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ARTICLE INFO ABSTRACT

Keywords: The emerging class of 2D non-van der Waals (n-vdW) materials, including 2D iron oxides, possesses unique
Hematene properties and high applicability, making them attractive for various technological applications. However, the
Ammonia

synthesis of these materials through a scalable and eco-friendly method remains a challenge, as most known
chemical exfoliation processes require toxic organic solvents. In this study, we report a green synthesis of 2D
hematene (a-Fe203) using an ultrasound-supported exfoliation method of earth-abundant iron oxide ore in a pure
aqueous solution. The resulting hematene sheets, only a few nanometers thick, exhibit superior electrochemical
performance in terms of charge transfer processes, making them ideal for photocatalytic applications. By doping
a conductive hematene substrate with ruthenium, we demonstrate a synergistic effect for generating electrons
and holes under visible light irradiation. Using this approach, we successfully decomposed ammonia into
hydrogen and nitrogen, highlighting the potential of this novel class of environmentally-friendly photocatalysts
for clean energy production. Overall, our water-assisted scalable synthesis of hematene offers a promising
strategy for producing efficient and sustainable photocatalysts.

Hydrogen Production
Photocatalytic decomposition

1. Introduction chalcogenides, oxides, nitrides, and phosphides, which exhibit strong

chemical bonding in all three directions [12]. The n-vdW materials have

The discovery of two-dimensional (2D) materials has kindled
immense interest among scientists as they exhibit unique chemical,
physical, and electronic properties, compared to their 3D counterparts
[1]. Their properties can be exploited in various applications, including
electronics [2,3], sensors [4-6], energy storage [7-9], and spintronics
[10,11]. Owing to their bonding nature, 2D materials can be sorted into
two main classes: i) van-der Waals (vdW) 2D materials, such as gra-
phene, black phosphorus (BP), transition metal dichalcogenides,
metal-organic frameworks (MOFs), or MXenes, where the strong
chemical bonding is located in-plane and the weak vdW bonding
out-of-plane; and ii) non-van-der Waals (n-vdW) 2D materials like metal

a layered structure with an overall thickness of around 10 nm and
encompass high energy surfaces [13].

Methodologies used for the synthesis of n-vdW materials include a
self-assembly approach [14-16], exfoliation [17], lamellar intermediate
exfoliation [18,19], and topochemical transformation [12,20,21]. The
exfoliation process has been adopted as the most convenient strategy for
the preparation of iron oxide derived n-vdW 2D materials such as
hematene (2D a-FezOs3), magnetene (2D Fe304), ilmenene (2D FeTiOg),
and chromiteen (2D FeCry04) [22]. All these materials were prepared
from natural ores in organic solvents (typically DMF; N,
N-dimethylformamide), deploying ultrasonication, with that being the
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main drawback of these exfoliation processes due to the inherent
toxicity of DMF and unwanted surface functionalization [23]. Because of
the DMF toxicity [24,25], the European Union is adopting regulations
restricting its use from December 2023 onwards [26]; hence the need for
the development of alternative exfoliation processes in nontoxic
solvents.

Since the amount of fossil fuels is limited, alongside the fact that
global energy consumption is estimated to increase at least twice by the
midcentury compared to the present time [27], the exploitation of
renewable and sustainable energy sources represents one of the most
important tasks. Previously published reports show that n-vdW mate-
rials such as hematene (2D a-Fe;03), magnetene (2D Fe3Oy), ilmenene
(2D FeTiO3), and chromiteen (2D FeCry04) have strong potential in the
field of photoelectrochemistry, where the combination of these allo-
tropes with Ti nanotubes shows excellent results [28,29]. N-vdW ma-
terials also hold great potential in various electrocatalytic applications
targeting the energy conversion processes, including water splitting
(HER and OER reactions), COy reduction reaction (CRR), nitrogen
reduction and oxidation reactions (NRR and NOR), NOy reduction and
NHj oxidation [12]. Up to now, the highest electrocatalytic activity is
achieved with noble metals, which represents the main drawback for the
scalable application of these electrocatalysts on the commercial level,
mainly due to their price and availability. Thus, the development of
novel materials with enhanced electrocatalytic and/or photocatalytic
activity towards sustainable energy conversion is highly desired.

