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Understanding and Tuning Fe-Doping on Zn—Fe Layered
Double Hydroxide Particle and Photocatalytic Properties

Shaoging Qu, Ruiman Ma, Igor Efimov, Eftychios Hadijittofis, Sergio Vernuccio,*

and Kyra Sedransk Campbell*

Zn-based layered double hydroxides (LDHs) are promising photocatalytic
materials, but their synthesis faces environmental and economic challenges.
Oxidative ionothermal synthesis (OIS) offers a green route for zinc oxide
synthesis using ionic liquids. To reduce costs, the OIS method uses recovered
zinc-containing mixed metal systems, such as electric arc furnace dust, instead of
pure metallic Zn. Understanding the interaction of Zn with impure metals during
oxidation is essential. This study employs 1-Butyl-3-methylimidazolium chloride
(IBMIM]CI) as the solvent and Fe-doped metallic Zn, the most common waste-
stream metal, as the starting material. This study applies quartz crystal micro-
balance with dissipation to monitor product formation, and X-ray diffraction and
scanning electron microscopy to characterize composition and morphology.
Results show that FeCl, doping accelerates the reaction, transforming simon-
kolleite to Zn—Fe LDH with tunable morphologies. A reaction mechanism for Zn
in [BMIM]CI with FeCl, is proposed. Photocatalytic hydrogen production tests
reveal a favorable hydrogen evolution rate of 20.9 pmolh~' g™’
FeCl, doping, attributed to improved surface structure and crystallinity of the

hydrotalcite.

1. Introduction

Nanoparticles (NPs) of Zn-based layered double hydroxides
(LDH) have a distinctive structure consisting of Zn-OH octahedral
framework layers, with some of the Zn*" ions being replaced by
trivalent metal ions, alternatingly stacked with anionic layers.!"
This unique crystal structure imparts various applications to
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Zn-based LDH, including biomedical appli-
cations,”? degradation,””! and photocataly-
sis. In particular, Zn-based LDHs show
potential for photocatalytic hydrogen pro-
duction, providing a sustainable method
for harnessing solar energy.””’ Their unique
structure and wide tunability make them
cost-effective alternatives to ZnO-based
materials.’® Metal doping in LDHs has
proven to be an effective strategy to enhance
photocatalytic ~ performance, garnering
significant attention from researchers.!*'”
However, the morphology of Zn-based
LDH is a critical factor influencing their
photocatalytic performance.'"! Parida et al.
and Zazoua et al. discussed the influence
of iron on the photocatalytic performance
of LDH. The results showed that excess
Fe’" dopant led to the formation of amor-
phous iron oxide and negatively affected
the reaction rate, highlighting the impor-
tance of controlling the material’s morphol-
ogy to optimize catalytic performance.!**"*?
However, synthesizing high-purity LDH with controlled morphol-
ogy is not straightforward. The most common synthesis method is
coprecipitation,'! which involves mixing a Zn salt with another
metal salt in a specific ratio in an aqueous solution, followed
by pH adjustment.>'* This method typically requires soluble salt
with the base, potentially polluting the environment. Some other
methods, such as hydrothermal™ and homogeneous precipita-
tion,*® are also constrained by similar factors, including environ-
mental concerns, complex operation, and energy consumption.
Malaret et al. synthesized controllable ZnO morphologies by
oxidative ionothermal synthesis (OIS),”! utilizing the aqueous
solution of an ionic liquid (IL), 1-Butyl-3-methylimidazolium
chloride ([BMIM]CI), as a solvent to produce ZnO with its deriv-
atives from metallic Zn. [BMIM]CI] is an imidazolium IL
(Figure 1a) containing a hydrophilic imidazole ring with a hydro-
phobic alkyl chain. The molecular structure of the surfactants
enables the self-assembly of [BMIM]CI, which can be utilized
to synthesize NPs with controllable morphologies.!'*2"
Likewise, owing to extremely low volatility, stability, and recycla-
bility, imidazolium ILs have become favored green solvents.*"
The method proposed by Malaret et al. offers an environmentally
friendly approach to produce ZnO NPs with controllable mor-
phologies, such as nanospheres, nanosheets, and nanorods, by
simply adjusting the concentration of [BMIM]CI and the reaction
temperature. However, this method requires long reaction times
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Figure 1. a) The chemical structure of [BMIM]CI; b) [BMIM]" deprotonation with its Lewis base pairs.

(4-15 days), limiting its practicality for industrial applications.
Additionally, using high-purity metallic zinc as the zinc source
restricts the method’s broader applicability and cost-effectiveness.

Our previous study successfully applied the OIS method,
using Betaine hydrochloride, to produce high-purity morphol-
ogy-controllable simonkolleite nanosheets.”? This method
significantly reduces the reaction time to 24h to synthesize
high-purity microscale particles. The resulting simonkolleite
particles exhibit hexagonal sheets and possess a layered crystal
structure similar to that of LDH. However, several challenges
related to the use of Betaine hydrochloride remain to be
addressed. Using pure Zn grains as the source material has high
costs for industrial production, limiting its direct application. On
the contrary, the OIS method was initially designed specifically
for the cost-effective and environmentally friendly utilization of
recovered zinc, such as waste galvanized steel® and electric arc
furnace dust.?¥ Synthesis starting from the waste stream holds
distinct advantages compared to conventional hydrothermal
synthesis and coprecipitation methods.'”*>*) However, intro-
ducing impurity ions leads to significant changes in the morphol-
ogy of the synthesized Zn-based nanosheets.””?!! Hence,
understanding the interaction between Zn and impure metal
in ILs is imperative for an effective industrial application of
the OIS method.

This study proposes the use of [BMIM]CI IL with metallic zinc
to synthesize Zn-based LDH through the OIS method at room
temperature. The work focuses on the oxidation behavior of
metallic zinc in the presence of Fe ions —the most common
metal associated with zinc— in the IL. Quartz crystal microbal-
ance with dissipation (QCMD) was used to investigate the forma-
tion and growth kinetics of Zn-based LDH. The products were
characterized using X-ray diffraction (XRD), scanning electron
microscopy (SEM), and energy dispersive X-ray spectroscopy
(EDX). Based on the results of the characterizations, a growth
mechanism for Zn in [BMIM]CI was proposed. Finally, the syn-
thesized Zn-based material was tested as a photocatalyst for
hydrogen production, using methanol as a sacrificial agent, to
demonstrate the potential of Zn-based LDH in photocatalysis.

2. Results and Discussion

2.1. Compositional Analysis

All samples exhibited a noticeable change after the 24 h reaction
period, with the initially clear liquid phase gradually becoming
clouded as the reaction progressed. In the absence of iron, the
liquid displayed a white suspension. Conversely, in the presence
of iron doping, the suspension exhibited a yellow color, with the
intensity increasing as the iron concentration was raised. This
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behavior is consistent with findings from previous research.*”)
To further investigate the effect of iron concentration on the
particle formation process, phase analysis was initially carried
out using XRD.

2.1.1. Noniron Doping Groups

The categories involving ZnCl,-doping and NaCl-doping are
regarded as noniron doping groups. In these cases, the resulting
product appears as a fine white powder that separates from the
suspension.

