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A B S T R A C T

A multimetallic layered double hydroxide containing seven metals has been prepared by coprecipitation in DMF/ 
H2O at pH 10 and converted into a seven metal mixed oxide. This high-entropy mixed metal (HE-MO) inherits 
from the LDH precursor the hexagonal sheet morphology. High resolution transmission electron microscopy, and 
EDS elemental mapping convincingly proves the absence of segregation of some elements in a different phase. 
Remarkably, neither noble metals nor lanthanides are used during the synthesis, and no reduction processes are 
needed to obtain the HE-MO. The resulting HE-MO promotes under continuous flow the photocatalytic nitrogen 
hydrogenation at atmospheric pressure and 200 ◦C with UV–vis light (108 mW cm− 2) at a rate of 20 µmol 
NH3⋅g− 1⋅h− 1, lower or higher temperatures resulting in lower rates. This NH3 rate formation is much higher than 
that of a CoFe mixed oxide reference or than values reported in the literature for noble metal-free photocatalysts. 
The use of isotopically labelled 15N2 firmly proves this gas is the origin of the formed NH3. Influence of the N2 
and H2 proportion shows that the rate determining step is the generation of active H species on the photocatalyst 
surface, while the photoresponse derives from the UV region. Photoluminescence measurements indicate the 
existence of a transient state of charge separation responsible for the photocatalytic reaction.

1. Introduction

Metal oxides, such as TiO2, ZnO, WO3, CeO2 and others, are among 
the best studied photocatalysts[1–4]. The presence of a second metal in 
their structure has frequently been reported to be beneficial for their 
photocatalytic activity[5–7], given that, when two metals are present in 
a semiconductor, the density of states becomes more complex allowing 
the introduction of intra bandgap states that modify the optoelectronic 
properties and performance of the bimetallic material[8]. Similar 
beneficial effect as the introduction of a second metal in photocatalysis 
has been also observed in materials used as thermal catalysts[9,10], 
electrocatalysts[11,12] and in other applications, such as capacitance
[13] and magnetism[14]. A logical extension of this property tunability 
observed in bimetallic oxides could occur upon introduction of a third, 
fourth or further metals.

In the case of materials containing elements in the metallic oxidation 
state, the presence of five or more metallic elements in similar pro
portions has led to the concept of high-entropy alloys, with unbeatable 
properties[15,16]. Analogously, it can be assumed that the presence of 
many metallic elements in metal oxides should be considered as a 
powerful tool to optimize the performance of the resulting mixed oxide 
for a particular application, and more specifically in photocatalysis
[17–19]. A key issue to overcome in the preparation of multimetallic 
metal oxides is the segregation of different separate crystal phases, since 
the objective to be achieved is a material containing simultaneously all 
the elements present in the precursors in a single crystalline phase[20].

In this context, layered double hydroxides (LDH) stand out as suit
able precursors for the preparation of these monophasic mixed oxides 
containing a plethora of different metallic elements[21–23]. LDHs 
contain typically two metal elements in M2+ and M3+ oxidation state 
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and have a 2D morphology consisting in stacking layers of octahedra
[24]. The presence of a tri-positive metal cation replacing isomorphi
cally the M2+ metal ion introduces a net positive charge in the layer that 
requires the presence of counter balancing anions occupying intergal
lery positions. In the area of LDH synthesis, a current trend is the 
introduction of a third, and even a fourth metal element, in some cases 
with a coulombic charge different from + 2 and + 3[25,26]. Following 
this trend, the preparation procedure of LDH could allow the formation 
of high-entropy LDHs that, in turn, could be used as precursors for the 
synthesis of single-phase, high-entropy mixed oxides. Although there are 
a few scarce reported precedents of multimetallic LDHs[27–29], the 
exploration of the possible applications of this kind of materials in 
photocatalysis remains unexplored.

Herein, we report the preparation of an LDH containing seven 
different di-positive and tri-positive metallic elements in a single phase 
with sheet morphology. Upon thermal treatment, this multimetallic LDH 
becomes converted into a 2D multimetallic, single-phase oxide that has 
been used as photocatalyst for the light-assisted nitrogen hydrogenation 
at atmospheric pressure as probe reaction. Comparison of the perfor
mance of this heptametallic mixed oxide with the corresponding bime
tallic CoFe mixed oxide prepared by the same procedure clearly shows 
the advantage as photocatalyst of the material having a multimetallic 
composition. Therefore, our results open a new avenue for the appli
cation of novel bidimensional multimetallic mixed oxides in photo
catalysis, with enhanced properties respect to mono- or bimetallic 
analogs.

2. Experimental section

2.1. Materials

Fe(NO3)3⋅9H2O and NH4Cl were purchased from Alfa-Aesar. Zn 
(NO3)2⋅6H2O, Co(NO3)2⋅6H2O, Mg(NO3)2⋅6H2O, Ga(NO3)3⋅xH2O, In 
(NO3)3⋅xH2O, Fe(NO3)3⋅9H2O, Al(NO3)3⋅9H2O, CaCl2, N,N- 
dimethylformamide (DMF), ethanol (EtOH), terpineol, acetone, 
phenol, sodium nitrate and sodium nitroprusside were obtained from 
Sigma-Aldrich. Water used in all experiments was milliQ purity grade.