An ammonia decomposition reaction is a promising alternative to
fossil fuels that leads to the release of hydrogen and nitrogen, thus
overcoming the challenges of hydrogen storage [30,31]. Ammonia is an
ideal hydrogen carrier since it has a high gravimetric (17.8 wt. % Hy)
and volumetric (121 kg H, m~2 in the liquid form) H, density and
produces a high amount of COy free hydrogen after decomposition [30,
32]. Therefore, a clean process based on renewable energy sources to
convert NHs to Hj (as a fuel) and N; (as a harmless gas) is an important
scientific challenge. The aqueous ammonia decomposition (1) is an
uphill reaction and the required reaction energy can be provided by the
sun light photons using photocatalyst materials [33].

NH;(aq.)—=3/2H(g) + 1/2Ns(g) €))

AnggK =27 kJmol’l

Currently, only a few photoactive materials are found to be able to
decompose the aqueous ammonia solution, including TiO2 [34-38], ZnO
[39,401, ZnS [33], C3Ny4 [41], graphene, and other carbon based mate-
rials [42]. However, all these materials suffer from several drawbacks
limiting their wide application in practice. TiO5 is a very popular pho-
toactive material that has relatively low cost, high chemical stability,
and good light conversion efficiency. However, the efficiency is still
relatively low because of the fast recombination of the photoinduced
charge transfer. Another handicap is that TiO,, for instance, works only
under the UV illumination [34,39,40]. The complicated multiple-step
synthesis of the photocatalysts using various toxic solvents (e.g., DMF)
[40,42] limits the practical applicability of other photocatalysts.
Therefore, the preparation of photocatalysts by green chemistry prin-
ciples while relying on cheap and eco-friendly transition metal oxides as
successful Ny activators remains one of the major challenges in the field
of photocatalytic decomposition of ammonia.

In this work, we show that the two-dimensional hematene can be
synthesized by a green environmentally friendly scalable method from
an earth abundant raw material—iron oxide ore specularite. The hem-
atene sheets were a few nanometers in thickness and gave a satisfactory
electrochemical performance in terms of the charge transfer limiting
processes. Reflecting these properties, we exploited the combination of a
conductive 2D hematene substrate with the catalytic surface of RuO,
nanoparticles to test them as a photocatalytical platform suitable for the
production of hydrogen under the visible light irradiation. The obtained
results clearly proved that this nanocomposite exhibited a synergic
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effect in terms of the generation of electrons and holes. In this case, the
holes oxidized the already absorbed ammonia through the quasi-
metallic ruthenium oxide and left the electrons in hematene for the
reduction of ammonia under the visible light irradiation. The excellent
photocatalytic performance of the ruthenium oxide-loaded hematene
supported by the fact that the entire photocatalyst can be prepared by
environmentally friendly and scalable ways indicates that the developed
strategy is viable for the fabrication of a novel class of photocatalysts
suitable for the production of hydrogen.

2. Experimental
2.1. Common reagents

Potassium ferricyanide (p.a.) was purchased from Lachema (Brno,
Czech Republic) and potassium chloride (p.a.) was obtained from Penta.
Iron oxide ore specularite was obtained from the Moravian Museum
(Brno, Czech Republic). The RuCl3.xH50 (content of Ru: 38% min) and
ammonium hydroxide (28 % NHs) were purchased from Alfa Aesar. The
magnesium oxide powder was purchased from Sigma Aldrich. Deionized
water (DI) was used for the preparation of all aqueous solutions and
dispersions.

2.2. Synthesis of hematene and loading with ruthenium

The hematite ore specularite was ground into a fine powder using a
Retsch Planetary Ball Mill PM 100. The bulk sample was ball milled for 5
minutes, allowed to cool down to avoid excessive heating that might
have led to undesirable effects, e.g., sintering, and then ball milled again
for another 5 minutes. The ensued fine hematite powder (2 g) was
dispersed in 180 mL of DI water, mixed thoroughly with a vertical ro-
tator (Heidolph) at 45 rpm for 96 h, and sonicated in a bath sonicator
(Branson; power output: 130 W, frequency: 40 kHz) for 48 h. The
exfoliated hematene sheets were separated by sedimentation from the
unexfoliated specularite and further processed to the desired concen-
tration using centrifugation (centrifuge Sigma 4-16 K, Sigma Labor-
zentrifugen GmbH, Osterode am Harz, Germany) at 21 000 rcf. The
unexfoliated powder of hematite was collected and used again for the
preparation of hematene sheets.