The XRD patterns of ZnCl, doping cases reveal that the
predominant composition of the material is simonkolleite
(Figure 2b). In case of high concentration, particularly with
Zn doping reaching 0.54 M, the specific peak [003] at 11.2°
becomes prominent and sharp, while low-intensity additional
peaks are observed. This indicates the crystallization of simon-
kolleite with high purity. As the concentration of ZnCl,
decreases, the intensity of simonkolleite weakens, and a shift
in the [003] signal is evident in the 0.18 M ZnCl,-doped case.
Additionally, the characteristic peaks of simonkolleite, including
[202] and its adjacent peaks, disappear. The diffraction pattern
between 32° to 42° is more consistent with zinc hydroxide than
with simonkolleite. The nondoped cases are characterized by
significant peaks of e-Zn(OH), at 20.2°, 20.9°, 27.2°, and 27.8°,
corresponding to the crystal planes [011], [101], [111], and
[102], respectively. Additionally, only a few minor impurity peaks
are detected, suggesting that the main components of the prod-
uct in the nondoped case are zinc hydroxide and Zn oxide.

The XRD patterns of the ZnCl,-doping cases indicate that the
formation of simonkolleite is strongly related to the ZnCl, concen-
tration. Metallic Zn is oxidized to simonkolleite in the ZnCl,-rich
atmosphere, which aligns with the conclusions of previous stud-
ies.?>% The presence of sufficient CI~ and Zn>* ions promotes
the deposition of simonkolleite deposition (Equation (1)—(3)).

47n(OH), + ZnCl, + H,0 — Zng(OH),CL, - H,0 1)
5Zn?* + 8OH™ + 2Cl~ + H,0 — Zns(OH),Cl, - H,0 03)

Although the formation of simonkolleite may potentially occur
through a one-step reaction (Equation (3)), prior investiga-
tions!*2?Y suggest that its formation is more likely a result of
the transformation of ZnO and e-Zn(OH), (Equation (1) and (2)).
This formation mechanism is further supported by the subse-
quent NaCl-doping experiments. The formation of simonkolleite
may be attributed to the properties of [BMIM]|CL. During the
oxidation of metallic zinc, a fraction of imidazolium cations
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Figure 2. XRD patterns of a) NaCl-doping, b) ZnCl,-doping, and c) FeCl,-doping cases. The green, blue, red, and black curves indicate the product in four
different concentrations from high to low. The reference peaks at the bottom indicate the possible components of the product, with some characteristic

peaks labeled for identification.

[BMIM]* undergoes deprotonation to form [BMIM] Lewis bases
(Figure 1b).*23% The existence of Lewis acid-base pairs allows
the system to function as an effective buffer solution, maintain-
ing a stable pH in a mild atmosphere, which is beneficial for the
formation of Simokolleite. Furthermore, the IL [BMIM]CI
combined with ZnCl, may form a metastable [BMIM],[ZnCl,]
complex structure,*” which provides a high-concentration Zn
environment essential for the formation of simonkolleite.*"
This helps regulating the precipitation process, preventing the
rapid depletion of zinc ions. Previous research has shown that
the direct oxidation of Zn by [BMIM]C], in the absence of any
additives, predominantly results in the formation of ZnO and
e-Zn(OH), species (Figure 2a, nondoped).’”?% To determine
the primary influence of Zn ions and chloride ions on simon-
kolleite formation, NaCl-doped cases were used as control, with
equal concentrations.

In the cases of NaCl-doping, the Cl™ concentration was
adjusted to a level commensurate with the corresponding
ZnCly-doping cases. Therefore, the influence of Zn®* can be
eliminated. The XRD patterns of the product reveal entirely dif-
ferent signals (Figure 2a). In the presence of NaCl at high con-
centration (1.08 M), three distinct peaks [100] (20 = 31.8°), [002]
(26 =34.5°), [101] (260 =36.3°) can be clearly identified. Aside
from ZnO, there are virtually no additional impurity peaks.
The peaks exhibit relatively broad profiles and low intensity, sug-
gesting that the precipitated crystals have low crystallinity and a
broad size distribution, further supported by the subsequent
SEM analysis. A similar situation occurs in the mild concentra-
tion case (0.72 M). The specific peaks of ZnO between 30° and
40° are clearly visible. Hardly any other peaks are observed, and
the existing peaks also exhibit a broad and short profile. It is
worth noting that the peak intensity shows a slight variation
when compared to the high-concentration case. The [101] peak
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at 36.3° is more intense than the [002] peak at 34.5°, which is
the opposite of the pattern observed in the high-concentration
cases. This could suggest a divergence in the orientation of crystal
plane growth between the two cases, which will be further ana-
lyzed in the following section. The patterns also display distinct
features in the low-concentration (0.36 M) and nondoped cases,
compared with the previous two cases, where the most significant
peaks are still attributed to Zn(OH),. The characteristic peaks,
[011] (20 =20.1°), [101] (20 =20.9°), [111] (20 = 27.2°), and [102]
(20 =27.8°) display sharp and prominent profiles. In contrast,
within the 26 range of 30° to 40°, distinct ZnO peaks remain pres-
ent; however, the intensity of ZnO is significantly weaker than that
of Zn(OH),. In the nondoped case, the ZnO peaks further atten-
uate, with the remaining peaks primarily corresponding to zinc
hydroxide.

As the NaCl concentration decreases from high to low, a nota-
ble transformation occurs in the synthesized products, shifting
from a ZnO- to a Zn(OH),-dominant phase. It can be inferred
that high concentrations of Cl™ ions play a positive role in the
dehydration of e-Zn(OH),. This effect may be attributed to the
influence of doped NaCl on the polarity of the aqueous system.
The higher concentration of NaCl increases the polarity, result-
ing in stronger interactions between Zn(OH), and solvent
molecules. This, in turn, promotes the cleavage of the oxygen-
hydrogen bond in the zinc hydroxide molecule, leading to its
transformation into ZnO. Compared with the ZnCl,-doping
cases, none of the cases involving NaCl-doping resulted in the
generation of simonkolleite. This observation suggests that a
high concentration of zinc ions is a necessary condition for
the formation of simonkolleite.

Furthermore, in the NaCl-doping cases, H,O molecules and
hydroxide anions are present in sufficient amounts. The reaction
rate is controlled by the presence of Zn*" cations oxidized from
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metallic Zn. The absence of simonkolleite formation in all NaCl-
doping cases indicates that, under these conditions, the reaction
kinetics are not governed by Equation (3). This supports the con-
clusion that, in ZnCl,-doping cases, simonkolleite is more likely
to form through the transformation of ZnO and Zn(OH),.