2.2. Catalyst preparation

For the synthesis of a high-entropy mixed oxide (HE-MO) containing 
seven metals a modified procedure from the literature that yields LDH 
with a low degree of layer stacking was applied[30]. In brief, 0.33 g 
(1.1 mmol) of Zn(NO3)2⋅6H2O, 0.33 g (1.1 mmol) of Co(NO3)2⋅6H2O, 
0.29 g (1.1 mmol) of Mg(NO3)2⋅6H2O, 0.16 g (0.4 mmol) of Al 
(NO3)3⋅9H2O, 0.11 g (0.4 mmol) of Ga(NO3)3⋅xH2O, 0.13 g (0.4 mmol) 
of In(NO3)3⋅xH2O and 0.17 g (0.4 mmol) of Fe(NO3)3⋅9H2O were dis
solved in 50 ml of distilled water. 20 ml of the above solution were 
added dropwise with the help of an infusion pump (10 min, 120 ml⋅h− 1 

flow rate) over 20 ml of a 23 vol% DMF aqueous solution at 80 ºC, 
maintaining the pH at 10 during the process with the addition of 0.25 M 
NaOH with a potentiometric titrator. The originated suspension after the 
complete addition was cooled down in an ice bath and centrifuged at 
5000 rpm for 10 min, washing 3 times with an EtOH:H2O 1:1 mixture. 
The recovered solid (labelled as HE-LDH) was dried in a desiccator 
under vacuum. Finally, in order to get the corresponding high-entropy 
mixed oxide (HE-MO), the HE-LDH powder was placed in a crucible 
and calcined in a muffle furnace at 400 ºC under air atmosphere for 6 h 
(heating and cooling down ramps were 1 ºC⋅min− 1). As a reference, a 
bimetallic LDH containing Co and Fe (named as CoFe-LDH) was pre
pared using the same procedure, with the metallic precursor solution 
containing 0.98 g (3.3 mmol) of Co(NO3)2⋅6H2O and 0.69 g (1.7 mmol) 
of Fe(NO3)3⋅9H2O in 50 ml of distilled water. CoFe-LDH calcination 
under identical conditions yielded the CoFe-MO compound.

2.3. Materials characterization

Powder X-ray diffraction (PXRD) measurements were conducted in a 
Philips X’PERT diffractometer, operating at 40 kV and 45 mA, equipped 
with a graphite monochromator and using Cu Kα (λ = 1.54178 Å) 
irradiation. Data were collected in the 2θ range 5–90 º. In situ PXRD 
measurements were performed on a PANanalytical EMPYREAN 
diffractometer equipped with a high temperature chamber (Anton Paar 
XRK-900). During the experiments, a gas flow of 10 % H2 in Ar 
(60 ml⋅min− 1) was circulated through the sample chamber. Data were 
collected with a PIXcel1D-Medipix3 detector, with a Ni filter in the 
diffracted beam, and using Cu Kα irradiation (λ1 = 1.5406 Å, λ2 =

1.5444 Å, I2/I1 = 0.5), operating at 45 kV and 40 mA. Signals were 
monitored in the range 2θ = 5–90 º at different temperatures (25, 100, 
200, 300, 400 ºC, and finally after cooling down the system to room 
temperature). Thermogravimetric analysis (TGA) was done in a Metter 
Toledo TGA/SDTA 85 (25–800 ◦C, heating rate = 10 ◦C⋅min− 1, air).

Field-emission scanning electron microscopy (FESEM) images and 
EDX data were obtained on a Zeiss Ultra 55 apparatus, equipped with an 
EDX detector. Transmission electron microscopy (TEM), high angle 
annular dark-field scanning transmission electron microscopy (HAADF- 
STEM) images, and elemental mapping of the material were collected on 
a JEOL JEM 2100 F electronic microscope also equipped with an EDX 
detector. X-ray photoelectron spectroscopy (XPS) data were obtained on 
a SPECS spectrometer equipped with a PHOIBOS 150 MCD-9 detector, 
employing a non-monochromatic radiation source (Al), and operating a 
200 W. First, samples were pretreated under vacuum (1⋅10− 9 mbar) in 
the prechamber of the equipment. Deconvolution of the experimental 
data was carried out with the help of CASA XPS software. The obtained 
spectra were calibrated against adventitious carbon C 1 s peak at 
284.6 eV.

Inductively coupled plasma optical emission spectroscopy (ICP-OES) 
was measured in a Varian 715-ES ICP Optical Emission Spectrometer, 
after dissolving 30 mg of sample in around 8 ml HCl:HNO 3:1 filtering 
and making up to 30 ml with Milli-Q water. Diffuse reflectance UV-Vis 
spectroscopy (UV-DRS) data were registered on a PerkinElmer Lambda 
1050 spectrophotometer equipped with a Harrick Praying Mantis™ DRS 
accessory. The valence band region of XPS and ultraviolet photoelectron 
spectroscopy (UPS) spectra were obtained using a PHI 5000 Versaprobe 
II (Physical Electronics). For UPS, a He 1 UV source with an energy of 
21.22 eV at 50.0 W was used, and the sample was tilted 90◦ relative to 
the analyzer. The sample was cleaned by sputtering with Ar+ at a low 
energy of 500 V. A bias voltage of − 5 V was applied. The binding energy 
scale was calibrated using the Fermi level measured on a polycrystalline 
gold foil. H2 temperature programmed reduction (H2-TPR) measure
ments were conducted on a Micromeritics Autochem 2910 apparatus, in 
the temperature range of 40–800 ºC, with a heating rate of 10 ºC⋅min− 1 

and under a 10 % of H2 in Ar (50 ml⋅min− 1) gas flow. Steady-state 
fluorescence emission spectra of the solid was recorded on an Edin
burgh Instruments FLS1100 spectrophotometer equipped with double 
grating Czerny-Turner monochromators with 2 × 325 focal length in 
excitation and detection, and a PMT-980 detector in the range 
200–980 nm. The study consisted in a scan of the emission spectra at 
different excitation wavelengths on intervals of 20 nm in the range 
290–900 nm. A 400 W Xe lamp was employed as a light source for the 
excitation. Time Resolved Photoluminescence (TRPL) was performed on 
an Edinburgh Instruments FLS1100 spectrophotometer by excitation at 
364.2 nm with a diode (EPLED-365, Edinburgh). Photocurrent mea
surements were carried out on a potentiostat/galvanostat (Interface 
5000E, Gamry Instruments). The electrochemical cell consisted of a 
0.1 M Na2SO4 aqueous solution (electrolyte) and three electrodes inside 
a sealed quartz cell: Pt wire (counter electrode), Ag/AgCl (reference 
electrode) and a working electrode. The working electrode was prepared 
by casting a suspension of the photocatalyst onto 1 cm2 of FTO glasses. 
Specifically, the suspension was prepared by mixing 0.5 ml of acetone, 
0.25 ml of terpineol and 37.5 mg of photocatalyst. The suspension was 
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placed into a sealed vial, sonicated for 2 h, stirred overnight, and finally 
the vial was opened and heated (70 ◦C) to allow some evaporation for 
around 6 h, obtaining a viscous ink. Subsequently, the ink was casted 
onto the FTOs and dried at 120 ◦C for 1 h. A 300 W Xe lamp equipped 
with an optical fibre was used as a light source, measuring the transient 
photocurrent by turning the lamp on/off while applying a bias of + 1 V.

