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Abstract: Mesoporous cobalt- and/or iron-substituted aluminophosphates were synthesized by a

hydrothermal method, followed by pyrolysis and calcination. The substitution of the transition

metal elements modified the electronic properties of the samples and the accompanying surface

characteristics. The samples showed tunable catalytic activity through the substitution of Fe and/or

Co. We have demonstrated that the light-induced photocatalytic 4-nitrophenol reduction reaction can

be enhanced through the substitution of Fe and/or Co in aluminophosphates. The induction time

associated with the three different types of samples, observed due to the influence of the substituents,

allows us to understand the mechanism of the 4-nitrophenol reduction process in our samples. Our

work solves the issue associated with the origin of induction time and the enhancement of the

catalytic activity of mesoporous aluminophosphates in the 4-nitrophenol reduction reaction through

a controlled modification of the electronic properties.

Keywords: photocatalysis; induction time; aluminophosphates; transition metal doping; 4-nitrophenol

reduction

1. Introduction

Molecular sieves such as zeolites are among the most important industrial heteroge-
neous catalysts [1–3]. Incorporation of transition metals into mesoporous molecular sieves,
viz. silicates, aluminosilicates, and aluminophosphates (APO) has drawn considerable
interest for a number of applications due to the tenability in their pore size, specific surface
area, and crystallinity [4,5]. The aluminophosphate zeolites have flexible Al–O–P bond
angles compared to their analogous Si–O–Si in silicates or Si–O–Al in aluminosilicates,
allowing for more morphological tunability. Different transition metal ions have been
incorporated into the APO structures [6]. The substitution effects of cobalt and iron in
such APO structures have been studied in a few reports [7,8] due to their importance in
several applications. For example, iron-substituted aluminophosphate molecular sieves
are good redox heterogeneous catalysts [1,9], and cobalt-substituted aluminophosphates
are used in heterogeneous oxidation reactions [10]. Although some reports are available
on the application of transition metal-substituted APO zeolites, the most necessary under-
standing of the structure–property correlation is lacking. For instance, to the best of our
knowledge, a detailed study on iron–cobalt co-substituted composition incorporated into
aluminophosphates, and their catalytic activity is still lacking.

In this work, we synthesized 1.5 mmol of Fe- and/or Co-doped aluminophosphates
by a hydrothermal method and studied their structure and other physical properties, along
with their catalytic activity towards 4-nitrophenol (NP) reduction. Notably, 4-nitrophenol is
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a hazardous organic pollutant often found in wastewater from industries [11]. It has been
realized that 4-nitrophenol can be transformed into 4-aminophenol (AP), which is very use-
ful as an intermediate for the manufacturing of many drugs in pharmaceutical companies.
However, the conversion of 4-nitrophenol to 4-aminophenol is challenging, even by using
the known catalysts. Hence, intensive research work is ongoing to find a good catalyst
for an economical conversion of NP to AP [12–15]. In many cases, the NP to AP reduction
reaction is demonstrated, which serves as a benchmark reaction for mechanistic studies
in catalysis. For example, catalysts such as Au, Ag and Pd nanoparticles [16,17], N-doped
graphene-supported Ag nanoparticles [18], metallic and bimetallic sponge dendrites [19],
etc., have been tried out. Although the ambient conditions are sufficient to induce a cat-
alytic reaction, most of these particles are either too expensive or not stable for prolonged
cyclability. Hence, the search for a suitable catalyst for the reduction of NP to AP and the
governing mechanism remains an intense area of research.

Interestingly, our study reveals that the hydrothermally synthesized APO samples
often have a thick amorphous semi-transparent coating on their surface, which is detri-
mental for the catalytic activity of these samples. To improve the catalytic activity of such
samples, this covering layer needs to be removed and hence an annealing step at elevated
temperatures is necessary. Furthermore, we have demonstrated a temperature-dependent
annealing method to control the carbon coating advantageously, thereby protecting the
sample from degradation and tuning their porosity and catalytic activity.

In this work, we synthesized four different APO-based zeolite samples, namely AlPO4

(APO), Co0.048Al0.952PO4 (CoAPO), Fe0.07Al0.93PO4 (FeAPO), and Co0.024Fe0.034Al0.942PO4

(CoFeAPO), as well as studied the effect of transition metal (TM) substitution (such as
Fe and/or Co) on the physicochemical properties of the APO. In addition to the study
of their structure and other physical properties, we demonstrated the usefulness of our
Co- and/or Fe-doped APO powder materials for the catalytic conversion of 4-nitrophenol
into 4-aminophenol. We demonstrated the enhanced catalytic activity of our samples by
using UV–Vis light, and based on our results, a catalytic mechanism has been proposed.
Our work also explored the origin of the induction effect in catalysis, which could help in
eliminating the limitations of the induction effect while developing catalysts.

2. Results and Discussion

Structure and Properties of Synthesized Samples

The optical photographs of all the synthesized samples are shown in Figure S1 (ESI).
The color of the APO-Asp, CoAPO-Asp, FeAPO-Asp, and CoFeAPO-Asp samples were
white, bright blue, creamy brown and bluish grey, respectively (first row in Figure S1).
These are the respective colors that the corresponding transition metal-based complexes
were observed to have. This indicates that our synthesis conditions are suitable for the
direct synthesis of transition metal-doped APO samples. After pyrolyzing the samples
at 550 ◦C in Ar atmosphere, all the samples turn blackish, but the Fe-containing samples
had a much deeper black color (second row in Figure S1). However, after calcination of
the samples at 1000 ◦C, all the samples attained a deeper color (third and fourth rows in
Figure S1) than they were in the as-prepared stage (first row in Figure S1). The changes
in color of our samples after different thermal treatments indicate that the particles of the
as-prepared samples have a semi-transparent coating on their surface, which transforms
to some form of black carbon layer due to pyrolysis at 550 ◦C in Ar atmosphere, and this
black carbon layer burns off after calcination at 1000 ◦C in air. From the precursors used,
we may infer that the semi-transparent coating on the as-prepared samples could be some
compounds associated with the acetate-, CTAB-, or isopropoxide-based complex, which
later forms the black carbonaceous layer after pyrolysis and burns off after calcination at
1000 ◦C. We will further discuss these aspects in the following sections.

Figure 1 shows the XRD patterns of all our synthesized samples. In the XRD patterns of
any particular set of samples, we observe that the sample calcined at 1000 ◦C has the highest
crystallinity. These crystalline peaks identify the tridymite-type crystal structure (P63mc
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space group) [5,8,20,21] of all our zeolite samples calcined at 1000 ◦C, along with that a
small amount of alpha-cristobalite phase that seems to be present [22–24]. Observation
of similar peaks in the XRD patterns for the pyrolyzed samples confirms the presence of
the same two phases in all the pyrolyzed samples, although the observed crystallinity is
not as strong as in the calcined samples. In addition, at the base of the first set of three
crystalline peaks, there is a pronounced broad peak observed at 2θ ≈ 26◦, especially for the
samples pyrolyzed at 550 ◦C (in Ar atmosphere). This broad peak could have originated
due to the formation of a very defective graphite-like layer on the particle surfaces during
the pyrolysis of the samples [25–34]. This aspect will be further understood later. For all
the samples calcined at 1000 ◦C and all the samples pyrolyzed at 550 ◦C, a broad peak is
observed at 2θ ≈ 12◦, which is well pronounced in the XRD patterns of all the samples
pyrolyzed at 550 ◦C. The broad peak, at 2θ ≈ 12◦, can be assigned to the (002) Bragg peak
of graphene oxide (GO) [35–37]. The origin of this peak can be understood as follows.