The ruthenium loading was done via the impregnation method. First,
the hematene powders were separated from the solution by centrifu-
gation and dried at 80 °C for 1 h. After preparing the predefined con-
centration of RuCls in DI water, the measured amount of dried hematene
was added to the solution and stirred for 3 hours. Then the emulsion was
centrifuged to separate the solid precipices from the supernatant. The
centrifugation was repeated twice while it was washed with DI water to
remove the extra amount of RuCls. Then, the powders were dried at
80 °C for 1 h and calcined at 300 °C for 3 h in air atmosphere.

2.3. Microscopic techniques

Scanning electron microscopy (SEM) and atomic force microscopy
(AFM) analyses were performed with a FIB-SEM instrument SCIOS 2
(Thermo Fisher) equipped with an integrated AFM Litescope (NenoVi-
sion). The sample was analyzed on a Si wafer. The correlative probe and
electron microscopy (CPEM) was used for the surface analysis, allowing
simultaneous SEM and AFM data acquisition at the same place in the
same coordinate system. For SEM imaging, an accelerating voltage of
2 kV, a beam current of 25 pA, and an ETD detector was deployed. The
self-sensing Akiyama probe in the tapping mode was used for the AFM
measurement. High-resolution TEM (HRTEM) images including STEM-
HAADF (high-angle annular dark-field imaging) analyses for elemental
mapping of the products were collected with an FEI Titan HRTEM mi-
croscope using an operating voltage of 80 kV. For these analyses, a
droplet of dispersion of the material in ultrapure H,O at a concentration
of ~0.1 mg mL™~! was deposited onto a carbon-coated copper grid and
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dried.
2.4. Spectroscopic measurements

The X-ray photoelectron spectroscopy (XPS) measurements were
carried out by a PHI VersaProbe II probe (Physical Electronics) with an
Al Ka source (15 kV, 50 W). The measured spectra were deconvoluted
using the MultiPak software (Ulvac-PHI, Inc.). The Raman spectra for all
the samples were recorded on a DXR Raman microscope using a diode
laser with an excitation line of 633 nm. The EPR spectra were collected
on a X-band (~9.14-9.17 GHz) spectrometer JEOL JES-X-320 equipped
with a variable He temperature set-up ES-CT470 apparatus. The
experimental temperature was set to 80 K. The quality factor (Q) was
kept above 6000 for all measurements to make the spectra comparable.
High purity quartz tubes (Suprasil, Wilmad, <0.5 OD) were used as a
sample holder. The accuracy of the g-values was determined by
comparing them with a Mn?*/MgO standard (JEOL standard). The mi-
crowave power was set to 1.0 mW to avoid any power saturation effects.
A modulation width of 1 mT and a modulation frequency of 100 kHz
were used. All the EPR spectra were collected with a time constant of 30
ms and a sweep time of 4 min.

2.5. Structural and phase analysis

X-ray diffraction (XRD) patterns of bulk iron ore and exfoliated
hematene samples were collected on a PANalytical X’Pert PRO diffrac-
tometer (iron-filtered Co Ka radiation: A = 0.178901 nm, 40 kV and 30
mA) in a Bragg-Brentano geometry equipped with an X’Celerator de-
tector, programmable divergence, and diffraction beam anti-scattering
slits. Each sample was placed on a zero-background Si slide, gently
pressed, and scanned in the 20 range from 5° to 105° The phase iden-
tification was performed using PANalytical HighScore Plus software
with PDF-4+ and ICSD databases.