2.4. Photocatalytic tests

Continuous flow photocatalytic hydrogenation of N2 was carried out 
on a home-built fixed-bed tubular reactor operating at ambient pressure. 
The catalyst bed (50 mg, 10 mm diameter and approximately 1 mm 
thickness) was supported on a porous quartz frit inside a vertical quartz 
tube. The reactor was heated by a heating mantle surrounding it, while 
the temperature is controlled by a type κ thermocouple. The dead vol
ume in the system before the catalytic bed was enough to ensure the 
heating of the inlet circulating gas before being in contact with the 
photocatalyst. The sample was irradiated from the top of the reactor 
using the output of a 300 W Xe lamp (108 mW⋅cm− 2) through an optical 
fiber (spot size 10 mm2) inserted in the quartz tube to ensure the uniform 
irradiation of the sample. A schematic diagram of the system is pre
sented in Scheme S1.

To rule out any possible contamination of NH3 in the feed, the inlet 
gas was bubbled through a flask containing a 0.5 mM H2SO4 aqueous 
solution, then through water to clean the acid, and through a column 
filled with CaCl2 as desiccant. To collect the produced ammonia, the 
outlet gas of the reactor was bubbled through two consecutive flasks, 
each one containing 5 ml of a 0.5 mM H2SO4 aqueous solution. The 
second flask served as confirmation that all the produced ammonia was 
trapped in the first one. Ammonia was quantified using blue indophenol 
method[31] (see more details in Supporting Information).

Before irradiation, the system was pretreated under H2 flow 
(30 ml⋅min− 1) at the same temperature of the subsequent catalytic test 
(100, 150, 200, 250 or 350 ºC) during 1 h. After the activation, a gas flow 
of N2/H2 (10 ml⋅min− 1 and 30 ml⋅min− 1, respectively) was circulated 
through the reactor, irradiating at the same time with the output of a 
300 W Xe lamp. The solutions from flasks 1 and 2 were collected for total 
ammonia quantification after 30 min reaction.

To study the behavior of the photocatalyst under different reaction 
conditions, experiments where the temperature, flow of one of the gases, 
or the wavelength of the incident light (with the use of band-pass filters) 
were modified, were performed. In addition, to check that the produced 
ammonia is not originated from impurities or contamination, both in the 
catalyst or in the gas flow, two control experiments, one using an Ar flow 
instead of N2 and a second one employing labelled 15N2 as the feeding 
gas, were carried out. For the 15N2 experiment, a customized batch quarz 
photoreactor was used in order to increase the concentration of labeled 
15NH3 allowing quantification by 1H NMR spectroscopy. Specifically, 
the reactor was purged with H2, filled with 15N2 and H2 at 1:3 molar 
ratio and allowed to react for 90 h under the same temperature, pressure 
and light irradiation than used for the continuous flow set-up (200◦ C, Xe 
lamp irradiation, 108 mW⋅cm− 2). Upon reaction, the outlet of the 
reactor was connected to two consecutive acid reservoirs as indicated in 
Scheme S1. Then, the outlet of the reactor was open to trap the gener
ated NH3 into the acid reservoir. Finally, the reactor was thoroughly 
purged with Ar for 20 min while keeping the acid reservoirs connected. 
15NH3 trapped in reservoir 1 was analyzed by 400 MHz 1H NMR spec
troscopy. Perdeuterated dimethylsulfoxide (DMSO-d6) and dried 
acetonitrile (CH3CN) were used as reference and internal standard, 
respectively.

3. Results and discussion

3.1. Materials synthesis and characterization

To prove the concept of high-entropy LDHs, seven metallic elements 

were selected. The selection was made to combine elements with pre
sumably structural role like Al and Ga, others to introduce basicity in the 
metal oxide, such as Mg, others with presumably hydrogenation activ
ity, like Co and Fe, and photocatalytic activity, like Zn and In. Equimolar 
amounts of the tripositive (1.1 mmol) and dipositive (0.4 mmol) metal 
cations were used, keeping the total trivalent/divalent atomic ratio 
within the 2:1 range allowed for LDH synthesis, to avoid phase segre
gation. Even though the cationic elements present in the structure are 
not in equimolar amounts, the configurational entropy metric of these 
systems is included within the entropy range ascribed to high-entropy 
materials, as it has been already reported for similar systems[32].

The synthesis of heptametallic high-entropy LDH (HE-LDH) was 
performed by precipitation in a mixture of DMF/H2O (23 % vol. of DMF) 
at 80 ºC of an aqueous solution of the corresponding divalent (Mg, Zn, 
Co) and trivalent (Al, Ga, In, Fe) nitrates by co-injection of an aqueous 
NaOH solution at pH = 10 maintaining the pH value constant. A key 
point of the synthetic procedure was the fast addition of the metal so
lution and the alkali to minimize excessive particle growth, ensuring the 
production of small LDH sheets. On the other hand, the presence of DMF 
is known to disfavor the stacking of the sheets in the synthesis of LDH, 
that are formed with a considerable larger degree of exfoliation[30,33]. 
After complete mixing of the two solutions a hydrogel was formed, and 
the suspension was centrifuged and dried. Scheme 1 illustrates the 
procedure followed for the synthesis of HE-LDH and its corresponding 
mixed oxide.