t

t
θ

θ

Figure 1. The XRD patterns of the (a) APO, (b) CoAPO, (c) FeAPO, and (d) CoFeAPO samples,

as indicated.
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In the XRD patterns of all the as-prepared samples, in addition to many unidentified
small peaks, a sharp peak at 2θ ≈ 21.3◦ corresponding to the (110) Bragg peak of the
tridymite-type phase is observed, along with its broad base. This indicates that, interest-
ingly, the intended zeolite phase is formed in all the as-prepared samples. Furthermore, the
peak at 2θ ≈ 12◦, observed for the pyrolyzed samples and the calcined samples, is not well
pronounced for these as-prepared samples. This indicates that there are some amorphous
precursors or reaction intermediates (related to the isopropoxide, acetate and/or CTAB)
present on the surface of the as-prepared samples, which are transparent but acts as the
carbon source for the formation of the observed graphitic and GO layers after pyrolysis
at 550 ◦C in Ar atmosphere [33,38]. Furthermore, it is clear from the photographs of the
samples (Figure S1) that there is no opaque coating (such as graphitic carbon or GO) ob-
served on the as-prepared samples, but there could be a coating of the precursor materials
(as discussed above). This coating seems to be relatively thick (thicker than the GO layer of
the pyrolyzed samples) but transparent to the visible light; hence, the colors of the zeolite
particles (in the as-prepared samples) are clearly visible through this coating (Figure S1,
first row). When the samples are pyrolyzed at 550 ◦C in Ar atmosphere, these coating
materials start to form a thick graphene oxide (GO) type of layer, covering the immediate
surface of the particles. It should be noted that for pyrolysis, we used Ar atmosphere;
hence, the pyrolysis of acetate and/or isopropoxide should lead to a graphitic cover layer
on the particles [30,33]. However, observation of GO peaks in the XRD patterns suggests
that the pyrolysis temperature was slightly lower than that what is previously generally
used [32,33,39]. Hence, the oxygen of the acetate and isopropoxide do not dissociate
completely and go away but helps in the formation of the defective carbon layer on the
immediate surface of the particles. In addition, partial dissociation of the oxygen functional
groups due to pyrolysis also forms a GO-like top cover layer on the particles above the
carbon layer. This can be rationalized from the observed broad peak at 2θ ≈ 26◦ in the XRD
patterns of the pyrolyzed samples. This aspect can be further clarified from the electron
microscopy study later. Hence, the presence of both GO and defected graphitic coating on
the top of the particles emphasizes the black color of the samples after pyrolysis, as seen
in Figure S1.

Now, for the samples after calcination at 1000 ◦C in air, this graphitic layer and the
GO layers observed for the pyrolyzed samples burn (oxidize) and evaporate. The original
color of the samples is exposed again, as shown in Figure S1 (bottom row), i.e., the calcined
sample is shinier and deeper in color than the as-prepared samples (where the colors were
dull, Figure S1). This dull color of the as-prepared samples, along with the formation
of the GO and graphitic layers after pyrolysis, proves the presence of semi-transparent
carbonaceous compounds on the surface of the as-prepared samples. Furthermore, a small
peak at 2θ ≈ 12◦ corresponding to GO is still present in the XRD patterns of the calcined
samples, even after calcination of the pyrolyzed samples at 1000 ◦C in air. It will be clear
from the SEM study later that the observed small GO and graphitic peaks can originate
from the bound carbon atoms trapped within the particle boundaries and are gradually
released after calcination at 1000 ◦C. Furthermore, comparing this peak (at 2θ ≈ 12◦) (with
respect to the crystalline zeolite peaks) for all the 1000 ◦C calcined samples, it is clear that
the FeAPO sample still has this peak stronger than that of Co samples. This observation is
quite interesting, and we will discuss it in the following sections.

To better understand the nature of the coating layer of different samples, let us com-
pare the XRD patterns of the samples synthesized under the same experimental conditions.
Careful observation of the XRD patterns of the as-prepared samples reveals that there is a
weakly developed broad peak at a 2θ value (>12◦), slightly higher than the corresponding
peak of GO (seen in the pyrolyzed samples). This indicates that this peak does not corre-
spond to the presence/formation of GO on the particles, but rather the zeolite particles
are covered by a few layers of the precursor-derived material. Among the as-prepared
samples, the XRD peak of the cover layer (at 12◦) is more pronounced for the CoAPO-Asp
sample and least pronounced for the FeAPO-Asp sample. This suggests that the samples
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having Co as dopants (CoAPO) have a higher tendency to form a coating of striated nature
than samples with Fe dopants (FeAPO). Hence, it can be considered that the materials
derived from the carbonaceous precursor are randomly chemisorbed/absorbed inside the
FeAPO particles; correspondingly, a high background is observed at lower Bragg angles.
Simultaneously, a high background is observed for the FeAPO-550 sample, in comparison
to the other pyrolyzed samples. This indicates that there is a high amount of amorphous
carbon present on the FeAPO-550 sample, along with the GO and graphitic layer on the
core zeolite particles. Note here that, as the pyrolysis is performed in the inert Ar atmo-
sphere, the carbonaceous precursor-derived coating of the as-prepared samples would only
decompose and form the GO layer on the zeolite core particles [28,40–42]. However, unlike
in pyrolysis, calcination at 1000 ◦C in air would lead to the burning of the GO and graphitic
cover layer on the particle surface. Hence, in all the pyrolyzed samples, the intensity of the
XRD peaks corresponding to GO and graphite is drastically reduced. However, it can be
understood from the XRD patterns that, among all the samples calcined at 1000 ◦C in air,
the FeAPO-1000 sample still shows a relatively higher amount of GO layer on the particles
in comparison to the other two samples. Hence, the order of the samples with increasing
GO amount is CoAPO-1000 < CoFeAPO-1000 < FeAPO-1000. Therefore, we may conclude
that Fe has a stronger affinity to bind with carbon and it does not allow the carbon to be
easily burnt. This tendency was also observed earlier in the synthesis of carbonaceous
materials by pyrolysis [38,42]. Here, we understand that Fe and C form strong bonds of
more covalent character than Co and C, due to better valence electron (electro-negativity)
match; hence, Fe atoms trap more C atoms with it. This was confirmed earlier [43] and is
also confirmed here from the XRD pattern of the APO-1000 sample.

As mentioned earlier, the intensity of the broad peaks at 12◦ and 26◦ in the XRD
patterns, corresponding to GO and graphitic layers, are almost burnt off after calcination at
1000 ◦C in air. The remaining GO layer is very thin. Hence, it can be envisaged that these
carbonaceous layers on the zeolite core particles would help in protecting the particles
against degradation and from chemical and thermal corrosion [35–37]; however, the surface
activity and other physical properties of the core zeolite particles will be shielded. To prove
these aspects, we have performed a catalytic activity study of our samples for the reduction
of NP to AP, which will be discussed later.

To confirm that the (Fe and Co) dopants are doped in the structure of our zeolite
samples, we have compared the peak positions of the tridymite phase in the XRD patterns
of the calcined samples, as shown in Figure 2. Clearly, the position of the Bragg peaks
shifts as the size of the Fe atoms are smaller than the Co atoms. We have also performed
the Rietveld refinement of the XRD patterns of different samples, considering only the
tridymite phase only. The least-squares fitted XRD patterns (Rietveld refinement) is given
in Figure S2 (ESI) and the refined lattice parameters and the fitting parameters are listed
in Table S1 (ESI). The crystallite sizes calculated from Scherrer’s equation were found
to be 27, 32, 32, and 29 nm (±2 nm) for the APO-1000, CoAPO-1000, FeAPO-1000 and
CoFeAPO-1000 samples, respectively.

The SEM micrographs in Figure 3 show the morphology of our synthesized samples.
All the samples contain irregularly shaped particles. The particles found in the Fe- and
FeCo-doped as-prepared zeolite samples are bigger than that of the CoAPO-Asp sample.
After pyrolysis at 550 ◦C, the size of the particles seems much bigger than those found in the
as-prepared samples. This observation is in line with our XRD results that during pyrolysis,
the precursor-derived carbonaceous materials decompose to form GO and graphitic layers
and the amorphous carbon matrix; during this process, many small particles fuse together
through their amorphous carbonaceous cover layer. Furthermore, calcination at 1000 ◦C,
this graphitic and GO cover layer burns off and the particles become separated again.
Hence, we have observed many smaller particles in the SEM images of the samples calcined
at 1000 ◦C. Importantly, comparing among the SEM images of, especially, the pyrolyzed
samples, one can rationalize that the particles found in the Fe- and FeCo-doped pyrolyzed
samples (FeAPO-550 and FeCoAPO-asp) are much bigger than that of the Co-doped
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pyrolyzed sample (CoAPO-550). This bigger size is due to the aggregation of the zeolite
particles through the fusion of the carbonaceous cover layers, which is mostly amorphous
in nature, as observed in the background of the XRD patterns in Figure 1. After calcination
at 1000 ◦C, it seems still some GO layer is present, as particles still seem to be fused through
their carbonaceous coating, as will be clear from the TEM results given below.

t

û
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t ff
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t t

tFigure 2. The XRD patterns of the calcined samples showing a comparison between the peak positions

for the samples after calcination at 1000 ◦C in air.