2.6. Electrochemical measurements

All the electrochemical measurements in a three-electrode set-up
were performed at ambient room temperature (22 + 2 °C) using the
Metrohm Autolab PGSTAT128N potentiostat (MetrohmAutolab B.V.,
Netherlands). The obtained electrochemical data sets were evaluated by
the NOVA software package (version 1.11.2). The system comprised a
glassy carbon electrode (GCE) serving as the working electrode, a plat-
inum wire electrode used as the counter electrode and an Ag/AgCl (3 M
KC]) electrode as the reference electrode. The GCE was modified as
follows: a 10 uL drop of a sample dispersion in DI water (concentration
of ~ 1 mg mL™!) was coated onto the surface of the GCE electrode and
allowed to dry at ambient temperature to form a thin film. Potassium
chloride (¢ = 1 mol L’l) containing potassium ferricyanide (¢ = 5 mmol
L 1) as a redox probe served as a supporting electrolyte for impedance
measurements. Individual settings for impedance spectroscopy mea-
surements (EIS) are given in the Figure legends.

2.7. Photocatalyst characterization and photodecomposition of ammonia

The ultraviolet-visible diffuse reflectance spectra (UV-Vis DRS) of
the synthesized samples were obtained by a Specord 250 plus (Analytik
Jena, Jena, Germany) spectrophotometer. An integrating sphere was
used to collect the spectrum. The magnesium oxide powder served as a
background reference sample.

The photodecomposition of NH3 was conducted in a 17.5 mL quartz
reactor. After sono-dispersion of the photocatalyst in 10 mL of ammo-
nium hydroxide, the rector was tightly sealed with a rubber septum.
Since dissolved oxygen in a solution could act as an electron scavenger,
it was bubbled with argon for 15 min to remove the oxygen. Then, the
sample was illuminated under LED (Solis® High-Power LED from
Thorlabs) with the power of 3 W-m~2 and a wavelength of 400-700 nm.
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To avoid the thermal decomposition of ammonia, the reaction was
conducted in a water bath to keep the temperature of the solution at
24 °C during the reaction. The photocatalytically evolved hydrogen was
detected with a gas chromatograph GCMS-QP2010 SE (Shimadzu,
Kyoto, Japan) and a TCD (Thermal conductivity detector) using Ar as
carrier gas.

3. Results and discussion

3.1. Structural, morphological, and (electro)chemical characterization of
hematene

Multi-layered hematene sheets were prepared via an exfoliation
process from an (ultra)pure water dispersion of specularite, as discussed
earlier in the experimental section. The morphology of the hematene
sample was evaluated by a CPEM technique (combination of SEM and
AFM analysis) and a HRTEM analysis, as shown in Fig. la—f and
Fig. Sla—c. It is evident that the exfoliated sample was of a 2D-like na-
ture with the lateral sizes in units of micrometers (Fig. 1a—c). Homog-
enous distribution of the individual elements such as iron or oxygen
(Fig. S1b) implied high purity of the prepared hematene sample, which
was affirmed by an EDAX analysis (Fig. S1c), ultimately confirming the
dominant presence of these elements; the appearance of the copper
element related to the grid used for the HRTEM analysis. The AFM
analysis (Fig. 1b,c) and the related height profile (Fig. 1d) revealed that
the thickness of the representative sheet was of around 5 nm. The
thickness of the molecular dynamic simulated hematene (001) and (010)
planes was estimated as 3.98 A and 3.2 A, respectively, corroborating a
previously published report [28]. Thus, the thickness of 5 nm repre-
sented ~ 12 hematene layers in the final product. A higher number of
layers validates the theory that the selection of a chemical solvent
decidedly affects the possibility of exfoliating the sample by ultrasonic
irradiation up to individual layers [43]. As expected, the sonochemical
preparation strategy of hematene from (ultra)pure water did not enable
to provide a mono or two-layered system. To prove the size and thick-
ness of the hematene material, CPCEM images with related height profiles
were collected from different sheets, and are depicted in Fig. S2. The 2D
structure of the hematene sample was also confirmed from magnetic
data measurements. Details of those experiments and related discussion
are provided in the ESI. The composition of the product was also sup-
ported by XPS, as shown in the box (Fig. le,f). The obtained HR-XPS
spectrum of the Fe 2p region (Fig. le) revealed two peaks at around
712 and 725 eV, corresponding to Fe 2p3,» and Fe 2p; /5, respectively
[28,44]. The satellite peak located at around 719 eV further indicated
the Fe3* oxidation state [44]. As evident from the deconvolution, both
spin-orbit components were fitted with two peaks. These fitted peaks
served more as a reference, indicating a trend based on already pub-
lished studies [45,46]; the transition metals in their 2p states should be
fitted by multiple components, representing the multiplet splitting. The
HR-XPS spectrum of the O 1 s region (Fig. 1f) was fitted in three com-
ponents, based on previous reports [47,48], corresponding to the lattice
incorporated oxygen at higher binding energies and the surface present
oxygen (in a defect state and as surface oxidation [28,47,48]) at lower
binding energies, respectively.