At this point, the XRD pattern of the HE-LDH powder indicates the 
formation of a highly crystalline material (see Fig. 1). In this sense, the 
pattern is characteristic of LDH compounds, in which the basal re
flections (00 l) are found below a 2θ value of 30 degrees (these re
flections being related to the stacking of the metal-hydroxide layers 
through the c-axis) and the rest of reflections are ascribed to the (012) 
(015) (018) (110) and (113) planes[34]. This multimetallic LDH powder 
was calcined at 400 ºC under air atmosphere to obtain the corresponding 
multimetallic mixed oxide (HE-MO). Analysis of the XRD of HE-MO 
indicates that it corresponds to a spinel with low crystallinity (ICCD 
00–050–0235)[27]. The mild temperatures used in the calcination 
process are responsible of the low degree of crystallinity. Higher calci
nation temperatures would have yielded a more crystalline phase, but 
producing a collapse of the layered structure at the same time, as it has 
been previously reported[35].

Fig. S1 showed that the thermal decomposition of the HE-LDH was 
performed in three steps (weight losses) in the studied range (up to 800 
ºC). These weight losses, typical of LDH materials, are ascribed to the 
desorption of physiosorbed water molecules (30–160 ºC), decomposition 
of the hydroxyl groups from the metal hydroxide layers (160–280 ºC) 
and decomposition of interlayer anions and further dehydroxylation 
(280–800 ºC)[34]. Therefore, the TGA of the HE-LDH indicated its 
transformation into HE-MO at 400 ºC. For the sake of comparison, a 
bimetallic mixed oxide only containing Co and Fe was prepared using 
the same procedure from the corresponding CoFe-LDH. Supporting in
formation (Fig. S2) presents XRD pattern of CoFe-LDH and the corre
sponding bimetallic mixed oxide.

Chemical analysis by EDX of the high entropy solids clearly estab
lishes the presence of the seven metals in their composition. This 
composition of the solids is in good agreement with the expected 
analytical data assuming the complete incorporation in the materials of 
all the metallic elements used in the synthesis. The results are summa
rized in Table 1 that also includes chemical analysis for the bimetallic 
CoFe-LDH and CoFe-MO as reference materials. Correspondingly, the 
ICP-OES of the HE-MO confirms its composition of the seven metals, in 
which the error for each element is below 1 % respect to the theoretical 
value of every metal (Table S1).

One peculiarity of the resulting HE-LDH and, therefore, the corre
sponding HE-MO, is that the composition exhibits a higher percentage of 
divalent metals respect to the trivalent ones (Table S1). This preferential 
composition is derived from the requirements of LDH synthesis that 
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limits the percentage of trivalent cations in the LDH sheet to a maximum 
of about one third of the total metal atoms[21]. This limit in the per
centage of trivalent elements avoids the segregation of MIII(OH)3 do
mains, derived from the presence of MIII-MIII species in close contact, 
which would occur at percentages above 33 %[24,36]. However, this 
limitation in the composition is over-compensated by the surprising 

flexibility that LDH synthesis has to incorporate many different metals, 
seven in the present case[37].

The 2D morphology of HE-LDH and HE-MO was determined by 
scanning electron microscopy. FESEM images of HE-LDH show a thick 
and dense solid constituted by layers of a few microns of lateral size. 
Notably, upon calcination of HE-LDH, the 2D morphology is preserved 
and inherited by the resulting multimetallic mixed oxide, whose powder 
is also formed by the dense agglomeration of 2D sheets. Fig. 1 presents 
selected images of these multimetallic materials both in the form of LDH 
or mixed oxide. Also, the control CoFe-LDH and its bimetallic mixed 
oxide derived therefrom present dense particles where the presence of 
plates in the micrometer range can be observed (Fig. S3).

The 2D morphology and the crystallinity of the prepared materials is 
clearly revealed by TEM. In the TEM images of reference materials CoFe- 
LDH and CoFe-MO, platelets of several hundred nm are observed. Close 
inspection of some of them show the characteristic hexagonal 
morphology with 120 º angles of the sheets as it has been previously 
observed for well crystallized LDH[38], and that are also preserved in 
the calcination process. Fig. S4 presents selected images of these CoFe 
reference materials, in which the presence of these characteristic plates 

Scheme 1. Synthetic procedure for the preparation of HE-LDH by precipitation in DMF/H2O at pH 10 and its derived mixed oxide obtained by calcination.

Fig. 1. FESEM images of HE-LDH (a-b) and HE-MO (c-d). XRD patterns (e) of HE-LDH (1) and HE-MO (2).

Table 1 
Atomic percentages of the metal elements present in the different materials 
under study measured by EDX analysis.

MATERIAL

HE-LDH HE-MO CoFe-LDH CoFe-MO

Co (%) 21.8 24.6 67.2 66.0
Zn (%) 24.3 23.5 / /
Mg (%) 27.0 23.8 / /
Fe (%) 7.7 8.8 32.8 34.0
Al (%) 9.3 8.4 / /
Ga (%) 4.2 4.1 / /
In (%) 5.8 6.8 / /
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with hexagonal angles have been highlighted. HRTEM clearly shows 
crystallinity in the particles with interlayer distances of 0.261 nm and 
0.240 nm for CoFe-LDH and CoFe-MO, respectively. These distances 
correspond well with the (012) facet of LDH structure and (311) plane of 
spinel-type structure, respectively, and they are in agreement with the 
X-ray diffraction pattern of these CoFe solids.

In the case of high entropy materials, the presence of a higher 
number of metals is translated into a lower degree of crystallinity, as 
observed in the PXRD analysis shown in Fig. 1a. This broader diffraction 
lines probably reflect the formation of smaller sized sheets for the HE- 
LDH compared to the reference CoFe-LDH. Nevertheless, platelets 
with hexagonal morphology can also be observed in the HRTEM images 
at higher magnification (see Fig. 2).