Figure 3. SEM micrographs of: Top panel: (a) CoAPO-asp, (b) FeAPO-asp, (c) CoFeAPO-asp. Middle

panel: (d) CoAPO-550, (e) FeAPO-550, (f) CoFeAPO-550 samples. Bottom panel: (g) CoAPO-1000,

(h) FeAPO-1000, (i) CoFeAPO-1000 samples.
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The TEM micrographs of pyrolyzed and calcined samples are shown in Figure 4. In
all the samples, the core zeolite particles are of long rice/needle-shaped and are connected
with each other by the carbonaceous matrix. As explained above, the carbonaceous (GO,
graphite, and amorphous carbon) materials are more in pyrolyzed samples, which well
separates the rice-shaped zeolite particles than that which was observed in the calcined
samples. Among the pyrolyzed samples, the separation between the rice-shaped particles
is more for FeAPO-550 and FeCoAPO-550 samples than the CoAPO-550 sample. The
calcination of the samples at 1000 ◦C facilitates burning of the carbonaceous layer and
allows the zeolite particles to fuse/connect together, as observed in the TEM images. The
high-resolution TEM images of the calcined samples are shown in Figure S3 (ESI). Clearly,
as observed in the XRD patterns, the CoAPO-1000 and CoFeAPO-1000 samples show a
clear atomic arrangement of the atomic planes.

t

t

ff

û

Figure 4. (i) Left panel: TEM images of (a) CoAPO-550, (c) FeAPO-550, and (e) CoFeAPO-550 samples.

(ii) Middle panel: TEM images of (b) CoAPO-1000, (d) FeAPO-1000, and (f) CoFeAPO-1000 samples.

In order to understand the structure of our samples better, we performed thermo-
gravimetric analysis, TGA. The measured TGA curves for all our samples are shown in
Figure 5. All curves show about 5–10% weight loss at lower temperatures, below ~180 ◦C,
associated with the evaporation of the adsorbed gaseous moieties and moisture. Figure 5a
shows the TGA plots for all the as-synthesized samples, where we observed a sharp weight
loss of about 50–60% at about 250 ◦C. This low-temperature weight loss suggests that the
cover layer consists of precursor-derived carbonaceous moieties, which are then burned
off, confirming our previous assumption. Hence, the cover layer of the as-prepared zeolite
particles is not GO or graphite but some precursor derived material that works as the
carbon source for the formation of GO and graphite layer during pyrolysis. The gradual
weight loss for the FeAPO-asp sample confirms the affinity of Fe to keep-bonded with the
carbon, as discussed earlier. Figure 5b shows the TGA curves for all our samples obtained
after pyrolysis at 550 ◦C in Ar atmosphere. Here, the weight loss of ~21% at about 500 ◦C
for the FeAPO-550 sample is the maximum among all the pyrolyzed samples, followed by
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CoFeAPO-550 and CoAPO-550 (Table S2, ESI). This further emphasizes the affinity of Fe to
form a carbonaceous layer around it. Note that this weight loss occurs through the burning
of carbon layers (GO and graphite) covering the core zeolite particles in air. Figure 5c shows
the TGA curves of all the samples calcined at 1000 ◦C in air. The weight loss observed at
below 180 ◦C corresponds to the evaporation of moisture and adsorbed moieties. As the
carbon layer is burnt during calcination, these samples do not show any major weight loss.
However, a weight loss of ~1% is observed above ~800 ◦C. This is quite interesting and
confirms our previous supposition that there are some carbon species trapped between two
fused particles which are slowly getting released at higher temperatures. Although it is
within the error bar, this weight loss (at ~800 ◦C) is the highest for the FeAPO-1000 sample
(Table S2, ESI).

t

Figure 5. TGA plots of (a) As-prepared, (b) pyrolyzed (at 550 ◦C in Ar), and (c) calcined (1000 ◦C in

air) samples. Note that the TGA experiments were performed in air atmosphere.
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To understand the oxidation state of iron in the zeolite structure, we performed 57Fe
Mössbauer spectroscopy at RT. The measured Mössbauer spectra for the FeAPO-1000
and CoFeAPO-1000 samples are shown in Figure 6. The spectra are least-squares fitted
by assuming a doublet corresponding to Fe at the Al position. The obtained Mössbauer
parameters are listed in Table 1. The presence of a doublet with small isomer shift values
(δ = 0.16 mm/s and 0.18 mm/s) for both the samples suggests the presence of trivalent
iron in both of our samples. However, the weakly asymmetric shape of the Mössbauer
lines suggests the presence of a minute amount of Fe+2 state ions. Similar results were
earlier observed for the Fe-doped APO zeolite [44] and the Fe-doped yttrium aluminum
garnet [45–47].

δ

t

t

δ

ff

Figure 6. Mössbauer spectra of FeAPO-1000 and CoFeAPO-1000 samples. The black dots are the

experimental data points and the red lines are the least square fits.

Table 1. The Mössbauer parameters obtained after fitting the Mössbauer spectra of FeAPO-1000 and

CoFeAPO-1000 samples. The isomer shifts are given with respect to the 57Co-source (Rh-matrix) at RT.

Sample Isomer Shift (δ) (mm/s) Quadrupole Splitting (∆) (mm/s) Peak Line Width (Γ)

Fe-APO-1000 0.180 0.835 0.564
CoFe-APO-1000 0.160 1.018 0.641

Figure 7 shows the XPS spectra of our CoAPO-1000 sample, which helps us to under-
stand the oxidation state of Co, when doped in the APO structure. From the spectrum,
it is clear that Co exists in both the Co2+ and Co3+ states [48–53]. As the oxidation state
of the Co (2+) is different from that of Al (3+), there should be some defects/vacancies
associated with the structure of Co-doped APO samples. The XPS spectra of FeAPO-1000
and CoFeAPO-1000 have substantial noise and low-intensity peaks (Figure S4, ESI).

The optical properties of zeolites are not often thoroughly explored. However, our
samples show very interesting absorption behaviors, as discussed below. The UV–Vis DRS
spectra of our samples are shown in Figure 8. Figure 8a shows the DRS spectra of the
samples after pyrolysis at 550 ◦C. As discussed above, under the TEM and XRD results,
these samples have a shell of GO and graphitic carbon on the zeolite core particles and are
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present inside the amorphous carbon matrix. These carbonaceous layers generally absorb
light and appear black, as seen in Figure S1. Hence, a very small reflectance of 15–20%
(high absorption) is observed for all the pyrolyzed samples. Interestingly, we observed
exciting optical behavior for the samples calcined at 1000 ◦C in air, as shown in Figure 8b.

ff
Figure 7. XPS spectra of CoAPO-1000 sample: (a) Co-2p edge, (b) Al-2p edge, and (c) P-2p edge.

The black lines are experimental data and colored lines are the sub-fits corresponding to different

oxidation states.
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t

Figure 8. UV–Vis DRS spectra of CoAPO, FeAPO, and CoFeAPO samples (a) pyrolyzed at 550 ◦C in

Ar atmosphere and (b) calcined at 1000 ◦C in air.

The maximum percentage of reflectance observed for the FeAPO-1000, CoFeAPO-1000,
CoAPO-1000 samples are about 65%, 75%, and 80%, respectively. This variation seems to
be associated with the thickness of the GO layer present on the sample surface, as discussed
under the XRD results. Although this GO layer is a little detrimental for the optical
behavior of the sample, it works as a good shield against corrosion and degradation of the
particles [35,36]. In addition, this sample can potentially have high microwave absorption
due to their similarity with many other materials used in microwave absorption [46,54,55].
Furthermore, the CoAPO-1000 sample shows lower reflectance only in a small window
of wavelengths, ~450–700 nm. This highlights the importance of this sample for its use in
optical filter applications, such as a UV filter in smart windows [56,57]. For the FeAPO-1000
sample, the reflectance gradually decreases from 600 nm to 350 nm. However, for the
CoFeAPO-1000 sample, a well-defined absorption window of wavelengths is induced. This
suggests that by Co and Fe co-doping, the absorption window can be tuned for many
potential applications of such materials.