2.1.2. FeCl,-Doping Cases

FeCl, was introduced as an additive to investigate the impact of
iron ions on the morphology of the products. Similarly, the CI™
ion concentration was maintained at the same level as in the pre-
vious cases. The product exhibits a yellow color that intensifies
with an increase in the concentration of FeCl,. The XRD patterns
of this category of samples present unique profiles that are
different from conventional minerals (Figure 2c). The pattern
in the high-concentration case (0.54 M) is relatively monotonous.
Only two significant peaks, located at 11.2° and 22.7°, are evident.
Several relatively minor sloping peaks are distributed between
25° and 60°. No standard mineral XRD card entirely matches
the observed experimental patterns. However, the XRD spectrum
of the product closely aligns with the characteristics of a novel
Zn-Fe LDH material, which exhibits a typical hydrotalcite-like
structure similar to simonkolleite.2%3%3¢] Therefore, the two
distinct peaks can be attributed to the [001] crystal plane, analo-
gous to that of simonkolleite. However, the subdued intensities
of other peaks in the sample suggest that the crystals were highly
oriented during growth. At moderate concentrations of FeCl,
(0.36 M), the peaks at 11.2° and 22.7° remain sharp and intense.
Additionally, specific peaks that were obscured in the high-
concentration cases become more prominent. The triple peaks
at 32.8°, 33.4°, and 37.9° correspond to the crystal planes
[101], [012], [105] respectively. The presence of two characteristic
peaks at 58.2° and 59.6° is also evident, although with slight shifts
to lower angles. The low-concentration case exhibits more pro-
nounced peaks that are characteristic of simonkolleite.[*”)
Moreover, distinct peaks corresponding to ZnO at 31.8° [100],
34.5°[002], and 36.3° [101] are observed in this pattern. This sug-
gests that the product may consist of Fe-doped simonkolleite and
ZnO. The Fe-doping cases indicate that the products of Zn oxi-
dation are primarily simonkolleite-based crystals. It can be con-
cluded that the introduction of Fe does not fundamentally alter
the reaction mechanism of Zn oxidation by [BMIM]CL. Some
free Fe*" ions are reduced by metallic Zn (Equation (4)). In this
study, the added metallic Zn was three grams, corresponding to
0.046 M, even in the high-concentration Fe*" cases (the maxi-
mum Fe*" concentration was 0.027 M). This indicates that
Zn*" is released into the system much more rapidly than it is
corroded by [BMIM]*, resulting in an initial high concentration
of Zn*" available for the reaction. Therefore, the reaction mech-
anism for FeCl,-doping likely reflects the trend observed in the
ZnCl,-doping cases. The XRD patterns exhibit similar features,
especially in the low-concentration cases of ZnCl, and FeCl,
(Figure 2a, red curve and Figure 2c, black curve). This similarity
may explain the formation of simonkolleite in FeCl,-doping
cases, as opposed to the formation of ZnO or Zn(OH), in the
NaCl-doped systems.

Zn + Fe?t — Zn?* + Fe (4)
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1
2H* + EO2 + 2Fe?* — 2Fe3* + H,0 (5)
2Fe3t + Fe — 3Fe?f (6)

The introduction of FeCl, influences the subsequent crystal
growth behavior, leading to distinct product characteristics
observed in both mild- and high-concentration doping cases.
Additionally, FeCl, may undergo oxidation by dissolved O,
(Equation (5)). However, the reaction rate of Fe*" formation is
relatively low, becoming noticeable only when the Fe*" concen-
tration reaches 0.36 M.*”*® Due to the competing reduction and
oxidation processes, a significant portion of iron remains in the
liquid phase as Fe?" (Equation (6)). Moaty et al.**! highlighted
that the atomic radius and electronegativity of Fe*™ are closer
to those of Zn”" than Fe*", making Fe’" ions more likely to
substitute Zn atoms within the simonkolleite structure. As a
result of Fe>™ doping, the interplanar spacing increases, causing
a leftward shift in the [110] and [113] peaks.*®! Subsequently, Fe
incorporated into the framework is oxidized to Fe’t, ultimately
contributing to the formation of Zn-Fe LDH crystal. When the
Fe doping concentration reaches 0.54 M, the [003] peak becomes
more prominent, distinctly differentiating from the mild- and
low-concentration cases, as well as from pure simonkolleite.
However, most other characteristic peaks are difficult to detect
in the high-concentration case. It is worth noting that no separate
iron-based phases, such as Fe,03 or FeO phase, where identified
in this study. However, it is possible that iron oxide exists as an
amorphous form.

2.2. Morphology Analysis

2.2.1. NaCl-Doping Cases

During the synthesis process, variations in the concentration of
doping ions significantly influence the morphological character-
istics of the resulting crystals. In case of NaCl-doping, the prod-
uct exhibits distinct shapes due to its ZnO/Zn(OH),-based
crystalline nature. Figure 3a—d shows the morphologies observed
in the NaCl-doped products. Predominantly, the crystals form
agglomerated spherical structures. In contrast, the nondoped
samples display diverse morphologies, including nanorods,
nanospheres, and abundant irregular aggregates, with an average
size of ~250 nm (Figure 3a). Malaret et al.'”*"! reported on the
oxidation of Zn in [BMIM]CI solution. e-Zn(OH), initially forms
sediment, which subsequently decomposes into ZnO. In the case
of low concentration (NaCl=0.36 M), the crystalline structures
exhibit analogous morphologies compared to those observed
in the nondoped case (Figure 3b), although the particle sizes
are smaller (average size 120 nm), and aggregation is less pro-
nounced. Rod-like crystals are still a majority, with spherical par-
ticles beginning to emerge (Figure S5, Supporting Information).
This trend is further accentuated in the moderate and high
concentration case (Figure 3c,d), where particles are relatively
well-dispersed and exhibit a quasi-uniform spherical structure,
with a size of ~1 pm. Additionally, some porous and loosely
coral-like aggregates are observed, likely resulting from the wash-
ing and drying process (Figure S6, Supporting Information).
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Figure 3. Schematic diagram of the morphology of the products under different doping ions and concentration conditions. FeCl,-doping cases are
presented separately in Section 2.2.3. The products were collected after reacting in [BMIM]CI (10 %wt) with different concentrations of dopants for
24 h. a) No-doping case; b—d) NaCl-doping cases; e—g) ZnCl,-doping cases; The green dashed box in (f) indicates a rare octahedral Zn(OH), crystal.

The small particle size is hypothesized to result from Cl™ ions
enhancing the polarity of the liquid system, thereby promoting
the dehydration of Zn(OH), to ZnO. Soluble Zn** ions are gen-
erated through the oxidation of metallic Zn form e-Zn(OH),, due
to the low solubility of Zn(OH),.*"! The transformation of ZnO
is not kinetically favored without a high concentration of Cl™.
Thus, the process of ZnO formation often occurs over an
extended timescale. The transformation of e-Zn(OH), to ZnO
proceeds via two mechanisms: dissolution-precipitation and in

Adv. Energy Sustainability Res. 2025, 2400309 2400309 (5 of 16)

situ crystallization.*” In the dissolution-precipitation pathway,
ZnO forms through the growth of Zn®*' ions released by the
dissolution of Zn(OH),, followed by direct precipitation. This
process exhibits anisotropic ZnO crystal growth, leading to dis-
tinctive needle-like and sea urchin-like morphologies. Cl™ ions,
with their smaller ionic radius and higher chemical reactivity,
can compete with hydroxide ions for binding with Zn>*, poten-
tially disrupting the stability of formed Zn(OH),.**! High C1~
concentrations promote the insitu Zn(OH), crystallization,
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effectively accelerating its transformation into ZnO. The impact
of CI” is further enhanced in the high concentration of NaCl-
doping case (NaCl =1.08 M). The sample exhibits a significant
presence of irregular particles (average size of ~250nm) due
to the inhabited anisotropic growth. The elevated concentration
of CI” and resulting high polarity facilitate particle growth and
aggregation into microscale bulk structures.