In the images, interplanar distances of 0.232 nm for (015) planes in 
HE-LDH, and 0.240 nm for (311) planes in HE-MO, were observed. 
Furthermore, selected area electron diffraction clearly shows that the 
sheets are crystalline with a hexagonal diffraction pattern that is well 
resolved in the case of HE-MO. Therefore, electron microscopy analysis 
provides a strong support to the presence of a single phase, either LDH or 
mixed oxide, containing simultaneously the seven metals. Importantly, 
the presence of nanoparticles or materials with other morphology that 
could indicate the segregation of some of the elements in separate 
phases was not observed.

Additional experimental evidence that supports the formation of 
high entropy materials was obtained by elemental mapping of the sheets 
by EDX over the STEM images of the samples. A selection of these images 

is presented in Fig. 3, that shows that for a sheet of 500 nm, the distri
bution for the seven elements in the particle is coincident, meaning that 
all the metals are distributed randomly in the sheet.

This elemental mapping, combined with the crystallinity observed in 
high resolution TEM and the electron diffraction pattern, provided 
convincing evidence of the formation of the multimetallic materials 
without separated domains or different particles. This is an important 
finding that opens the door for preparation of LDH and mixed oxides 
containing an even larger number of metals with optimized percentages, 
beyond the equimolar amounts employed in the present study. 
Furthermore, the synthesis of mixed metal oxides with 2D hexagonal 
sheet morphology is remarkable, because metal oxides most often tend 
to form 3D particulate materials.

The presence of the metallic elements on the surface of HE-MO was 
also determined by XPS. Fig. 4 presents the survey spectra and some of 
the most representative XPS peaks, as well as the corresponding 
deconvolution to individual components, while Fig. S5 in the supporting 
information provides the XPS peaks for the other elements. A general 
feature of the obtained spectra is the low intensity of the signals, espe
cially in the case of the elements present in smaller ratios. In the case of 
XPS Co 2p peak, two components at 780.6 and 783.2 eV and a weak 
satellite peak at 789.6 eV could be observed, typical of Co2+ and Co3+

oxidation states in Co3O4 environment[28]. Although the precursors 
used for the synthesis for the HE-LDH precursor and HE-MO photo
catalyst only contain Co2+, oxidation of Co2+ to Co3+ is common during 
the synthesis of LDH materials, as it has been intensively studied by 

Fig. 2. TEM and HRTEM images of HE-LDH (a-b) and HE-MO (c-d). Electron diffraction pattern of HE-MO indicating its crystallinity at the nm scale is shown in 
Fig. 2d as an inset. Yellow arrows and circles in the images point at particle edges showing 120 º angles, typical of hexagonal morphology of LDHs (images b-d). 
Lattice fringe distances and the corresponding XRD facet diffraction line have also been indicated in the high-resolution images of parts b and d.
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other groups[39]. For Fe 2p3/2, the XPS peak can be deconvoluted in two 
components at 711.3 and 713.3 eV, attributable to Fe3+ in different 
coordination environments. The satellite peak observed at 719.4 eV is 
characteristic of Fe in + 3 oxidation state[40]. For the XPS O 1 s peak, 
the experimental spectra could be deconvoluted in two components at 
530.1 and 532.1 eV that can be attributed to lattice oxygen and oxygen 
vacancies and/or surface hydroxyl groups, respectively[41]. For the 
remaining metallic elements, experimental XPS peaks show typical 
configurations corresponding to the expected + 2 or + 3 oxidation 
states, according to the measured binding energy values[42,43].

In the case of CoFe mixed oxide, the higher ratio of both metals in the 
material allows a better observation of the high resolution XPS peaks. 
XPS of Co 2p peak shows two components at binding energy values of 
779.7 and 781.1 eV attributable to Co atoms in different oxidation state
[28]. For the XPS Fe 2p3/2 peak, two components at binding energy 
values of 709.7 and 711.2 eV were obtained from the best deconvolution 
of the XPS spectra attributable to Fe+3 ions in different coordination 
spheres[40]. XPS O 1 s peak has a mayor component at 529.7 eV 
attributable to lattice oxygen atoms accompanied by a minor component 
at 531.4 eV that most probably corresponds to oxygen vacancies or 
surface hydroxyl groups. Fig. S6 in supporting information present the 
survey XPS spectra and the high resolution XPS peaks for the control 
CoFe mixed oxide.

UV–visible absorption spectra of HE-MO recorded in the diffuse 
reflectance mode for the dry powders show a continuous absorption in 
the whole wavelength range with some absorption intensity increase 
towards the UV region. Accordingly, the Tauc plots considering both 
catalytic materials as indirect semiconductors show a narrow band gap 
of 1.53 eV and 1.33 eV for HE-MO and CoFe-MO, respectively. Fig. 4
also presents the diffuse reflectance absorption spectrum for HE-MO in 

comparison with that of CoFe mixed oxide. Importantly, the broad 
continuous absorption for HE-MO, and particularly, the absence of a 
defined absorption peak seems to indicate that no defined M ← O 
electronic transition occurs in the UV and visible regions.