The nature of the hematene sample was also evaluated by means of
Raman spectroscopy. Fig. 2a shows the Raman spectra of original
specularite ore in comparison with the hematene sample. The positions
of the most important bands were found at around 224 and 495 cm™
(A1g modes) and 249, 290, 409, 611 em! (Eg modes). The broad intense
band visible at around 1318 cm™ was connected with the scattering of
two magnons in the structure of the hematite ore [49]. As expected, the
hematene showed the position of the most important bands, similarly to
specularite. Nevertheless, the additional band was observed at 663 cm™,
which can be assigned to the structural disorders inside the crystal lat-
tice (E, modes) related to the 2D crystal structure [28,48,50,51]. The
crystalline structure and chemical phase purity of both the original
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Fig. 2. (a) Raman spectra of specularite and hematene; (b) XRD patterns of specularite and hematene; (c) detail of XRD patterns showing the broadening and shift of

hematene diffraction peaks compared to parent specularite.

specularite and the exfoliated hematene were additionally evaluated by
XRD measurements (Fig. 2b). The collected patterns illustrate that both
samples contained only the a-Fe;O3 phase of the corundum crystal
structure (JCPDS card 01-089-0599, rhombohedral structure, space
group R-3c), which rules out the presence of any other crystalline pha-
ses. The diffraction pattern of hematene (lattice parameters: a = 5.035 A
and ¢ = 13.745 A) showed that the diffraction peaks were slightly
broadened and slightly shifted in their position, compared to the original
specularite (lattice parameters: a = 5.034 A and ¢ = 13.742 .7\). These
effects are visible in Fig. 2c, providing a detail about the positions of the
two diffraction peaks, where the diffraction on the (104) plane is typi-
cally dominant for the a-Fe,Og3 structure. Such observation is consistent
with the exfoliation of hematite in previous studies [28,52], where the
broadening of the lines is related to the reduction in crystallite size [17,
531.

Prior to the modification of the hematene with ruthenium, the
electrochemical performance of specularite and its 2D analogue was
evaluated by means of impedance spectroscopy (EIS). Fig. 3a illustrates
the EIS spectra as the Nyquist plot of a bare glassy carbon electrode
(GCE) and GCE modified with the specularite precursor and the

hematene sample. As visible in Fig. 3b, all EIS spectra should be fitted
with a simple Randles circuit, which illustrates the non-complicated
electrochemical behavior of all the tested materials. In general, resis-
tance Rg located at point A (see Fig. 3b) was assigned to the solution
resistance or the so-called ESR resistance (known also as the internal
resistance), whereas the diameter of the semicircle Rag = Rg — Rp rep-
resented the sum of the electrode and contact resistance and the charge
transfer resistance (R¢) [54,55]. A magnified version of the Nyquist plot
(inset of Fig. 3a) revealed that the charge transfer resistance (R)
increased significantly when the working electrode (R¢t = 40.4 Q) was
modified either with the specularite (R, = 222 Q) or the hematene (R
= 173 Q). Such behavior suggested the successful immobilization of
both materials on the surface of the working electrode. It is perfectly
clear that the diameter of the semicircle was smaller in favor of the
hematene (inset of Fig. 3a), which reflected a better contact of the
hematene film with the surface of the working electrode and thus a
lower impact on the charge transfer limiting processes. Therefore, it can
be expected that the electron transfer was enhanced in that case.
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Fig. 3. (a) Nyquist plot of bare GCE and GCE modified with specularite and hematene; parameters of EIS: frequency range from 100 kHz to 0.1 Hz, the amplitude of
10 mV and half-wave potential of 0.24 V; (b) visualization of Nyquist plot and related equivalent circuit used for the data evaluation.