2.2.2. ZnCly-Doping Cases

The products synthesized with ZnCl,-doping exhibit the charac-
teristic morphology of simonkolleite crystals, presenting as hex-
agonal plate-like structures (Figure 3). In the low-concentration
doping cases, the particles exhibit thin hexagonal plate-like struc-
tures with well-defined edges (Figure 3e). The particle sizes
exhibit a broad distribution, ranging from 500 nm to 3 pm, with
an average diameter of ~1.85 pm (here, the diameter of the hex-
agonal crystal is defined as the length of the diagonal connecting
opposite corners of the hexagon). The thickness of an individual
pellet is 35 nm, resulting in a high surface area-to-volume ratio.
Moreover, a tendency for disordered coalescence into larger
clusters is observed. It is worth noting that some small irregular
particles adhere to the surface of the plate-like crystals.

As the ZnCl, doping concentration increases, noticeable
differences in the particle size and thickness are observed
(Figure 3f). The crystal diameter is generally smaller compared
to the previous case, with an average diameter of ~600 nm.
Nonetheless, the thickness of the particles significantly
increases, with variations in thickness ranging from 60 to
350 nm, with an average value of 200 nm. Although the bulk crys-
tals larger than 1 pm continue to exhibit disordered stacking, a
significant number of smaller crystals, approximately several
hundred nanometers in size, align along their crystal plane
and fuse to form larger, bulky crystals. Additionally, some rela-
tively small crystals tend to agglomerate to crystal planes with
larger particles stacking along the [001] plane. A limited number
of octahedral bicone crystal structures have been observed, which
are typically associated with Zn(OH), crystal morphologies.

In the high-ZnCl,-concentration doping case, the particles
show similar morphologies compared to the mid-concentration
case (Figure 3g). The crystals maintain the same hexagonal sheet-
like structure with a larger diameter (700 nm) and thickness
(250 nm). Additionally, the agglomeration between individual
crystals appears to be more pronounced. Crystals can grow into
large crystal clusters exceeding 5pm in size through oriented
stacking and fusion mechanisms.

The variations in morphology observed in the products from
the three cases can be attributed to changes in the growth mech-
anisms of simonkolleite, which are induced by the concentration
of the doping ZnCl,. Simonkolleite formation is highly sensitive
to solution pH and Zn*" ion concentration. In nondoped and
NaCl-doped cases, the introduced ions do not significantly affect
the pH during the reaction process. The oxidation of metallic Zn
by [BMIM]" ions causes the pH of the solution to shift from
acidic to neutral or weakly alkaline conditions, which is thermo-
dynamically favorable for the formation of ZnO.P" Introducing
ZnCl, into the IL leads to the hydrolysis of Zn*" ions, resulting
in an acidic environment.** Furthermore, the addition of ZnCl,
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provides the necessary precursor material for the formation of
simonkolleite. Pelicano et al.**) indicated that one of the condi-
tions for simonkolleite formation is the concentration of Zn**
exceeding 0.01 M. This study confirms this condition, suggesting
that the Zn* released by the IL [BMIM]CI alone is insufficient to
produce simonkolleite under the experimental conditions
employed. Specifically, in the case of low ZnCl, concentrations
(0.18 M), the reaction conditions are relatively mild, and the
growth of simonkolleite follows a monomer-to-monomer growth
mechanism, relying on the deposition of free Zn*" from the lig-
uid phase. As a result, the formed particles exhibit well-defined
crystals with relatively smooth surfaces. The [BMIM]" ions, with
their hydrophobic tails, may interact with Zn and adsorb onto
the polar plane [001] of simonkolleite, hindering its growth along
the c-axis direction. Therefore, the morphology of the crystal
presents an extremely thin thickness with a wide, flat plane.
However, Malaret et al. indicate that simonkolleite is more likely
to transform from Zn(OH), as the precursor.l'”**! This behavior
is not prominently observed in the current case, and it is specu-
lated to primarily occur during the crystal nucleation stage. The
irregular small particles distributed throughout the sample are
presumed to be the Zn(OH),, although this remains unverified.

With a further increase in the ZnCl, concentration (0.36
and 0.54 M), the crystallization of simonkolleite is driven by
the nucleation process, resulting in a rapid crystal growth.
Nanocrystals with diameters smaller than 100 nm pervade the
liquid phase, leading to inevitable mutual contact and aggrega-
tion.*”) Meanwhile, the high concentration of ZnCl, prompts
the polarity of the system, intensifying the fusion between the
particles. In a polar environment, the polar surfaces of simonkol-
leite readily attract each other, promoting aggregation into
thicker and larger crystals through face-to-face interaction.*?
Conversely, a small amount of Zn(OH), crystals has also been
observed, confirming the transformation route from Zn(OH),
to simonkolleite. This may occur because excessive ZnCl, causes
Zn(OH), to precipitate once the Zn®" required for Simonkellaite
growth has been consumed. This phenomenon is significant in
the ZnCl, high concentrations regime. In this scenario, a consid-
erable amount of simonkolleite forms large bulky crystal covered
by hexagonal plate-like crystals on each facet. Octahedral
Zn(OH); crystals are speculated to undergo surface transforma-
tion into simonkolleite, eventually forming distinctive aggregated
clusters.

2.2.3. FeClDoping Cases

FeCl,-doping cases exhibit the most complex morphologies in
this study. As discussed in the previous section, the products
are mainly composed of Zn-Fe LDH, while retaining some fea-
tures of simonkolleite crystals. Some discernible single crystals
still exhibit the hexagonal sheet-like shape which is characteristic
of ZnCl,-doping cases, although this morphology is less pro-
nounced at the microscale. Based on measurements from the
SEM images (Figure 4a—c, S7a—c, Supporting Information),
the thickness of the nanosheets is relatively thin, with values
below 100 nm. As the concentration of added FeCl, increases,
the thickness of the particles also increases, ranging from
25nm at 0.18 M FeCl, doping to 100 nm at 0.54 M FeCl, doping.
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Figure 4. SEM images and EDS analysis patterns of the FeCl,-doping group’s product. Products were synthesized in [BMIM]CI (10 %wt) with different
concentrations of FeCl, doping for 24 h; a) 0.18 M FeCl,-doping; b) 0.36 M FeCl,-doping; and c) 0.54 M FeCl,-doping; a—c) The images in the top row
illustrate the crystal morphologies at a magnification of 20000 times; a'—c’) energy dispersive X-ray spectroscopy (EDX) analysis patterns for the
corresponding samples. The images only show the signals of Fe (blue). Fe ratio for three cases is a) 6.47, b) 1.71, and c) 0.20, respectively.