3.2. Photocatalytic activity for nitrogen hydrogenation

Photocatalytic experiments were carried out under continuous flow 
using a 300 W Xe lamp that was illuminating a circular area (10 mm 
diameter) in which 50 mg of photocatalyst were deposited as a thin 
uniform bed. The gas flow consisted in 30 ml⋅min− 1 of H2 and 
10 ml⋅min− 1 of N2 that were purified before entering the photoreactor 
by first flowing through a 0.5 mM aqueous solution of sulfuric acid to 
remove any NH3 impurity in the feed, then through water and finally 
through CaCl2 as desiccant. The flow was preheated at the required 
temperature before entering the photoreactor chamber, which was also 
heated at the same temperature. Measurements were conducted in the 
dark and under illumination from 100 to 350 ºC with temperature in
crements of 50 ºC. After the photocatalytic reaction, the gas flow was 
analyzed by flowing the stream through two consecutive trapping flasks 
containing 0.5 mM sulfuric acid. While the first sulfuric acid flask is 
supposed to trap all the ammonia formed in the photocatalytic reaction, 
the second trapping flask ensures that no ammonia has escaped to the 
absorption in the first flask. In fact, all the measurements trying to detect 
ammonia in the second trapping flask were negative, thereby confirming 
that the measurements in the first H2SO4 flask correspond to all NH3 
formed in the photocatalytic continuous flow reaction. The ammonia 
captured in the first flask after exiting the photoreactor was quantified 
by the indophenol method[31]. The employed calibration plot obtained 
using reference NH3 samples is provided in Fig. S7a and the UV-Vis 

Fig. 3. HAADF-STEM image (a) and elemental distribution for Co (b), Zn (c), Mg (d), Fe (e), Al (f), Ga (g), In (h), and O (i) in HE-MO.
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absorption spectrum of the indophenol solution is given in Fig. S7b. 
Moreover, the blank test (no loaded catalyst in the photoreactor) veri
fied that no ammonia was generated, ruling out any interference 
(Fig. S7c). No reaction products other than ammonia were detected in 
our experiments.

Fig. 5 shows the ammonia formation rate by collecting all the 
ammonia formed in 30 min in the range of temperature from 100 to 350 
ºC, both in the dark and under irradiation. As it can be seen there, the 
ammonia production in the dark was much less than under illumination, 
reaching a maximum of 1.5 µmol NH3⋅g− 1⋅h− 1 at 150 ºC. Under 
UV–visible illumination, the maximum ammonia production of 20 μmol 

NH3⋅g− 1⋅h− 1 was achieved at 200 ºC. Under identical temperature and 
conditions in the dark, NH3 production rate was less than one order of 
magnitude (below 1.5 µmol NH3⋅g− 1⋅h− 1).

One important observation was that a further increase in the reaction 
temperature above 200 ºC results in a significant decrease in ammonia 
formation. This observation of a maximum in ammonia rate as a func
tion of the temperature suggests the operation of two opposite factors in 
the process. On one hand, an increase in the reaction temperature favors 
ammonia formation and this effect prevails up to 200 ºC. On the other 
hand, higher temperatures result in a transformation of the photo
catalyst under the reaction conditions and this negative effect 

Fig. 4. Survey spectra showing the presence of seven metallic elements (a) and high resolution XPS of HE-MO: Co 2p peak (b), Fe 2p peak (c) and O 1 s peak (d). The 
plots also present the best deconvolution fitting of each XPS peak to individual components, including binding energy values and their assignment. UV-Vis DRS 
spectra (e) of HE-MO (1) and CoFe-MO (2). Tauc plot (f), including estimated band gap value, for HE-MO (1) and CoFe-MO (2).
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apparently prevails at temperatures higher than 200 ºC. This change in 
the photocatalyst could correspond to the formation of metal nano
particles and segregation of different phases at higher temperatures, 
with the consequent loss of its high-entropy characteristics.

This proposal is supported by H2-TPR measurement performed for 
HE-MO. Fig. 5b presents the H2 consumption as a function of the tem
perature to which the photocatalyst is exposed. As it is observed in this 
Figure, two maxima for H2 uptake appear at 240 and 305 ºC, attributable 
to the reduction of Fe3+ and Co3+ to their corresponding dipositive 
oxidation states, respectively. At temperatures above 600 ºC a bigger H2 
peak is measured due to the reduction of divalent cations to metallic 
state. These H2-TPR measurements indicate that, at temperatures above 
200 ºC, HE-MO starts to undergo a reduction process that should lead to 
profound phase changes from the initial photocatalytic material. The 
temperature range for the observation of the first H2-TPR peak coincides 
with the decrease in the photocatalytic activity, so this interaction with 
H2 appears to be the most reasonable explanation.

To gain more information about the transformation that HE-MO 
undergoes under the reaction conditions, an in-situ XRD study was 
performed in which the HE-MO was heated in the XRD probe under H2 
flow (10 % H2 in Ar, 60 ml⋅min− 1), while the diffraction pattern is 
monitored at certain temperature intervals. A gradual change from the 
initial XRD corresponding to spinel cobaltite type phase with poor 
crystallinity towards a more crystalline divalent CoO-type metal oxide 
was observed, as indicated in Fig. 5c. Therefore, this transformation 
indicates that, above a certain temperature threshold, trivalent cations 
gradually undergo an in-situ reduction to form divalent species. The 
higher crystallinity of the resulting divalent metal oxide would be due to 
thermal annealing of the material at temperatures up to 300 ºC and a 
probable growth of particle size. These transformations are again in line 
with the previous explanation given to understand the decrease in the 

photocatalytic N2 hydrogenation activity above certain temperatures. 
Upon increasing the temperature above 200 ºC, a change in the oxida
tion state of the metal ions and an annealing process take place, resulting 
in particles with higher crystallinity, larger sizes, and lower photo
catalytic activity. These studies, in correlation with the obtained pho
tocatalytic activity at different temperatures, support the hypothesis 
that the most active phase for N2 hydrogenation is the high-entropy 
spinel-type structure, containing both divalent and trivalent cations, 
stable up to 200 ºC. At higher temperatures, when a phase transition 
process takes place, the photocatalytic activity diminishes.

Furthermore, the HE-MO sample was characterized after performing 
the N2 hydrogenation at 200 ºC. XRD patterns of fresh and used HE-MO 
were comparable, no detecting any phase segregation (Fig. S8). HRTEM 
images of used HE-MO (Fig. S9) revealed the same particle size/shape as 
observed for the raw HE-MO in Fig. 2c, d, a layered-type morphology, 
also evidencing the lattice fringes of the (311) planes (0.242 nm), 
Fig. S9. Furthermore, the HAADF elemental mapping verified the even 
distribution of the 7 metal elements at the nanometric scale (Fig. S10).