3.2. Photocatalyst characterization

Fig. 4 shows the HRTEM images of the hematene and the Ru-
hematene together with the elemental analysis. The dominant crystal
plane distance in the hematene was 2.7 A, which was related to the (104)
plane, while the presence of ruthenium oxide was confirmed by its
dominant crystal plane distance 3.2 A related to the (110) plane. Both
structures in Ru-hematene were also identified by XRD (Fig. S6).

The EDS elemental analysis of the Ru-hematene showed a well
dispersed ruthenium oxide particles without any sign of agglomeration
at the surface of the hematene structure as catalyst sites for ammonia
oxidation. This uniform dispersion of ruthenium oxide helped to in-
crease the charge separation and therefore its photoactivity.

The XPS technique was employed to determine the oxidation states
of the ruthenium in the Ru-hematene sample. As shown in Fig. 5a, the
HR-XPS Ru 3d region was analyzed and deconvoluted to reveal two
oxidation states of ruthenium. The Ru** peak at around 280.5 eV further
proved the presence of RuO; species [56-58], which was in agreement
with the EPR observations (Fig. 5d), and was reasonable to expect due to
the heat treatment of the sample at 300 °C. The adjacent Ru®>" band
below 282 eV indicated the existence of the Ru(Ill) [56,57,59] atoms,
which can be further explained by the co-presence of the chlorine in this
sample (1.2 at.% coming from the precursor) (Fig. S5). The carbon
content (C 1 s peak) is intrinsic to the hematene itself and was not fully

a

.-

eliminated during the heating process. These XPS observations
confirmed the previous characterization techniques as well as the pho-
tocatalytic activity [58-62]. Fig. 5b shows the valence band XPS
(VB-XPS) of the hematene and the Ru-hematene. The position of the
valence band edge of the hematene did not change after loading with
ruthenium (+1.1 eV), while the density of states (DOS) showed an in-
crease at around +0.5 eV below the Fermi level within the band gap.
This tail was possibly due to the presence of the RuO3 species, creating
heterojunction at the surface of hematene, which provided a mid-band
gap energy state levels around +0.5 eV below the hematene Fermi
level (Fig. 5c). These energy state levels were able to facilitate the
photogenerated hole transportation from the hematene to RuOy and
oxidize ammonia to Ny by providing orbital overlaps [63]. On the other
hand, the photogenerated electrons went through the hematene and
reduced the ammonia to hydrogen (Fig. 5c). This spatial charge sepa-
ration in the place of RuO, and the hematene heterojunction resulted in
higher photoactivity of this photocatalyst in comparison with the bare
hematene.

To obtain more detailed information about the structure and the
nature of the Ru coupling mechanism on hematene, we carried out an
electron paramagnetic resonance (EPR) study at low temperature (T =
80 K). In a neat hematene, in spite of assuming the presence of a large
number of spin-containing defects located on the edges of individual
flakes, the recorded spectrum in a frozen water matrix was indeed EPR

‘

Fig. 4. HRTEM image (left), STEM-HAADF images and elemental EDS mapping (right) of (a) hematene and (b) Ru-hematene. The insets show the FFT patterns of the

shown area by dashed red rectangle.
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line), RuCl; (blue spectrum) and EPR envelope of hematene decorated by RuO, nanoparticles (red curve), dispersed in DI H,O and recorded in the frozen solution (T

= 80 K).

silent (green line in Fig. 5d). Since, this material exhibited antiferro-
magnetic ordering at T below 250 K, this phenomenon was not unex-
pected. Nevertheless, a statistical percentage of an effective spin
moment (dy"/dB + 0) should be left at 80 K, which raises a question why
these effective spins cannot be observed at X-band frequency. The
reasoning can be back traced in the fast spin-lattice relaxation of the
Fe3* centers under an exchange coupled regime, and in the large zero-
field splitting term arising from the coupling scheme, which renders
the system to be more likely a non-Kramer multiplet.