In the low-concentration doping case (FeCl, = 0.18 M), spherical
and granular agglomerates are observed between the hexagonal
sheets of single-crystal particles at the microscale (Figure 4a).
This arrangement appears more as disordered stacking com-
pared to the face-to-face alignment observed in the previous case
(Figure 3f,g). Meanwhile, some tiny irregular particles can also
be observed, which are considered to be a dehydration product
ZnO, derived from the simonkolleite precursor Zn(OH),.'”!
With moderate FeCl, doping, the formed crystals exhibit
clearer boundaries and fewer clusters of spherical aggregates
(Figure 4b). It can be found that a large tablet-shaped crystal
is composed of multiple small sheets stacking and merging, indi-
cating a shift in the aggregation mechanism. There are two types
of assembly behavior between the single nanosheets, namely,
1) large nanosheets interlace in a helical arrangement, forming
a ‘desert rose’ morphology; 2) small nanosheets align and adhere
to the large flat surface, thickening along the [001] direction.
Similarly, in the high-concentration FeCl, doping case, the prod-
uct presents lamellar morphologies rather than granular struc-
tures at the microscale. However, the lamellae are composed
of spherical particles with an average size of ~80 nm, resulting
in the formation of lamellar crystals with a rough surface and the
presence of defects. In some positions, cavities are observed
(Figure S7c, Supporting Information), which can be described
as resembling “dead leaves.” Meanwhile, the nanosheets also
adhere to some scattered nanospheres, which are presumed to
be fragments separated from large crystals, suggesting that
the mechanical strength of the crystals is relatively low.
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Additionally, some crystals are observed to be covered by
amorphous particles, which are speculated to be iron oxides.

The above cases indicate that the Fe-Zn ratio is essential in
forming Zn-Fe LDH. Introducing Fe’" significantly affects
the crystallization process and final morphology. The EDX anal-
ysis (Figure 4a’-c’) confirms that the doped Fe content increases
as the FeCl, concentration increases. The distribution in the low-
concentration case shows a core enrichment state (Figure 4a’).
Contrastingly, Fe is distributed more evenly on the hexagonal
Zn-based nanosheets in the middle and high concentration cases
(Figure 4b’,c’).

A low concentration of Fe?" is rapidly consumed in the reac-
tion with metallic zinc. The adsorption of [BMIM]CI provides a
metastable environment for the reduced Fe particles,® thus
maintaining a low concentration of Fe?" ions. At this point,
the liquid phase can be considered doped with an equivalent
amount of ZnCl,. A significant amount of reduced Fe powders
provides nuclei for simonkolleite nucleation, which results in
crystal growth as a nucleation-dominated stage for an extended
period. Therefore, the formed tiny nanosheets tend to agglomer-
ate as a spherical granule to reduce surface tension for a thermo-
dynamically stable state. Due to the encapsulation of BMIM*
ions on the polar surfaces, the anisotropy between single crystals
cannot be well expressed. Consequently, the clusters form
through the disordered stacking of small nanosheets.
Simultaneously, some small irregular spheres are likely amor-
phous precursor Zn(OH), and ZnO, which are generated during
the aging process.
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As the concentration of FeCl, is increased to 0.36 M, a signifi-
cant amount of free Fe>™ ions remains in the liquid phase. As
discussed earlier, these Fe*" ions can systematically and period-
ically replace some of the Zn atoms in the simonkolleite struc-
ture, leading to the formation of a single-phase Zn-Fe(lI)
LDH.*?% Hence, the resulting microplates exhibit well-
crystallized structures with smooth surfaces with a Zn-to-Fe ratio
of #1.71, maintaining the layered structure of the material.

During the crystallization maturation process, the high polar-
ity of the solution and the presence of a large number of existing
crystals lead to a phenomenon where single crystals engage in
self-assembly. This process facilitates the fusion growth of the
crystals, ultimately minimizing the surface energy. Two strate-
gies for self-assembly were observed in the formation of
Zn-Fe(II) LDH. Initially, a single crystal aggregates into a spirally
arranged structure, resembling a “desert rose” (Figure 5). During
the crystal growth, the surface-doped Fe*™ may undergo pre-oxi-
dation. As a result, the Fe** ions, which have smaller ionic radius
than Fe?™, may occupy certain positions, causing a distortion or
kink in the crystal structure. At these sites, the growth of another
hexagonal single crystal may occur, or single crystals may adhere
and fuse together. The fusion, driven by multiple kinks on the
crystal facets, causes the hexagonal sheets to agglomerate into
desert-rose-like spherical shapes, thereby minimizing the surface
energy. Another observed form of assembly is oriented attach-
ment, where smaller crystals align face-to-face on the surface
of a larger crystal, promoting growth along the c-axis and leading
to an increase of the thickness of the crystal.?%>!!

However, the excessive introduction of FeCl, results in
the supersaturation of the solution with Fe?"; some of the
Fe’" cations precipitate and undergo premature oxidation to
Fe’*. This oxidation can significantly alter the pH of the solution,

www.advenergysustres.com

preventing the coprecipitation of Fe and Zn. Simultaneously,
Fe’" cannot be effectively incorporated into the layered struc-
ture.?**¥! As a result, the number of layered crystals is reduced,
and their size becomes smaller compared to the previous cases.
Additionally, supersaturated Fe*™ may precipitate as amorphous
iron hydroxide or oxide,*” which can adhere to the surface and to
the edges of the platy crystals, hindering further crystal growth to
form rough surfaces with pores.

The FeCl,-doping cases were also characterized by Brunauer-
Emmett-Teller for surface area measurement (Table S2,
Supporting Information). At the doping concentration of
0.18 M Fe, the product primarily consists of simonkelleite crys-
tals prone to significant agglomeration, resulting in the smallest
surface area. As the Fe concentration increases, larger and more
stable simonkolleite lamellar crystals form, contributing to a
substantial increase in surface area. As the concentration of
Fe doping increases to a certain threshold (0.36 M), the stability
of LDH is compromised. A significant number of defects
and even fractures appear on the layered crystals, leading to a
substantial increase in the specific surface area.

2.3. Precipitation Rate and Crystallization Mechanism

2.3.1. Models for QCM Response for Zn-Based LDH Growth

The mechanism of Zn-Fe LDH formation can be further inves-
tigated using the QCMD method, which leverages the piezoelec-
tric effect of quartz to measure minute mass changes.®? The
detailed experimental design and theoretical derivation of the
models of QCMD response for Zn-based LDH growth are
provided in Supporting Information S2. In this study, a quartz
piece was immersed in the liquid phase, assuming uniform
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Figure 5. Schematic diagram of the formation mechanism of the “desert rose” morphology; the green surface indicates the layered crystal. Blue spheres
correspond to Zn*"; yellow spheres correspond to Fe?™; and red spheres correspond to Fe*™. After oxidation, the ionic radius of Fe** decreases, and its
electronegativity increases. With stress, defects appear on the crystal surface, providing the possibility of branches on the [001] facet.
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precipitation on its surface. The quartz sensor was removed every
hour to measure its resonant frequency and dissipation factors in
the deionized water, ensuring the elimination of interfering
factors in the stock solution. The relationship between the
frequency change in QCMD and deposition mass is described
by the Sauerbrey equation:**

am——c. Y (7)
n

where Am is the mass changes of quartz on the unit area (the

reported unit is ng cm?), mainly resulting from the deposited

substance, Af is the observed frequency changes, C is the mass

sensitivity constant, (17.7ngecm *Hz '), and n is the odd

overtone number (n=3).

