of water vapor produced larger 
nanoblades, which were effective (99%) adsorbent for 
Cr(VI). Removal efficiency was found to decrease with 
increasing Cr(VI) initial concentration, while it slightly 
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improved at higher temperature. Zn-doped α-Fe2O3 nano-
blades were also successfully prepared by misting 0.005 M 
 ZnCl2 during thermal oxidation. At  [ZnCl2] > 0.005 M, a 
secondary Zn-based phase was formed. Fenton-assisted 
degradation of methyl orange showed almost complete 
removal using the Zn-doped sample (0.005 M). Reusabil-
ity studies showed that the α-Fe2O3 nanoblades in the 
presence of  H2O2 can be reused up to five degradation 
cycles with a removal efficiency > 90%. The enhancement 
of the photocatalytic property of pure α-Fe2O3 may be 
ascribed to the enhanced interfacial charge transfer kinet-
ics brought about by the successful introduction of Zn. 
This approach provides a new facile method in designing 
reusable and easily retrievable doped-metal oxide nano-
structures for environmental applications.
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