To explore the optical properties of our samples further, we determined the bandgap
(Figure 9a–c) of the samples by using Kubelka–Munk formalism [43,58,59]. The values of
the bandgaps are listed in Table 2. The bandgaps observed for the pyrolyzed samples are
between 1.4 and 1.5 eV, which are often observed for carbonaceous materials [30,32,34].
Hence, this is associated with the carbonaceous layer on the zeolite cores, but not associated
with the core zeolite phase. However, as expected, a clear optical absorption window
between 1.85 eV and 2.5 eV is observed for the CoAPO-1000 sample, as shown in Figure 9d.
The FeAPO-1000 and CoFeAPO-1000 samples show similar band gaps of 3.05 eV and 3.11eV,
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respectively. In addition, a clear window of absorption is also featured between 1.8 and
2.5 eV, as shown in Figure 9f. Hence, our materials are useful for advanced applications
such as optical filters in smart windows.

υ υ

ff

ff

Figure 9. The plot of Kubelka–Munk function, (F(R)hυ) versus hυ, for determining bandgap of our

samples: (a–c) pyrolyzed at 550 ◦C in Ar atmosphere and (d–f) calcined at 1000 ◦C in air.

Table 2. List of bandgaps derived from the Kubelka–Munk plots for the pyrolyzed and calcined

samples. * Pertains to the observation of band gaps in two different linear regimes in Figure 9f.

Sample Name Pyrolyzed at 550 ◦C Calcined at 1000 ◦C

Band Gap (eV) Band Gap (eV)

CoAPO 1.47 1.86
FeAPO 1.48 3.04

CoFeAPO 1.34 3.13(1.84) *

To understand the catalytic activity of our samples, knowledge of the surface area
exposed to the reactants is very important. The surface of the catalysts is the host ground
for the reactants to undergo a reaction. Without the catalysts, the reaction may not proceed.
Furthermore, the pore size of our mesoporous zeolite samples can play an important
role in their application. For this purpose, we have measured the specific surface area
and pore diameters of our samples through nitrogen adsorption–desorption isotherms at
77 K. The nitrogen (N2) adsorption behavior at 77 K for the CoAPO samples synthesized
at different conditions are shown in Figure 10a,b. It is clear that the nature of most of
the adsorption–desorption isotherms belong to that of the Type IV isotherms, where a
monolayer of the adsorbates is initially adsorbed to the surface of the adsorbent at a low
pressure, followed by multilayer formation at a higher pressure, and upon desorption of
the gasses, a hysteresis is formed. Hence, the heat of monolayer formation (E1) is higher
than the heat of liquification and thus a monolayer forms first. However, the only exception
is for the CoAPO-asp sample.

Figure 10a–i shows the adsorption–desorption isotherm for the CoAPO-asp sample.
The nature of the isotherm suggests that there is almost no adsorption of the gases in
the low-pressure region; however, as the pressure increases, only a marginal volume of
gases is gradually adsorbed. The desorption profiles form a hysteresis, making a Type-V-
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like adsorption–desorption (isotherm) profile and an H4 type of hysteresis. Hence, there
are almost no micropores (<2 nm diameter) present on the surface of this as-prepared
(CoAPO-asp) sample.

û

ff

Figure 10. The adsorption–desorption isotherms for the (a) CoAPO-asp, CoAPO-550 and CoAPO-

1000 samples, and (b) CoAPO-550, CoFeAPO-550 and FeAPO-550 samples. BJH analysis plots for

(c) all the samples after pyrolysis at 550 ◦C and (d) the CoAPO-1000 sample.

Furthermore, with increasing pressure, the multilayers do not form efficiently in
comparison to the other CoAPO samples. Hence, it clarifies that the surface materials
are different from those of the other samples. There are almost no micropores and the
surface coating on the zeolite core particles are very dense (less porous) with a very small
amount of mesopores. Capillary condensation of N2 in these pores leads to the observed
horizontal hysteresis. The above observations support our conclusion from the XRD results
and the photographs (Figure S1) that the surface of the as-prepared samples has a less-
defective (dense) semi-transparent amorphous layer of the precursor-derived (acetate and
isopropoxide based) materials.

For the CoAPO-550 sample, a BET-type of adsorption profile is observed (Figure 10a-ii).
The Langmuir-type nature of the adsorption isotherm at the low-pressure region suggests
that, first, there is a monolayer formation on the surface of the particles, followed by a
sharp increase in adsorption, exhibiting a multilayer formation with increasing pressure,
and a sharp desorption profile is subsequently observed during a decrease in pressure,
forming a Type IV adsorption–desorption isotherm and an H1 type of hysteresis. This
hysteresis suggests that there is a pore condensation or capillary condensation process
occurring, which implies that there are plenty of pores on the surface of this sample. This
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observation clearly explains the nature of the GO and the graphitic layer, which forms
due to pyrolysis of the samples, especially the pyrolysis of the precursor-derived layer
present on the zeolite core. This feature is often observed in the isotherms of mesoporous
carbon [60–62], resembling the nature of the surface of our samples. After calcination of
the sample at 1000 ◦C, the carbonaceous cover layer burns out (as observed in our TGA
results). The adsorption–desorption isotherm for our CoAPO-1000 sample is shown in
Figure 10a-iii. The low-pressure region of this isotherm is similar to that of a Type-I-like
isotherm and is similar to that of the CoAPO-550 sample, but the N2 adsorption volume
is much lower. Hence, the surface area exposed to the monolayer formation is much less.
This happens due to the burning of the GO and graphitic layers. This reveals the fact that
in the CoAPO-550 sample, the pores were present in the carbonaceous layer on the zeolite
particles. Calcination at 1000 ◦C burns off this carbonaceous layer and the pores would
then vanished. Furthermore, for the CoAPO-1000 sample, the multilayer started forming
at a higher pressure than what was required for the CoAPO-550 sample, suggesting that
the surface of the zeolite core is almost exposed for this sample and the natural color of
the sample is also exposed (Figure S1). Our observation suggests that the CoAPO-550
sample exposes high surface area and, as will be made clear later, this sample shows high
catalytic activity. In order to explore the influence of the dopants on the formation of this
carbonaceous layer and their catalytic activity, other similar samples pyrolyzed at 550 ◦C in
Ar atmosphere were also examined by their adsorption–desorption isotherms.

Figure 10b shows the adsorption–desorption isotherm for all the samples pyrolyzed at
550 ◦C. All the samples show similar behavior in low-pressure regions, indicating a similar
process of monolayer formation. The multilayer formation also starts at a higher but similar
pressure range for all the samples. Hence, the characteristics of the pores present in all
the samples are similar, i.e., the mean pore diameters for different samples are not very
different. However, from the adsorption volume closer to saturation pressure (Figure 10b),
it suggests that the specific surface area (S), total pore volume (Vp), and volume of the
adsorbate forming a monolayer (Vm) on the adsorbent surface are different. To quantify
these parameters, we have analyzed the data using the Brunauer–Emmett–Teller (BET)
theory of surface adsorption.

The obtained parameters are listed in Table 3. Clearly, all parameters, S, Vp, and
Vm are high for the Co-doped samples pyrolyzed at 550 ◦C, i.e., the CoAPO-550 and
CoFeAPO-550 samples. To obtain the distributor pore volume (pore volume for different
pore diameter), we have used the Barrett–Joyner–Halenda (BJH) analysis method. The pore
size distribution with pore radius for the pyrolyzed samples is shown in Figure 10c, and
for the CoAPO-1000 sample, it is shown in Figure 10d.

Table 3. The surface parameters derived from the adsorption–desorption isotherms by the BET method.