Further analysis of the dissipation factor reveals two primary
causes of energy losses: 1) energy dissipation from the continu-
ous layer’s loss modulus (G”), and 2) energy loss due to surface
roughness. The first factor is considered negligible due to the
rigidity of the microcrystals and the small thickness of the layer.
Therefore, only the roughness effect is significant, which
describes energy loss from the interaction between the quartz
and the attached mass during oscillation. Based on the previous
SEM images, the crystals attached to the quartz surface can be
simplified as a liquid-crystal interface that follows a Gaussian
random distribution. This is regarded as a shallow roughness
model with low feature height h, and long feature I, width
(Figure S3, Supporting Information). Referring to the derivation
proposed by Daikhin et al.®¥ for the Gaussian random distribu-
tion of the profile of liquid-crystal interface, the surface imped-
ance Z; can be obtained by considering limiting scenarios. These
include the dynamic viscosity #;, the density of the liquid pj, the
frequency of the acoustic wave w, the acoustic decay length in
viscous flow §, and the roughness characteristic height h, with
in-plane parameter I, (SI SE 1-6). In this study, calculations were
obtained based on the dissipation measured under the third har-
monic (frequency of harmonic is &3 x 5 MHz) to ensure the reli-
ability of the data. Under this condition, the impedance equation
can be further simplified into the following form, as described by
Daikhin et al.>¥

he= 51+ ®

Therefore, the precipitation state on the quartz can be
monitored and quantified by simply measuring the resonance
frequency f and its dissipation D. The collected data was con-
verted to deposition mass Am and roughness parameter h,
and plotted in Figure S3, Supporting Information. The graph
does not display deposition mass and roughness data for this
sample because no deposition was observed on the quartz during
the first 6 h for the nondoped cases.

2.3.2. Deposition Mass and Roughness

According to classical crystallization theory, crystallization occurs
when the solution reaches supersaturation, followed by nucle-
ation and crystal growth.”>>°! Therefore, the deposition mass
measured by QCM over time can be roughly divided into three
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stages: prenucleation, nucleation-dominated, and crystal growth-
dominated. In the NaCl-doping cases, the changes in deposition
mass effectively capture the entire process. At the early stage, the
detected mass remains low. In the case of high NaCl concentra-
tion, the prenucleation stage lasts for the first 5 h, during which
[BMIM]Cl oxidizes the metallic zinc to increase the concentration
of Zn®* to supersaturation levels. Similarly, the roughness h,
follows the same trend. This remains at a low level, indicating
that only a small amount of precipitation has settled on the
quartz surface, thus maintaining its relatively smooth texture.
As the amount of introduced NaCl decreases, the oxidation reac-
tion is enhanced, reducing the prenucleation stage to ~3h.
Subsequently, a significant increase in the deposition mass
occurs between the fourth and the fifth hours, indicating that
the reaction system has entered the nucleation stage. By the sixth
hour, the rate of mass increase noticeably slows down, indicating
a decrease in Zn*" supersaturation due to its consumption
during nucleation. This highlights the transition to the crystal
growth-dominated stage. The roughness of both cases shows a
similar monotonic increase over time. It can be observed that
a high concentration of NaCl does not facilitate the occurrence
of precipitation. Conversely, medium or low concentrations of
NaCl promote precipitation during the first 6 h.

In case of ZnCl, doping, the mass change curve exhibits a
slightly more complex behavior. Overall, all three cases show
a consistent increasing trend from the start of the measurement,
eventually reaching a similar order of magnitude. The final mass
deposited on quartz increases with ZnCl, concentration by the
sixth hour. It is worth noting that at high concentrations, the
deposited mass remains nearly constant between the second
and the fourth hour. The high-concentration case exhibits the
lowest surface roughness throughout the measurement period.
In the medium-concentration case, the roughness increases in
parallel with the deposition mass, while the low-concentration
case shows a rapid rise in roughness during the first 2h.
These observations suggest that the sediment in the ZnCl,-
doping scenarios may undergo a transformation during the pro-
cess. The introduction of ZnCl, serves as an efficient precursor
for precipitation, effectively bypassing a prolonged prenucleation
stage. With the oxidation of metallic Zn, the pH of the solution
increases from weak acid to base, favoring the formation of
Zn(OH), nuclei. This nucleation process contributes to an
increase in surface roughness. However, the high concentration
of CI™ and Zn*" released during oxidation thermodynamically
promotes the formation of simonkolleite. Consequently, simon-
kolleite competitively precipitates alongside Zn(OH),. When the
Zn*" ion concentration in the liquid phase becomes insufficient,
Zn(OH), undergoes redissolution and support the crystallization
of simonkolleite.?"! While nucleation partially contributes to
surface roughness, the primary driver of roughness increase
is crystal growth. Accordingly, it can be inferred that nucleation
remains the dominant process in the high-concentration case,
whereas in the medium- and low-concentration cases, the pro-
cess transitions from nucleation to crystal growth.

The FeCl,-doping cases exhibit a significant difference from
the other scenarios, with deposition masses rapidly increased
to exceed 600 ng cm™2 by the sixth hour, compared to less than
250 ng cm ™2 in the other cases. The low concentration of FeCl,-
doping case achieves the highest deposition rate surpassing
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500 ng cm~ within the first 2 h. Following this initial surge, the
deposition mass linearly increases at a precipitation rate of
150ngcm2h™! to exceed 1300 ngcm™2 by the sixth hour. In
this case, the roughness reaches a steady value after the third
hour. The medium-concentration FeCl,-doping case exhibits a
similar rapid increase in deposition mass during the first 2 h.
Subsequently, the growth rate slows until the fifth hour, after
which it surges dramatically, reaching 1100 ng cm ™2 by the sixth
hour. During the first 2 h, the roughness increases significantly
due to nucleation while showing a noticeable decrease in the
third hour, as a result of the possible shift in the dominant pro-
cess. In contrast, introducing a high concentration of FeCl,
results in the slowest deposition rate among the three cases.

Based on the evidence above, the mechanism of Fe-Zn LDH
formation appears analogous to that of simonkolleite. It is
hypothesized that Zn(OH), forms as the primary kinetically
favored product and, afterward, is transformed into Zn-Fe
LDH by Fe*" incorporated into brucite-like trioctahedral hydrox-
ide layers.*”! In the low-concentration case, Fe*" ions facilitate
the oxidation process of Zn to Zn>*, resulting in the formation of
simonkolleite (Figure 6).

(@) 1400 - @)
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2.3.3. Mechanism of Product Formation

This study investigates the impact of C1~, Zn?", and Fe?" ions on
the crystal growth mechanism. The findings reveal that their
impact increases in the order Cl~ < Zn®* < Fe?. Collectively,
these ions regulate the reaction and crystal growth mechanisms
by adjusting oxidation reaction rate, liquid-phase ion environ-
ment, and polarity, ultimately determining the composition
and the morphology of the final products. The following chapter
provides a summary of the mechanism underlying NaCl, ZnCl,,
and FeCl, doping.

Crystal Growth Mechanism in NaCl-Doping Cases: The primary
role of NaCl is to adjust the polarity of the solution and promote
the corrosion of metallic Zn in the IL. Initially, metallic Zn is
corroded by acidic [BMIM]" ions to release Zn®" ions.l'”) In
the absence of additives, the kinetic of Zn oxidation is slow,
resulting in a low concentration of Zn*".[***7! Zn(OH), precip-
itates and gradually dehydrates into ZnO as the pH increases.*®
The growth of the formed ZnO is driven by Zn®" ions freely
available in the liquid phase or those released from redissolved
Zn(OH),. This process promotes the development of rod-shaped
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Figure 6. a,a’) Deposition mass as a function of time for Zn reacting in [BMIM]CI solution with metal chloride doping. The colors blue, green, and red,
represent NaCl, ZnCly, and FeCl,, respectively. Squares, triangles, and circles stand for the doping concentration, which ranges from high to low. The lines
are only for guiding the eye. Due to the significant difference in scale between the FeCl, case and the other groups, the images are split into two figures
with different scales. b—d) The diagram of roughness versus time in three groups. Squares, triangles, and circles indicate the doping concentration for

NaCl (blue), ZnCl, (green), and FeCl, (red), ranging from high to low.
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and needlelike ZnO crystals with a relatively high length-to-width
ratio.*?! As a result, the product exhibits diverse morphologies,
including needlelike, sea urchin-like, nanorod, and spherical
shapes, comprising a mixture of Zn(OH), and ZnO.