XPS measurements performed after the photocatalytic test showed 
similar XPS peaks distribution and shapes, although a slight shift to
wards higher binding energy values can be observed in some of the 
metallic elements, as shown in Fig. S11. However, a more significant 
change is found in the O 1 s XPS peak (Fig. S12), where the relative 
intensity of the component at 531.6 eV, attributed to the surface hy
droxyl groups and oxygen vacancies, increases. In addition, another 
component at 533.4 eV appears, attributable to structural water. These 
changes indicate that there is a hydration process taking place during 
the photocatalytic test, or that the material is more sensitive to hydra
tion after being exposed to the test conditions. To further support the 
stability of the material, the NH3 generated during the N2 hydrogenation 
at 200 ºC by HE-MO was monitored during the last 10 min of reaction (i. 

Fig. 5. a) NH3 production rate in the photocatalytic N2 hydrogenation over HE-MO at different temperatures (red) in comparison to the same conditions in the dark 
(blue). Reaction conditions: continuous gas flow (10 ml⋅min− 1 N2, 30 ml⋅min− 1 H2), UV-Vis irradiation (108 mW⋅cm− 2), 50 mg photocatalyst, temperature as 
indicated in the plot. b) H2-TPR profile (red) of HE-MO and the three reduction maxima 240 (blue), 305 (green) and 550 (black) ◦C. c) PXRD profiles of HE-MO 
obtained under H2 atmosphere (10 % in Ar, 60 ml⋅min− 1) at 25 ºC (1), 100 ºC (2), 200 ºC (3), 300 ºC (4), 400 ºC (5) and after cooling down the system to room 
temperature (6).
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e. after stabilization of the NH3 production), demonstrating that the NH3 
was continuously generated (Fig. S13).

To confirm N2 as the source of the ammonia formed in the reaction, 
two experiments were carried out. In one of them, the photocatalytic 
process was conducted in the absence of N2, under Ar atmosphere. 
Although NH3 formation was detected even in the absence of N2, the 
NH3 formation rate was in the range of 0.3 μmol NH3⋅g− 1⋅h− 1, negligible 
when compared with the photocatalytic reaction performed in the 
presence of N2, as seen in Fig. S14. This generated ammonia could be 
due to the presence of N2 or NH3 impurities in the gas feed and the 
reactor system, as it has been previously reported[44]. In a second 
experiment under batch conditions, labelled 15N2 was used as substrate 
and the resulting 15NH3 photoproduct was characterized by liquid 1H 
NMR spectroscopy. Fig. 6 provides the 1H NMR spectra recorded for 
15NH3 formed in the isotopic labelling experiment. As it can be seen in 
these spectra, the characteristic doublet coupling (1J15N-1H = 73.17 Hz) 
of 15N (15NH4

+) is clearly recorded, whereas the triplet peaks of 14N are 
detectable (1J14N-1H = 52.22 Hz), but very weak[45], therefore firmly 
confirming gaseous N2 as the source of NH3.

To provide some data showing the advantage of HE-MO as photo
catalyst in comparison to bimetallic mixed oxides, an additional 
experiment was carried out using CoFe-MO obtained following an 
analogous procedure as the one employed here for the preparation of 
HE-MO. CoFe was selected in view of the activity of metals in thermal 
Haber-Bosch hydrogenation[46]. The results are presented in Fig. 6c. As 
it can be seen there, even though bimetallic CoFe oxide also affords NH3 
in a rate of 4 µmol/g− 1⋅h− 1, this formation rate is five times smaller than 
for HE-MO. To deep into the photoresponse of these compounds, their 
transient photocurrents were recorded after depositing the compounds 
onto FTO glasses (Fig. S15a). The registered photocurrents are shown in 

Fig. S15b, where it was observed a higher intensity for the HE-MO 
sample compared to the CoFe oxide, which indicates a more efficient 
electron-hole separation in HE-MO.

Further comparison of the performance of multimetallic mixed oxide 
as photocatalyst for N2 hydrogenation is provided by Table S2 in which a 
summary of literature data is provided. As can be seen there, the results 
achieved here compare favorably with those reported in the literature 
using noble metal-free photocatalysts, thereby showing the clear ad
vantages of combining many metals to increase the photocatalytic ac
tivity of mixed oxides. According to this literature survey higher NH3 
production rates have been reported using Ru, sometimes promoted by 
Cs, at temperatures about 300 ◦C, or at 60 ◦C using an Au catalyst. Thus, 
our high entropy mixed oxide stands as one alternative to the use of 
precious or semiprecious metals for the reaction, highlighting the per
formance under continuous-flow mode, and the synthesis simplicity 
(coprecipitation followed by mild calcination at open air). The possible 
reasons for the performance enhancement of HE-MO should be related 
to the effective dilution of Co/Fe sites into the oxide structure, along 
with a possible positive effect derived from the contribution of the 
remaining metals.