Sample Specific Surface Area (m2/g) Total Pore Volume (cm3/g) Vm (cm3 /g, (STP)) Mean Pore Diameter (nm)

CoAPO-asp 26.3 0.06 6.04 8.99
CoAPO-550 168.9 0.51 38.82 12.17
FeAPO-550 152.9 0.33 35.14 8.57

CoFeAPO- 550 171.1 0.43 39.31 10.11
CoAPO-1000 72.8 0.19 16.73 10.19

The pore volume, specific surface area, and peak value of the pore radius are listed
in Table 4. From Figure 10c, it is clear that the pore size (radius) varies between 1.7 nm
and 12 nm. According to the IUPAC definition, most of the observed pores are mesopores
(2 nm < rp < 50 nm). Furthermore, the peak pore radius for all the three samples is not
very different, but the pore volume is the highest for the CoAPO-550 sample. Hence,
the active surface for this sample is the highest. Figure 10d suggests that the mesopores
observed in the pyrolyzed samples vanish after calcination of the pyrolyzed samples.
This observation is consistent with all other characterization results that the mesopores
observed in the pyrolyzed samples are present in the GO and graphitic coating layers.
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The adsorption–desorption behavior analysis of our samples suggests that by our syn-
thesis method, mesoporous carbonaceous materials coated on zeolite surfaces could be
synthesized for many different applications. Our studies on the catalytic activities of the
synthesized samples are discussed below.

Table 4. The pore volume (Vp), specific surface area (Sp), and the peak value of the pore radius (rp)

obtained from BJH analysis of the adsorption isotherms of the analyzed samples.

Sample
Vp

(cm3/g)

Sp

(m2/g)

rp

(nm)

CoAPO-as 0.0624 0.0359 2.39
CoAPO-550 0.4919 0.1930 6.96
FeAPO-550 0.3170 0.1663 4.02

CoFeAPO-550 0.4218 0.1956 4.60
CoAPO-1000 0.1553 0.0070 9.30

3. Photo-Catalytic Activity of the TM-APO Samples for 4-Nitrophenol Reduction

Mesoporous molecular sieves have been considered in the field of catalysis in recent
years because of their high surface area associated with the mesopores. However, owing
to the poor catalytic performance, the use of aluminophosphates in the reduction of 4-
nitrophenol or nitroarenes under ambient conditions is not actively considered [63–68].
Here, we demonstrate that the way to enhance the catalytic activity of aluminophosphates
is through the substitution of Fe and/or Co in the structure of aluminophosphates. We used
our synthesized transition metal (TM)-doped aluminophosphate (TM-APO) zeolite samples
(both the 550 ◦C pyrolyzed samples and the 1000 ◦C calcined samples) as photocatalysts to
investigate their effectiveness in reducing the hazardous 4-nitrophenol (NP) to the very
useful 4-aminophenol (AP) through the use of NaBH4. This reduction reaction was carried
out in a photocatalytic reactor setup as discussed earlier (Figure S6). UV–Vis spectroscopy
was used to evaluate the effectiveness of the catalysts quantitatively.

Figure 11 shows the UV–Vis absorbance spectra recorded after allowing the reduction
of the NP-solution to occur for several time durations without using a catalyst or in
presence of the pure aluminophosphate as catalyst. Note that, as stated in the experimental
details, in all the cases, a fixed amount (50 mg) of the catalyst was used in the NP solution
containing 180 mL of (0.0414 M) NP solution along with 20 mL of (1.5 M) NaBH4. By the
addition of NaBH4 into the solution, the solution changes its color from faint yellow to
straw yellow, which indicates the formation of 4-nitrophenolate ion. By adding an active
catalyst, the solution becomes colorless in a few minutes of time duration, depending on
the effectiveness of the catalyst. This color change indicates the conversation of NP to AP.
The intensity of the UV–Vis spectra (Figure 11) quantitatively confirms the decrease in peak
intensity of the peak at ~400 nm (corresponding to light absorption by the 4-nitrophenolate
ion) and a simultaneous increase in intensity of the peak at ~292 nm (corresponding to
light absorption by the 4-aminophenolate) without forming any by-products.

The rate of reaction (pseudo-first order), i.e., the rate constant (Ka) of the reaction was
estimated by using the pseudo-first-order rate kinetic relation as follows:

−ln

(

At

A0

)

= Kat (1)

where, At and A0 are the intensities of the absorption spectra at time ‘t’ and ‘0′ (initial
value), respectively [69]. For evaluation of the rate of reaction, the concentration of 4-
nitrophenol was calculated using the integrated intensity of the nitrophenolate peak in the
UV-Vis spectra. The apparent rate constants (Ka) of the reactions were estimated using
the pseudo-first-order rate kinetic relation and are given in Table 5. The value of Ka is
considered from the slope after the initial ‘induction time’. Clearly, for both the cases
(without any catalyst or in presence of pure aluminophosphate as catalyst), we did not
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observe any appreciable 4-nitrophenol reduction activity (Figure 11c). It is also known that,
in the absence of a catalyst, NaBH4 alone cannot reduce the NP molecules, but it helps in
reducing NP to AP in presence of a catalyst [70] hence an active catalyst is necessary.

ff

− ln ቀ୅౪୅బቁ =  Kୟt
′

Figure 11. UV-Vis absorbance spectra after different time durations (a) without catalyst and (b) with

pure APO samples, undergoing NP reduction. (c) Plots showing the time-dependent change in

absorption intensity for the NP reduction reaction.
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Table 5. Induction time (It), rate of reduction after induction time (Ka), and % conversion (after

90 min) of 4-nitrophenol to 4-aminophenol using the synthesized aluminophosphates.

Sample Dark Light Light + Pre-Stirring

It

(min)
Ka

(min−1)
% Conversion

It

(min)
Ka

(min−1)
% Conversion

It

(min)
Ka

(min−1)
% Conversion

CoAPO-550 5 −0.066 97 2 −0.126 100 - - -
FeAPO-550 15 −0.010 52 15 −0.010 49 - - -

CoFeAPO-550 15 −0.011 62 10 −0.053 99 - - -

CoAPO-1000 27 −0.028 84 9
−0.058

(−0.039)
94 -

−0.235
(−0.043)

100

FeAPO-1000 52 −0.034 71 33 −0.011 91 12 −0.074 100
CoFeAPO-1000 9 −0.004 42 10 −0.021 90 9 −0.061 100

In most of the earlier studies, metal nanoparticles have been used as catalysts for this
4-NP reduction reaction under ambient conditions, where it was known that the rate of
reaction depends on the number of active sites and concentration of NaBH4 [71]. However,
the limitation associated with the metal catalysts are that they are either too expensive or
degrade under ambient conditions, along with the cumbersome synthesis procedure often
associated with them. In search of stable and economical catalysts with fast reaction kinetics
and high turnover frequency, herein, we investigated the effectiveness of our TM-APO
samples (both types: pyrolyzed in Ar and calcined in Air). The UV–Vis absorbance plots
for NP-reduction by the (550 ◦C) pyrolyzed samples are shown in Figure 12. In comparison
to the pure APO sample (Figure 11), these pyrolyzed samples show moderately higher
catalytic activity (Figure 12, left panel, under dark condition), which is further enhanced
in the presence of light (Figure 12, right panel). From the slope of the time dependent
absorbance plots (Figure 12d,h), it is clear that the improvement in catalytic activity under
light is negligible for the FeAPO-550 sample; however, for the CoFeAPO-550 sample, it
is the highest. Furthermore, among all the pyrolyzed samples, the CoAPO-550 sample
shows good catalytic activity, both in dark and under light. The origin of catalytic activity
of our samples is related to both the microscopic and macroscopic structural aspects of
the samples. The highest catalytic activity shown by the CoAPO-550 sample, even in dark
conditions, can be understood by the charge state of Co, where, instead of only Co3+, a
significant amount of Co2+ is also present, as observed by XPS (Figure 7). This difference in
charge state creates oxygen vacancies, especially in the CoAPO sample, and the vacancies
possess negative electronic charge (electrons). These electrons help in originating the higher
catalytic activity in CoAPO samples, even in the dark. As a relatively smaller number of
Co2+ cations (in CoFeAPO-550 sample) or almost no Fe2+ cations are expected (in FeAPO-
550 sample, Figure 6), in addition to the thicker carbon layer covered on these APO-based
particles, these samples do not show good catalytic activity in dark condition.