The introduction of NaCl creates a high-concentration envi-
ronment of Cl”, which improves the corrosion of metallic
Zn.P% ZnO growth predominantly follows a mechanism where
Zn(OH), binds to the surface and subsequently dehydrates.[**?
Consequently, the final product primarily comprises irregularly
shaped particle aggregates, with ZnO as the dominant phase
(Figure 7).

Crystal Growth Mechanism in ZnCl,-Doping Cases: Similar to
NaCl doping, the introduction of ZnCl, leads to the initial for-
mation of Zn(OH),. However, the addition of Zn*" ions limits
the initial prenucleation period associated with the corrosion of
metallic Zn, allowing zinc ions to directly reach supersaturation
without the delay typically observed in the absence of Zn®T.
When the pH of the solution rises to neutral, the precipitation
process initiates. Similarly, a sufficiently high concentration of
Zn** (>0.01 M) results in the formation of simonkolleite as
the thermodynamically favored product!*®) As simonkolleite
crystal growth progresses, the consumption of Zn*" leads to a
decrease in supersaturation, resulting in the transition to a crys-
tal growth-dominated mechanism. The IL wrapped around the
[001] polar facets of simonkolleite inhibits its growth along
the c-axis.!**% Consequently, the final product consists of hex-
agonal thin nanosheets of simonkolleite with a high aspect ratio.

Furthermore, a higher concentration of ZnCl, (>0.36 M)
leads to crystallization under a nucleation-dominated process
with sustained high supersaturation levels over an extended
period. This prolonged nucleation stage results in the formation
of a large number of nuclei that are dispersed throughout the
liquid phase. In this scenario, crystal growth may proceed
via nonclassical pathways, such as oriented attachment. The

Monomer-to-monomer growth

Low concentration

of NaCl
Zn(OH),
Zn*ions' ** M*_
.. . L L J
L
. L2
— &,
H . | |
¢ 0 %
5 v 5
Metallic Zn .

Zn Corrosion Zn(OH), Formation

High concentration
of NaCl

Zn(OH),- binding growth
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increased polarity of the solution weakens the IL’s confinement
effect, leading to the formation of smaller particles that are
thicker compared to the larger, thinner crystals observed in
the low-concentration case (Figure 8).*>¢’!

Crystal Growth Mechanism in FeCly-Doping Cases: The presence
of Fe*" ions significantly accelerates the corrosion rate of Zn in
the IL. During the initial stage, Fe”" rapidly oxidizes Zn>*, while
itself being reduced to metallic Fe powder. Additionally, this pro-
cess generates a small number of free Fe®" ions, which further
promote the oxidation of metallic Zn in the subsequent stages of
the reaction.l*) This behavior sustains a high concentration of
Zn" ions in the liquid phase over an extended period, promot-
ing nucleation-dominated crystallization processes. Additionally,
the presence of iron facilitates the earlier transformation of
Zn(OH); into double-layer hydroxides. At a low concentration
of Fe*™ (0.18 M), its impact on the product composition is
minimal, with simonkolleite remaining the dominant phase.
However, the reduced iron particles can act as nucleation sites
or carriers, promoting the aggregation of simonkolleite into clus-
ters. As a result, the final product exhibits a morphology charac-
terized by hexagonal sheets that are largely aggregated into
clusters.

A moderate concentration of FeCl, (0.36 M) accelerates the
oxidation of metallic zinc and maintains some Fe*" ions in
the liquid phase as active free species. These ions can be incor-
porated into Zn(OH), to form a uniform Zn-Fe LDH phase. The
resulting Zn-Fe LDH displays a typical lamellar structure with a
large surface area and thin layers.*”) During the formation of
Zn-Fe LDH, a self-assembly behavior occurs among single
crystals to minimize surface energy. Initially, amorphous NPs
are formed, which are hypothesized to act as the precursor of
a simonkolleite-based compound. With the assistance of
[BMIM]" ions acting as templates and the anisotropic growth
of the crystals, single crystals preferentially form hexagonal

Needle, sea-urchin shaped
by free Zn** ions.
®

Zn*ions

Zn(OH),

P $ 20 ]

L 4 Y Crystal Growth
L °

p
<
Irregular spherical structure

Figure 7. Proposed mechanism of zinc oxide crystal growth mechanism in NaCl-doping cases. The blue spheres represent Zn*" ions, the light blue
octahedrons represent the Zn(OH), crystals, and the pink crystals represent ZnO.
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Figure 8. Proposed mechanism of zinc oxide crystal growth mechanism in the ZnCl,-doping cases.

nanosheets similar to simonkolleite. However, the layered struc-
ture is prone to kinks, particularly when a small part of the doped
Fe®" is oxidized to Fe*". This introduces the formation of more
complex topological structures in the Zn—Fe LDH, differing from
the simpler nanosheet structures observed in the ZnCl,-doping
cases. The hexagonal nanosheets self-assemble in a spiral config-
uration, with the initially nucleated amorphous precursor serving
as the core. Simultaneously, new helical centers form at the kinks
within the structure, facilitating growth to minimize surface
energy. This self-assembly process ultimately leads to the forma-
tion of the “desert rose” structural morphology.!**¢*!

Conversely, a high concentration of FeCl, negatively impacts
the formation of the product. Excess Fe’' is prematurely oxi-
dized to Fe*", leading to a decrease in the pH of the solution,
which is unfavorable for LDH precipitation. The Fe*" ions that
cannot be incorporated into Zn-Fe LDH may form amorphous
Fe oxides, which hinder crystal growth. Furthermore, incorporat-
ing Fe*™ into the Zn-Fe LDH crystal, followed by its early oxi-
dation to Fe*™, exacerbates lattice distortion due to the significant
difference in atomic radii. This distortion disrupts the normal
growth of Zn-Fe LDH.’®%% The resulting increased internal
stress within the lattice induces numerous defects and fractures
on the crystal surfaces. This ultimately leads to the formation of
fragmented, irregular nanosheets that are mixed with amor-
phous iron oxides (Figure 9).