The resulting EPR spectrum of RuCls as the metal-salt source for the
decoration of the hematene flakes is shown for comparison in Fig. 5d
(blue line). The rhombic resonant line of Ru cations in +3 oxidation state
showed small g-tensor anisotropy, with components at gx = 2.220, g; =
2.094 and g, = 1.802. These g-values are typical for Ru®>" ions, however,
here, they were slightly smaller than in the Ru>* complexes coordinated
to the organic frameworks [64] because of the absence of a strong ligand
field. In Fig. 5d (red spectrum), the EPR envelope of Ru-hematene
showed significant differences compared with the EPR spectra of the
two previous reference samples. In the EPR spectrum of the composite
Ru-hematene material, a very broad and asymmetric resonant line
became dominant. This line exhibited an average g-value of about ~ 2.7,
which was fully consistent with clustered Fe>" cations on the layered
surface that became perturbed by the Ru cations in a way that their
antiferromagnetically coupling interaction, as seen in the neat hema-
tene, was strongly weakened and therefore EPR detectable. We assume
that the Ru ions reacted with oxygen on the top of the hematene surface

to form small RuO2 nanoparticles, and by doing so, they partially altered
the fraction of the Fe-O-Fe superexchange path. Therefore, the observed
effect on the resonance spectrum, combined with clear asymmetry in the
broad resonance, suggests this was a surface localization of these de-
fects, which is in full agreement with the 2D structure of the hematene
flakes and the TEM analysis (Fig. S1a). Furthermore, in the area high-
lighted in blue in the EPR spectrum of the Ru-hematene (Fig. 5d), a weak
modulation of an Fe>* envelope around 310 mT was observed. It was
positioned at g ~ 2.09, a value that is in line with the signal of Ru®>*, and
probably located on the surface of the RuO, nanoparticles, as usually
observed [65]. Since the Ru loading was very low, and we could detect
only the Ru®* species via EPR, the signal of Ru was observed as weak
modulation in the broad resonant line of Fe>*. However, part of the
Ru®" fragments in the EPR spectrum can also be an indicator of a small
amount of residual RuClj salt in the resulting material, which was also
observed in XPS.

3.3. Photocatalytic decomposition of HN3 via ruthenium loaded hematene

Prior to photocatalytical experiments, both pristine and Ru-
hematene were evaluated by means of UV-VIS spectroscopy to assess
the suitability of both materials for photodecomposition of ammonia.
The band edge absorption for both samples was around 729 nm, as
shown in Fig. 6a. Therefore, these materials can absorb both UV and a
visible part of the light spectrum. The reason for the dark red color in the
samples is also related to this wide absorption region. The amount of
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Fig. 6. (a) UV-VIS DRS of hematene and Ru-hematene and (b) corresponding Tauc plot based on Kubelka-Munk model to calculate the optical band gap of hematene
and Ru-hematene; (c) Optimizing the loading amount of Ru co-catalyst for H, evolution of ammonia photodecomposition. The reactors were loaded with 8 mg of
photocatalyst; (d) The amount of evolved H, from photodecomposition of ammonia with different loading amount of pristine hematene and Ru-hematene. The
reactors were under illumination for 24 hours; (e) Reusability of 2 mg of hematene and Ru-hematene for H, evolution from ammonia photo decomposition. After
each cycle, the solution was sonicated and bubbled with Ar for 15 min. In all cases, the reactor was under visible LED illumination (wavelength from 400 to 700 nm,

power 3 W-m2).

light absorption (especially in the visible region) was highly increased
after adding ruthenium. This huge increase in visible light absorption
fulfills one of the main conditions of an ideal photocatalyst for photo-
catalytic reactions. To highlight this unique property of current photo-
catalysts, all of the photoreactions in this work were conducted under
the visible part of the light (wavelength 400-700 nm). The optical band
gap energy of the hematene and the Ru-hematene calculated by the Tauc
plot [66] based on the Kubelka-Munk [67] theory was 1.70 and 1.71 eV,
respectively (Fig. 6b). It should be noted that in spite of the huge dif-
ference in absorbed light, the band gap of the photocatalysts was almost
the same.