Let us understand the origin of the observed photocatalytic activity of these pyrolyzed
samples under light. It is clear from the analysis of the XRD, SEM, and TGA results that
the pyrolyzed samples contain a lot of amorphous carbon and they appear black in color.
Hence, the exposed surface for catalytic reaction for these samples is not the surface of
the APO-based particles but the amorphous carbon covering, suggesting that the catalytic
activity is mostly contributed by the amorphous carbon layer covering on the APO-based
particles, in addition to its role in influencing the catalytic activity of the APO-based
particles underneath. Furthermore, from the SEM/TEM and TGA results, we observed that
the amount/thickness of the amorphous carbon covering is the highest for the FeAPO-550
sample, followed by CoFeAPO-550, and CoAPO-550. The pure APO-550 sample has the
least amount of amorphous carbon covering. Correlating the amount of amorphous carbon
with the catalytic activity shown by the samples (Figure 12d,h) in the dark and under the
light, it can be rationalized that there is a remarkable contribution of light to instigate the
catalytic activity of the samples. This aspect can be understood from the analysis of the
UV–Vis DRS results, as discussed below.
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Figure 12. The UV-Vis absorbance spectra of the NP solution after certain interval of time, as indicated.

The (550 ◦C) pyrolyzed samples were used as catalysts under dark and light conditions. Left panel

(under dark): (a) CoAPO-550, (b) FeAPO-550, and (c) CoFeAPO-550 samples as catalysts for NP

reduction; and right panel (under light): (e) CoAPO-550, (f) FeAPO-550, and (g) CoFeAPO-550

samples as catalysts for NP reduction. (d,h) The plots showing the time-dependent change in

absorption intensity for the NP reduction reaction. The lines are to guide the eye.

As will be made clear from the mechanism of catalytic activity of our APO-based
samples, the availability of electrons on the surface of the particles is important for facili-
tating the catalytic reduction of NP to AP. In this respect, the following factors decide the
activity of the light in enabling a catalytic reaction: (1) the creation of electron–hole pairs



Catalysts 2024, 14, 408 19 of 31

in the APO-based catalyst by the incident light, (2) the transition of these electrons to the
conduction band of the APO-based material, and (3) the transport of these electrons onto
the surface of the particles through the carbon coating. In the analysis of the UV–Vis DRS
results (Figure 8a), we have observed that the pyrolyzed samples with the average energy
gap (bandgap) of between 1.3 and 1.5 eV absorb the photons in the whole measured UV–Vis
frequency region. This absorption behavior can be associated with occurring at the carbon
covering only [30,32–34,42], and the core APO-based particles are partially shielded by the
light absorption at this carbon covering. From the TGA results, we have observed that the
weight loss associated with the burning of carbon occurs at ~500 ◦C for the FeAPO-550 and
CoFeAPO-550 samples, whereas it occurs at ~600 ◦C for the CoAPO-550 sample. Hence,
the carbon covering on the CoAPO-550 sample is more graphitic (and thinner) in nature.
As graphitic carbon is more conducting than the amorphous carbon and thickness of the
graphitic layer is lower (in the CoAPO sample than that of the other samples), the photo-
excited electrons are easily transported to the surface of the CoAPO samples. Hence, under
light, the CoAPO-550 sample shows the highest activity followed by the CoFeAPO-550
sample. Based on the BET and UV–Vis-DRS results, the CoFeAPO-550 sample should have
shown the highest activity. This discrepancy could arise due to a higher number of defects
or better crystallinity of the CoAPO samples, as discussed later.

The reduction of NP to AP using the graphene/graphite-type carbon as a catalyst has
been studied earlier and are available in the literature [72,73]. As our samples contain APO-
based nanoparticles with a carbon covering, the carbon covering can directly contribute
towards 4-NP reduction. However, as the amorphous carbon has lower conductivity than
graphene- or graphite-type carbon, they are not efficient for hydride formation. The hydride
formation mechanism will be discussed later. Hence, among all our pyrolyzed samples, as
the CoAPO-550 sample has better graphitized carbon, this sample shows better catalytic
activity. In essence, the presence of better graphitic carbon helps both in conduction and
hydride formation. This carbon covering also protects the underlying nanoparticles from
degradation [35–37].

Furthermore, since the surface area of the carbon-coated samples (prepared at 550 ◦C)
is higher than calcined samples, they should show better catalytic activity. Based on the
UV–Vis DRS results, it can be rationalized that apart from surface area, other factors like
bandgap and crystallinity also play a role in catalytic NP reduction. The carbonaceous layer
in pyrolyzed samples imparts quite a high surface area to them, which would allow good
adsorption and catalytic activity. But to identify the mechanism and role of aluminophos-
phate structure in 4-nitrophenol reduction, the study of the samples annealed to 1000 ◦C
(devoid of carbon layer) becomes imperative. These aspects had not yet been studied and
thus a comprehensive study in this regard was required.

Now, let us consider the catalytic activities of the 1000 ◦C calcined samples. The
UV–Vis absorbance plots for the corresponding NP reductions are shown in Figure 13.
The 1000 ◦C calcined samples show the activities and trends comparable to the pyrolyzed
samples (Figure 14). We studied the detailed reaction kinetics for these samples calcined at
1000 ◦C (Figures 13 and 14), using three conditions, viz. dark, under intense UV–Vis light,
and with pre-stirring and intense UV-Vis light. In the first two sets of experiments in the
dark and under the light, the measurements started as soon as catalyst was added. In the
third set, an initial 30 min pre-stirring of the solution (under dark) with catalyst (without
NaBH4) was allowed, followed by adding the NaBH4, switching on Xenon lamp, and
starting the measurements. Among all the samples, the Co-based samples show the highest
catalytic activities. Figure 14 depicts the time-dependent rate curves derived from the
UV–Vis absorbance plots (Figure 13). As mentioned earlier, the apparent rate constant (Ka)
is considered from the slope of the linear region after the initial induction time. The values
of the rate constants and induction times are given in Table 5. The catalytic activities of the
samples are higher in the presence of light compared to the dark, clearly indicating the
involvement of the photo-generated electrons and holes in enhancing the catalytic activity.
Further, when pre-stirring (without NaBH4) is employed, there is a drastic reduction
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in the induction times for the samples, suggesting that the induction time is related to
initial adsorption of the reactant species. When pre-stirring along with light is involved,
CoAPO-1000 shows a near complete reduction within 30 min of the reaction time. The
near stagnancy of data points beyond 30 min (Figure 14b,c) is due to inadequacy in reliable
calculation of low intensity from UV–Vis absorbance plots (Figure 13c). Furthermore, we
can clearly observe that the induction times of the calcined samples, especially the Fe-based
samples, are significantly higher than pyrolyzed ones. The origin of the induction times
and their detailed mechanism are discussed in next section.

Figure 13. UV-Vis absorbance plots for annealed samples (1000 ◦C) undergoing NP reduction in

the dark (left panel): (a) CoAPO-1000, (d) FeAPO-1000, (g) CoFeAPO-1000; under the light (middle

panel): (b) CoAPO-1000, (e) FeAPO-1000, (h) CoFeAPO-1000; and under the light with pre-stirring

(right panel): (c) CoAPO-1000, (f) FeAPO-1000, (i) CoFeAPO-1000.

The UV–Vis DRS plots (Figure 8) show that the CoFeAPO-1000 can absorb in both UV
and visible ranges. Based on these characterization results, we expected that among the
samples prepared at 1000 ◦C, CoFeAPO-1000 should show the highest catalytic activity.
Surprisingly, this is not the case. In fact, its catalytic activity is the lowest. The residual
carbon content (Figure 5, Table S2) is the lowest, which leads to a low induction time.
The high induction time of FeAPO-1000 could be attributed to the residual carbon on the
surface of the nanoparticles, because carbon has a hydrophobic nature. But the low catalytic
activities of FeAPO-1000 and CoFeAPO-1000 can be related to their higher bandgap and
lower crystallinity. These aspects are discussed further in the mechanism provided in the
section below.
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t

Figure 14. Time-dependent absorption plots of the NP reduction reaction for samples annealed at

1000 ◦C in the (a) dark, (b) light, and (c) light with pre-stirring. The lines are a guide to the eye.

Induction Time and Mechanism of Catalytic Reduction of 4-NP by the TM-APO Samples

In most of the cases, the catalytic reaction does not start instantly as soon as the catalyst
is added to the reactants due to several reasons such as the hydrophobic nature of the sur-
face and their surface energy/chemical potential; rather, it takes some time, varying from a
few seconds to a few tens of minutes, depending on the catalysts. This time is known as the
induction time. In all our samples, we observed an initial ‘induction time’, which was more
dominant in Fe-based samples that showed lower activity. The induction time phenomenon
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has been observed by other researchers and ascribed to surface restructuring of catalysts
before the onset of a reaction [11,71]. Menumerov et al. observed that this induction time
was higher in solutions containing dissolved oxygen [74] and essentially negligible in cata-
lysts showing high catalytic activity, and in the absence of dissolved oxygen. However, any
other justification supporting their claim is not satisfactorily provided in those references.
In our case, we did not remove the dissolved oxygen, i.e., all the conditions were the same
for all our experiments. Therefore, the observation of variable induction times cannot be
strongly ascribed to the issue of dissolved oxygen or the surface restructuring.