2.4. Evaluation of the Photocatalytic Performance

Photocatalytic hydrogen production experiments were conducted
under identical operating conditions, as described in the
Supporting Information, using Zn-Fe LDH materials doped
with different iron concentrations. Figure 10 shows the H, pro-
duction rate in the presence of methanol as a sacrificial agent and
the LDH synthesized using different concentrations of FeCl,. It
is worth noting that the photocatalytic experiments were con-
ducted without the use of any co-catalyst. Increasing the concen-
tration of FeCl, during the photocatalyst synthesis in the range
0.18-0.45 M results in an increase of the hydrogen production
rate. The samples prepared using FeCl, concentrations of 0.54
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and 0.45M exhibit a photocatalytic activity approximately five
times higher than commercial zinc oxide. A possible mechanism
for the photo-oxidation of methanol into formaldehyde, leading
to hydrogen production, is described by the following equations,
where e~ and h" represent the negative and positive charge
carriers:

ZnFe —LDH +hv — e™ +ht (9)
e~ +h" — heatandlight (10)
CH;O0H +h* — CH;0 - + H* (11)
CH;0 -+ h* — CH,0 + H* (12)
2H* +2e” — H, (13)

Photogenerated holes oxidize methanol to form a methoxy
radical, which is further oxidized to formaldehyde.
Additionally, formic acid and carbon dioxide can be formed
through oxidation of formaldehyde.

The specific surface area of the LDH hexagonal lamellar struc-
ture increases as more Fe ions are substituted into the backbone,
which could potentially lead to an increase in the number of
active sites for methanol adsorption. As reported in Figure 4,
the increase in FeCl, concentration during the synthesis corre-
lates with a rise in the doped Fe content of LDH with more uni-
form Fe distributions at high concentrations. Figure 10 reveals
that the increase of uniformly dispersed Fe ion doping in the
photocatalyst within the explored range has a positive impact
on the hydrogen production rate. Fe> has been proven to be
an effective dopant due to its interaction with the photogenerated
electrons within the semiconductor, resulting in a decrease in the
electron-hole recombination rate. However, at doping levels
higher than 0.45M, the excessive coverage of LDH surface
reduces the light energy adsorbed by the photocatalyst.
Additionally, at higher doping concentrations, Fe?" is increas-
ingly oxidized to Fe’", resulting in the formation of amorphous
iron oxide. According to previous studies,'” Fe,03 negatively
affects the photocatalyst’s performance by favoring the recombi-
nation of photogenerated electron-hole pairs.
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Figure 9. Schematic of Zn-based LDH formation mechanism in [BMIM]C| with different FeCl, concentration doping.

The optical properties of LDH photocatalysts with varying
FeCl, doping concentrations were investigated using photolumi-
nescence spectroscopy (PL) and UV-vis diffuse reflectance spec-
troscopy (DRS). The characteristic emission bands observed in
the PL spectra (Figure S8, Supporting Information) are generally
associated with the recombination rate of photogenerated charge
carriers in photocatalysts.®”) All samples exhibit an emission
peak at ~470nm, which can be attributed to the band-band
PL phenomenon induced by photogenerated charge carriers.
With increasing FeCl, concentration, the PL emission intensity
decreases. This quenching effect indicates that the recombina-
tion rate of photogenerated charge carriers in the ZnFe-LDH
photocatalysts is partially suppressed, thereby promoting the
photocatalytic activity of the material.

Figure S9, Supporting Information presents the DRS spectra
of ZnFe-LDH composites doped with different concentrations of
FeCl,. The results indicate that FeCl, doping moderately influ-
ences the light absorption properties of the ZnFe-LDH compo-
sites. All samples exhibit a distinct absorption edge below
400 nm in the UV region, while most light in the visible spec-
trum is reflected. Increasing the FeCl, concentration in the com-
posites slightly broadens the absorption edge into the visible light
region (1 >400nm), suggesting a moderate enhancement in
the photocatalytic activity of the material under visible light
irradiation.

Adv. Energy Sustainability Res. 2025, 2400309 2400309 (13 of 16)

The quantum yield for photocatalytic hydrogen production is a
measure of the efficiency of the process in converting absorbed
photons into the desired chemical product (hydrogen), However,
challenges arise in determining absorbed photons or reacted
electrons due to issues such as light scattering and reflection.
Considering these practical complications, the International
Union of Pure and Applied Chemistry (IUPAC) suggests
employing the term “apparent quantum yield” (AQY), which
is calculated as:®®

AQY(%) = number of reacted electrons « 100%
?) ™ number of incident photos ? (14)
2R
=2 % 100%
Iy

where Ry, is the apparent rate of hydrogen production. A maxi-
mum apparent quantum yield value of 0.51% was obtained at a
wavelength of 334 nm in the presence of FeCl, doping concen-
trations at 0.45 M.

Zn-Fe LDH (0.36 M) exhibits excellent stability as a photoca-
talyst for hydrogen production. This is evident by the con-
sistent H, evolution activity observed over three consecutive
reaction cycles (Figure S4, Supporting Information). Table S3,
Supporting Information provides a comparison of the hydrogen
production efficiency reported in the literature for different
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Figure 10. Hydrogen production rate from methanol photoreforming obtained using Zn-based LDH synthesized with different concentrations of FeCl,.

LDH-based photocatalysts. While most LDH-based photocata-
lysts reported in the literature are typically synthesized through
coprecipitation or hydrothermal methods, the photocatalyst pre-
sented in this study stands out due to its environmentally friendly
synthesis method. Although its hydrogen production rate is not
the highest, the synthesis method presented in this work empha-
sizes sustainability and demonstrates considerable potential.
Future work could focus on the incorporation of co-catalysts
to further enhance the photocatalytic hydrogen production rate.

3. Conclusion

This work presented the synthesis of a series of Zn-based LDHs
using the OIS method and proposed a detailed crystal growth
mechanism for Zn-based LDHs. Our investigation examined
the composition and crystal morphologies of the products under
three doping scenarios: NaCl, ZnCl,, and FeCl,.

The study revealed that doping ions have a significant impact
on the oxidation and reprecipitation kinetics of metallic Zn in
[BMIM|CI, with the rate order being Fe*">7Zn’*>Cl".
Notably, the formation of Zn-based LDH occurs only in environ-
ments with a relatively high Zn?* concentration (>0.18 M),
which can be achieved either by adding extra Zn*" or introducing
Fe’" to accelerate Zn corrosion.

This study focuses on the impact of Fe?™ ion doping on the
crystal morphologies and photocatalytic performance of Zn-
based LDH. In Fe®'-doped environments, sufficient Fe?"

Adv. Energy Sustainability Res. 2025, 2400309 2400309 (14 of 16)

incorporation into the lattice leads to Zn—Fe(II) LDH formation,
resulting in a unique desert-rose-shaped structure due to
increased lattice defects and polarity. The synthesized
Zn-Fe(ll) LDH further oxidizes in air, forming a stable
Zn-Fe(I1I) LDH. However, excessive Fe*" introduces instability,
leading to the formation of porous lamellar crystals.

When tested for hydrogen production through photoreform-
ing of methanol, the synthesized Zn-Fe(IIl) LDH exhibits a
hydrogen production rate of 20.9 pmolh™' g™, obtained using
a FeCl, doping concentration of 0.45M. This corresponds to
an AQY of 0.51% (at 334 nm) which is five times higher com-
pared to commercial zinc oxide.

Compared to simonkolleite, the crystal structure of Zn-Fe
LDHs is more complex and variable. The bonding interactions
between the metal ions and anions remain a subject of debate,
and further research is needed to fully elucidate their structure.
Additionally, comparative studies exploring the catalytic perfor-
mance of single LDH materials with controlled morphologies are
limited. Developing mixed LDHs using cost-effective and
scalable methods to achieve high purity and quality remains a
challenge. The complexity of the LDH structure also complicates
the investigation of its photocatalytic mechanisms, particularly in
hydrogen production from photoreforming.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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