3.3. Reaction mechanism

To gain information about the mechanism of the photocatalytic N2 
hydrogenation, two series of experiments keeping constant the flow of 
one of the reagents and varying the flow of the other in the range from 5 
to 40 ml⋅min− 1 were carried out. Fig. S16 in supporting information
presents the NH3 formation rate as a function of the composition of the 
gas feed. It was observed that keeping constant N2 flow, an increase of 
H2 flow enhances NH3 formation rate. In contrast, an analogous 

Fig. 6. (a) Complete 1H NMR spectrum and (b) its enlargement for the ambient pressure 15N2 hydrogenation using HE-MO as photocatalysts. DMSO-d6 and CH3CN 
were used as reference and internal standard, respectively. Reaction conditions: full output of a Xe lamp (108 mW⋅cm− 2), feed: 15N2/H2 (1/3), temperature 200 ◦C, 
HE-MO 50 mg, reactor volume 51 ml, irradiation time 90 h. (c) Comparison of the activity in photocatalytic N2 hydrogenation between HE-MO and CoFe-MO. (d) 
Influence of irradiation wavelength on the activity of HE-MO for photocatalytic N2 hydrogenation. Reaction conditions: continuous flow (10 ml⋅min− 1 N2, 
30 ml⋅min− 1 H2), T: 200 ºC, UV–vis irradiation (without filter, with band-pass filter at 340–400 nm, or with cut-off filter at 380 nm), 50 mg photocatalyst.
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experiment keeping constant the H2 flow shows that an increase in the 
N2 flow decreases NH3 formation rate. This indicates that H2 adsorption 
and activation on the surface of HE-MO is the rate determining step in 
NH3 formation. In that way, if the relative H2 concentration increases, 
more H2 derived active species should be on the photocatalyst surface, 
thereby increasing NH3 formation rate. On the contrary, competition of 
N2 for the adsorption sites on the photocatalyst surface disfavors NH3 
formation.

The response of the photocatalyst was studied by comparing the 
activity upon irradiation through quartz with the full output of a Xe 
lamp with the activity after filtering the visible and NIR irradiation or 
using a range of wavelengths. The results are presented in Fig. 6d. It was 
observed that the photoresponse upon irradiation at wavelengths longer 
than 380 nm is almost negligible, meaning that the photocatalytic 
response is due to UV excitation of HE-MO. This is confirmed by using a 
band-pass filter with nominal wavelengths in the range between 340 and 
400 nm and observing a rate NH3 formation of 5 µmol g− 1⋅h− 1. This NH3 
formation rate is approximately proportional to the total UV photons 
irradiating the photocatalyst (a factor about 3.4), thus confirming that 
any wavelength shorter than 380 nm is equally efficient to promote NH3 
formation.

This result, however, confront with the optical absorption spectrum 
of the HE-MO that absorbs almost equally in the full range of UV, visible 
and NIR radiations. To reconcile these opposite pieces of evidence it has 
to be admitted that the fact that only the UV-region results in NH3 for
mation should correspond to the existence of certain electronic transi
tions with sufficient energy to promote the reaction. The existence of 
these electronic transitions in the UV region was supported by photo
luminescence measurements. Thus, a scanning of the emission spectra of 
HE-MO exciting with wavelengths in the range 300–400 nm was per
formed. In all of the obtained spectra, a photoluminescence emission 
peak at 445 nm was observed, achieving the maximum intensity when 
excitation was made at 350 nm (see Fig. 7). Observation of this emission 
indicates that upon photon absorption in the UV region a photoinduced 
charge separation state with generation of electrons and holes is 
generated. Radiative charge recombination of these transient states can 
occur, resulting in the emission of a detectable photon. It is proposed 
that these transient states responsible for the photoluminescence are 
also responsible for the photocatalytic activity. This behavior has been 
previously observed in low band gap metal oxides containing several 
metallic elements in a spinel-type structure[47].

To support this hypothesis, the band structure of the photocatalytic 
materials in the present work was studied by valence band XPS and UPS, 
and the results are shown in Fig. S17 and S18. It was found that both 
photocatalysts display p-type semiconductor behavior, as the Fermi 
level was closer to the corresponding valence band (VB). Remarkably, it 
can be noted that the VB of HE-MO is located at more negative potentials 
compared to CoFe-MO. Although the potentials of the conduction band 

(CB) of both photocatalysts are not negative enough to achieve the 
theoretical values for N2 activation displayed in Fig. S19, the more 
negative potential of HE-MO CB should lower the energy requirements 
of the incident UV photons to achieve certain potential above the CB, 
responsible for the photocatalytic N2 hydrogenation activity. This is in 
agreement with the experimental results showing a higher activity for 
HE-MO compared to CoFe-MO. In addition, it has been reported that the 
photoexcited electrons on the surface of the photocatalytst can be 
transferred into an anti-bonding orbital of strongly chemisorbed N2, 
which weakens the N2 triple bond and eventually unlocks NH3 pro
duction[48,49]. Furthermore, the measurement of the TRPL decay 
(Fig. S20) was performed to evaluate the photocharge lifetime of 
HE-MO. Instrument Response Function (IRF) was also measured to 
check the response time of the excitation/detection. The obtained curve 
was better fitted to a bi-exponential function, yielding two lifetimes of 
τ1 = 0.88 ns and τ2 = 3.48 ns, indicating short times (nanosecond 
scale) for the generated photocharges.

4. Conclusions

As a highly relevant finding, the present study has shown the for
mation of an LDH-derived mixed oxide with seven metals and its 
application in a photocatalytic reaction. This result is highly remarkable 
since LDH synthesis is mostly limited to the combination of two, three or 
maybe four metals. This opens new avenues in LDH synthesis to explore 
a vast chemical space of metal compositions. Also equally remarkable is 
that LDH transformation results in bidimensional HE-MO sheets with 
hexagonal morphology inherited from the precursor. The obtained evi
dence shows that no phase separation occurs as assessed either by XRD 
or electron microscopy. The potential of these multimetallic HE-MOs 
can be very large considering that bimetallic mixed oxides exhibit 
improved performance compared to monometallic oxides in many ap
plications, going from catalysis, electrocatalysis, photocatalysis, to other 
areas such as supercapacitors and energy storage. In the present study 
we have shown that an HE-MO with seven metals, even without 
composition optimization, performs much better in the photocatalytic 
N2 hydrogenation than bimetallic mixed oxides and other noble metal- 
free photocatalysts reported in the literature. Further progress in this 
area will be theory driven selection of the transition metals in optimal 
proportions within the limits allowed in LDH synthesis. Thus, further 
work continuing this present finding could provide unprecedented, 
advanced oxides with optimal properties respect to the existing ones.
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