Let us consider the induction time observed in our pyrolyzed samples first. In all
the samples, the APO-based nanoparticles were covered by a carbonaceous layer. If we
analyze the TGA data carefully (Figure 5, Table S2), we observe that FeAPO-550 has a higher
amount of carbon followed by CoFeAPO-550. Both these samples show high induction
times. The carbon layer is quite amorphous as visualized from the XRD data. Although
this layer imparts a high surface area to the samples, apparently, the amorphousness of the
carbon layer does not allow for the fast absorption of the reactants, which leads to a high
induction time. In the presence of light, this induction time does not change appreciably
and therefore the induction times in these samples are controlled by the nature of the
amorphous carbon-type surfaces. The enhancement of catalytic activity in the presence of
light indicates that the electronic properties of the doped-APO structure play the dominant
role, since the carbonaceous layer will essentially contribute similarly in all pyrolyzed
samples. In other words, it suggests that the efficiency of the carbon layer is less than that
of the doped-APO towards 4-nitrophenol reduction.

The residual carbon in calcined samples can impart a thin graphenic (hydrophobic)
layer covering and contribute towards increasing induction time. Hence, the variation
in induction times for calcined samples could have originated from the amount of %
residual carbon (Table S2, ESI). But comparing the FeAPO-550 and FeAPO-1000 samples
(Figure 5), where the calcined sample shows very high induction time compared to the
other counterparts, having only about ~1.3% of residual carbon left from the initial 21%,
we can understand that the surface (amorphous) carbon layer is not the sole contributor
here. Rather, it may be possible that the catalyst surface, which has high number of O-
atoms or surface defects associated with the APO structure, contributes in enhancing the
induction times.

In the initial catalytic reaction process, the borohydride ion (BH4
−) and 4-nitrophenolate

adsorb onto the catalyst surface and then undergo hydride transfer to yield 4-aminophenol.
It can be understood that electron transfer would be vital to this process, but it has not been
clearly stated in the literature. There may be several pathways involved in the catalytic
reduction process such as water reduction and hydride transfer resulting in numerous
intermediates. Such information requires highly sophisticated in situ spectroscopic analysis.
We do have many reports of metal nanoparticles as good catalysts rather than for oxides for
this reaction. It is expected that the surfaces with a high amount of oxygen groups (rather
than the amorphous carbon structure) will perform poorly towards the initial adsorption of
the reactants. This explains the relatively high induction times in all the Fe-based samples
(as well as the calcined samples). The improvement in catalytic activity in the presence
of light compared to the dark confirms the role of electrons in this process, similar to the
results of the previous reports [75–78]. Additionally, from the XPS analysis, we know that
Co exists in both the 2+ and 3+ states. Since Co2+ cations replace Al3+, some extra electrons
would have come into the APO structure and lead to oxygen vacancies. These would,
in turn, act as active sites for adsorption of the negatively charged reactants. Further, an
electronically conductive surface would allow for the easy flow of electrons and assist in
hydride transfer. It may be observed that under intense UV–Vis light, electrons and holes
are generated in the case of the doped samples due to their semiconducting nature. The
generated photoelectrons should assist in speeding up the hydride transfer affecting faster
rate kinetics [79]. According to the literature, the holes can also lead to the formation of
•OH radicals (water reduction) which can degrade the 4-nitrophenol [80–84]. The recent
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literature confirms that the hydrogen source during 4-nitrophenol reduction can be both
borohydride and protic solvents like water [85,86], albeit via different reaction pathways.

In all the samples, we see enhanced catalytic activity in the presence of light
(Figures 13 and 14). In the case of CoAPO-1000, which shows the best catalytic activity, the
defect density (inferred from the Urbach energy, Figure S5, ESI) is the lowest. Low defect
density allows the holes and electrons to reside near the band edge, which can facilitate their
easy transfer to the reactants (on the surface of the catalysts). The third set of experiments,
where we allowed pre-stirring of the catalyst along with 4-nitrophenol (without NaBH4

and before shining the light), confirms that the induction time for our samples is dependent
on the initial adsorption of both the reactants, rather than the hypothetical removal of boro-
hydride by dissolved oxygen as reported, e.g., in ref. [74]. Another group also considered
this induction time to be due to the removal of surface oxides by NaBH4 [87]. Since we did
not add NaBH4 during the pre-stirring stage but observed a drastic reduction in induction
time, the induction time is related to the slower rate of adsorption. Hence, an initial dy-
namic restructuring of the catalyst surface, as suggested by Wunder et al. [11,71,88] and
others [89], may be discarded in the case of our samples. The pre-stirring of the solution
along with the catalyst provides sufficient time for the adsorption of the hydride and the
4-nitrophenolate onto the active sites, thereby reducing the induction time. Thus, our work
helps in resolving the debate surrounding the origin of induction time in 4-nitrophenol
reduction and opens the path for utilization of aluminophosphates for this industrially
important catalytic reaction. Based on the observations, we have proposed a mechanism for
the 4-nitrophenol reduction process (Figures 15 and 16). NaBH4 ionizes in the solution to
give borohydride ions, which give electrons to the catalyst surface, simultaneously forming
the catalyst–H bonds (Figure 15a). The adsorbed hydrogen can combine with the OH− ion
to form water (Equation (2)) or combine to form H2 [85].

BH−

4 + 8OH−
→ 8e− + 4H2O + B(OH)−4 (2)

4O2N − C6H4O−(NP) + 3BH−

4 + 4H2O → 4H2N − C6H4O−(AP) + 3B(OH)−4 (3)

t

Figure 15. Schematics depicting (a) the adsorption of hydrogen onto the surface of samples, and

(b) the general mechanism of 4-nitrophenol reduction using our samples via hydride transfer.
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t

Figure 16. Schematic depicting the mechanism of 4-nitrophenol reduction in presence of light using

our (TM-APO) samples.

The electrons are then transferred to the reaction center of the nitro groups from the
catalyst surface, and the protons are obtained from water [85] (Equation (3)), although the
most commonly reported reduction route is the hydride (H−) transfer (Figure 15b). The
reaction is adequately fast in dark conditions and involves three hydride addition steps as
shown in Figure 15b.

In general, during the first hydride transfer, the nitro group simultaneously interacts
with H+ from the solution and forms an –OH bond, followed by the elimination of water
molecules. The electron-rich intermediate nitroso compound then attracts another hydride
transfer and the concerted addition of H+ available from the solution. The third hydride
transfer facilitates the loss of the OH− ion and conversion to an amino group. After each
hydride transfer, the active site is regenerated, and further adsorption of the incoming
hydride occurs.

In the presence of light, additional pathways can be utilized during NP reduction.
Alongside the conventional hydride transfer route (as discussed above and shown in
Figure 15), water reduction can also assist in NP reduction. Further, hydride transfer can be
significantly enhanced by photo-induced enhanced adsorption of hydride on the catalyst
surface. As shown in Figure 16, the incident light on our semi-conducting samples can
generate additional electrons and holes, which can also take part in the reduction process.
The electron- and hole-mediated photocatalytic reduction reaction can be understood from
the following reactions (Equations (4)–(11)).

TM − APO
light
→ TM − APO

(

e−CB + h+
VB

)

(4)

e− + O2 →

.
O

−

2 (superoxide radical) (5)

.
O

−

2 + 2H+ + 2e− → OH− +
.

OH (6)

h+ + H2O → H+ +
.

OH (7)

h+ + OH−
→

.
OH (8)

NP +
.

OH → degradation products (9)
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NP +
.

O
−

2 → degradation products (10)

2H+ + 2e− → H2 (11)

The holes can interact with the incoming hydride, facilitating more adsorption, i.e.,
the formation of a higher number of catalyst–H bonds. The quenching of the photogen-
erated holes by the highly reactive hydrides delays the electron–hole recombination [75].
Alternatively, the holes can also reduce water and generate •OH radicals. In conclusion,
there can three synergistic pathways involved in the 4-nitrophenol reduction in presence of
light as follows [75]: (a) hydride transfer from catalyst surface, (b) photo-generated hydride
transfer from the catalyst surface, and (c) hydrogen transfer from the photo-reduced water.
Thus, it can be understood that presence of light enhances the 4-nitrophenol reduction
using our synthesized catalysts.