As discussed in detail, the presence of RuO; was proved by the sur-
face XPS analysis (Fig. 5a). This oxidation occurred probably during the
calcination step at 300 °C. Nagaoka and coworkers [68] reported that
RuO produces a catalytic surface for exothermic adsorption of NHs.
This chemisorption of ammonia decreased the overall thermodynamic
energy needed for its decomposition. Then, the subsequent photo ab-
sorption by hematene resulted in the generation of electrons and holes.
The holes were able to oxidize the already absorbed NH3 through the
quasi-metallic ruthenium oxide and left the electrons in the hematene
for the reduction of the ammonia.

The control experiments show that the catalytic activity of hematene
and ruthenium loaded hematene for decomposition of ammonia under
dark condition is almost zero. Furthermore, the photodecomposition of
ammonia as ammonium hydroxide without the presence of photo-
catalyst at 24 °C is zero.

After the ruthenium oxide was confirmed as a proper co-catalyst for
hematene to decompose the ammonia, the loading optimization of Ru
was performed. Fig. 6¢ shows that loading the hematene with the op-
timum amount of Ru—O0.5 wt. %—led to a continuously increased
amount of Hy. In lower amounts of the Ru loading, the charge separation
was not effective enough to produce hydrogen, while a higher amount of
Ru was able to produce charge recombination centers at the surface of
the hematene [68]. All the characterization was done while loading the
hematene with 0.5 wt.% of Ru, labelled as Ru-hematene.

To have a fair and reliable comparison between the photoactivity of
the hematene and the Ru-hematene, the mass of the photocatalyst had to
be optimized against the photoactivity (Fig. 6d and Fig. S4). The reason
is that the amount of the Hy production during the photocatalytic re-
action is not necessarily proportional to the mass of the photocatalyst
due to the limitation of light absorption and diffusion conditions [69,
70]. It is obvious from Fig. 6d that the loading of 2 mg of the photo-
catalyst in both cases was able to produce the optimum amount of the
product. This plot shows that the Ru-hematene photocatalyst produced
2.5 times more Hy than the pristine hematene under optimum
conditions.

The Ru-hematene showed an 11% decrease in activity after five
photocatalytic runs for the total of 120 h (Fig. 6e). A constant decrease in
activity after each run could be correlated to a loss in the photocatalyst
caused by the attachment to the reactor walls and even to the magnet
stirrer. Additionally, as the catalyst was not washed after each run of the
photoreaction, the surface of the catalyst could have been passivated by
reactants, products or intermediate species.

4. Conclusions

A non-van der Waals 2D material, hematene, was simply prepared
via the exfoliation of iron oxide ore specularite, deploying an (ultra)pure
water solution. Using this strategy, the prepared material exhibited
favorable electrochemical properties in terms of charge transfer and
diffusion limiting processes. As a proof-of-concept, we have amply
demonstrated that this pure n-vdW material can be easily modified with
ruthenium oxide nanoparticles and can serve as a catalytic eco-friendly
platform for the photocatalytic decomposition of an aqueous solution of
ammonia in order to produce hydrogen via the visible light irradiation.
The obtained results proved that the combination of RuO; catalytic
surface with the conductive 2D hematene substrate exhibited a synergic
effect in terms of the generation of electrons and holes. Based on the
results, the holes were able to oxidize the already absorbed ammonia
through the quasi-metallic ruthenium oxide and left the electrons in the
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hematene for the reduction of ammonia. Experimental data indicate that
the optimum dosage of ruthenium was around 0.5 wt %, yielding the
maximum amount of hydrogen after 24 hours. With respect to the
pristine hematene, a co-doped material provided at least 2.5 times better
photocatalytic response towards hydrogen evolution. Without any
cleaning steps, the Ru-hematene photocatalyst exhibited only 11 % of
the photocatalytic reaction decrease after five successful photocatalytic
runs, predisposing it for practical application. The discovery opens up
possibilities for creating robust and effective photocatalysts for a wide
range of applications using non-van der Waals 2D materials and metal
oxide nanoparticles.
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