4. Experimental Details

In this work, Fe- and/or Co-incorporated aluminophosphate samples were synthesized
by the hydrothermal synthesis method using the procedure given schematically in Figure 17.
In brief, phosphoric acid (1.4 mL) was initially diluted with 11.7 mL of deionized water (DI).
Then, 4.08 g (40 mmol) of aluminum isopropoxide (Al(O-CH(CH3)2)3) was added, with
vigorous stirring. Following that, 0.37 g (1.5 mmol) of cobaltous acetate [Co(acac)2·H2O]
was dissolved in 5 mL of DI water and the solution was added to the above mixture. The
mixture was then stirred for 1 h at 70 ◦C, after which tetramethyl ammonium hydroxide
(TMAOH, 7.3 mL) was added dropwise to form a slurry. The slurry was stirred for 3 h
(at RT), followed by the addition of cetyl tetra-ammonium bromide (CTAB, 3.64 g). An
additional 20 mL of DI water was then added. The mixture was stirred for another 12 h. The
pH of the dispersion was maintained at ten (10) by the addition of liquor ammonia. The
final mixture was transferred to a Teflon-lined autoclave and kept at 160 ◦C inside a muffle
furnace for 72 h. The resultant solid was filtered through a Büchner funnel, repeatedly
washed with distilled water, and dried at 70 ◦C in a hot-air oven for 12 h.

~ t

−

ü

ff t
ff

t

Figure 17. The procedure used for the hydrothermal synthesis of transition metal-doped aluminophos-

phate samples, followed by a few steps of thermal treatment.
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Using the same procedure, we prepared Fe-doped aluminophosphates, where the
experiments were performed using iron nitrate (0.606 g, 1.5 mmol) instead of cobaltous
acetate. Furthermore, using an equimolar composition of both cobaltous acetate (0.186 g,
0.75 mmol) and iron nitrate (0.303 g, 0.75 mmol), another sample was also prepared. The
above three as-prepared samples were labelled as CoAPO-asp, FeAPO-asp, and CoFeAPO-
asp, respectively (the doped transition metals are given at the beginning of the code).
The sample compositions were Co0.048Al0.952PO4 (CoAPO), Fe0.07Al0.93PO4 (FeAPO), and
Co0.024Fe0.034Al0.942PO4 (CoFeAPO). As will be clear later, there exists a carbonaceous layer
(associated with the precursors) on the surface of the particles of the as-prepared samples.
To control this layer and to enhance the activity of the powder particles, the powders were
initially pyrolyzed at 550 ◦C in argon atmosphere and then calcined at 1000 ◦C in air. For
the pyrolysis of the dried powders, the respective as-prepared samples were placed in
a closed-end quartz tube of 50 cm length and 1 cm diameter, which was attached with
a rubber bladder (filled with argon gas) at the open end [25–34]. The sample was then
heated to 550 ◦C at a rate of 20 ◦C min−1 and kept for 2 h to allow for the pyrolysis reaction
to occur, before decreasing the temperature to RT. The obtained black-colored powders
were labelled as CoAPO-550, FeAPO-550, and CoFeAPO-550. Part of these pyrolyzed
products was placed separately in alumina crucibles and then annealed in air for 8 h in
a muffle furnace at 1000 ◦C. The products were labelled as CoAPO-1000, FeAPO-1000,
and CoFeAPO-1000. For comparison, pure APO samples (without any doping) were also
synthesized using the same procedure.

All the as-synthesized and calcined samples were characterized using analytical and
spectroscopic techniques. The powder X-ray diffraction (XRD) patterns were recorded on
a ‘PANalytical’ X-ray diffractometer. Rietveld refinement was performed to understand
the doping of the transition metals in the APO lattice. Scanning electron micrographs
were imaged using an ‘Ultra 55’ electron microscope. Transmission electron micrographs
(TEM) were imaged on a ‘JEOL’ FETEM (300 kV). Furthermore, 57Fe Mössbauer spectra
were recorded at room temperature using (SEE Co, USA) a spectrometer in transmission
geometry with a 57Co source (Rh matrix). The data were fit using NORMOS 2 software.
Thermogravimetry analysis (TGA) measurements were performed in a ‘TA Q50’ system
in a nitrogen atmosphere (40 mL min−1) at a heating rate of 10 ◦C min−1. The net surface
area was determined through Brunauer–Emmett–Teller (BET) isotherms, while the pore
size in the samples was determined by the Horvath–Kawazoe (HK) method. Ultraviolet–
Visible Diffuse Reflectance Spectra (UV-DRS) were recorded on a Perkin Elmer Lambda
750 spectrophotometer in the wavelength range of 250–800 nm, with barium sulfate as the
standard. For calculation of bandgap, the reflectance (R) data recorded directly from the
instrument were converted into Kubelka–Munk function F(R) using the Kubelka–Munk
equation as follows [30–32]:

F(R) =
(1 − R)2

2R
(12)

where, F(R) is the Kubelka–Munk function and R is the reflectance.
The catalytic behavior of our samples was examined through the 4-nitrophenol re-

duction reaction. For a typical catalysis experiment, 180 mL (0.0414 M) of NP solution
and 20 mL (1.5 M) of NaBH4, along with 50 mg of the catalyst (dispersed in the stock
solution) was taken in a photo-reactor (Lelesil Innovative Systems). In this setup, a Xenon
UV lamp was coaxially placed inside the U-tube (Figure S6, ESI) after the reactants for
the photo-catalysis reaction were added. The initial experiments were performed in the
dark. In subsequent experiments, the solution was then irradiated with UV–Vis light with
constant and continuous stirring of the solution (using a magnetic stirrer setup). After
different durations of the catalytic reaction, viz. 0, 2, 5, 10, 15, 30, 60, and 90 min, about
5 mL of the solution was taken out each time from the reactor (stock solution), and the
UV–Vis spectra were recorded using the UV–Vis spectrometer. A visual change in color
of the solution, from yellow to colorless, after some interval of time also indicated the
occurrence of the catalytic reaction.
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5. Conclusions

Co- and Fe-doped aluminophosphate (APO) zeolites are synthesized by hydrothermal
method. The as-prepared samples are pyrolyzed at 550 ◦C in Ar atmosphere, followed by
calcination in the air at 1000 ◦C. The pyrolyzed co-doped sample has the highest surface
area while the calcined samples have considerably low surface area. The calcined samples
contain some residual carbon. All these samples are electrically semiconducting in nature.
The bandgap of calcined FeAPO- and CoFeAPO-based samples are higher than the calcined
CoAPO sample. The XPS and Mossbauer results confirm that a mixed valence state for the
transition metals exists in the doped APO samples. The catalytic activity of the samples was
studied using 4-nitrophenol reduction as model reaction. Interestingly, we observed that
Co-based samples performed the best, although they have a lower surface area. We also
observed a significant enhancement of the catalytic activity in the presence of light, which
validates the roles of the photo-generated electrons and holes in the catalytic process. In all
the cases, induction time was observed, especially in the less active catalysts, which can be
ascribed to the initial adsorption of the reactants onto the catalyst surface. This phenomenon
was considerably reduced by pre-stirring the solution with the catalyst (without NaBH4)
prior to starting the measurements. Our work helps in improving the current understanding
regarding the mechanism of 4-nitrophenol reduction and the induction time, and their
correlation with the surface area, electronic conductivity, bandgap, and crystallinity of
samples, as they play important controlling roles.
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The energy edge used is also indicated; Figure S5: Urbach energy plots for the samples calcined at

550 and 1000 ◦C; Figure S6: The reactor used for the photocatalytic studies. A Xe lamp was used,
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The (b) Co 2p, (c) P 2p, and (d) Al 2p XPS spectra for the recovered CoAPO-1000 sample; Table S1:

The structural parameters obtained from the Rietveld refinement of the XRD patterns; Table S2: TGA

weight loss %; 1. Calculation of Urbach energy from UV–Vis DRS; 2. The BET Method was used for
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