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A B S T R A C T

The photoelectrocatalytic reduction of CO2 to valuable products using renewable energy is a promising approach 
to address decarbonization. PEC systems rely on photocathodes composed of a photoactive phase and a cata
lytically active one. The integration of such heterogeneous surfaces is difficult to achieve. Herein, we propose for 
the first time the use of Cu-containing Layered Double Hydroxide as single-phase photocathode material for light- 
assisted CO2 conversion providing simultaneous light-absorption and CO2 electroreduction. Exploiting the 
variability in composition and CO2 affinity of LDHs CO2 conversion into C2 and C3 oxygenates have been per
formed in a PEC system under low applied voltage. Taking advantage of reproducible and scalable procedures 
single-phase materials for photoelectrodes (Cu/Mg/Al and Cu/Mg/Fe) were obtained. Characterization of 
structure/morphology, photoelectrochemical, and catalytic properties allowed deep understanding of the role of 
metal elements within LDH structure on photocathodes performances. Iron provided strong benefits to light- 
harvesting and electrocatalytic activity.

1. Introduction

In the quest for sustainable energy and effective carbon management 
strategies, the utilization of renewable resources for the reduction of 
carbon dioxide emissions has emerged as a critical area of research. 
Since the adoption of the Paris Agreement and the release of the IPCC 
Special Report on Global Warming of 1.5 ◦C, a growing number of 
countries have committed to net zero emissions targets. As of March 
2022, 33 countries and the European Union have set such a target, either 
in law or in a policy document. More than 100 countries have proposed - 
or are considering - a net zero target [1]. Among the myriads of ap
proaches, photoelectrochemical CO2 reduction reaction (CO2RR) has 
garnered significant attention for its potential to harness solar energy to 
drive the conversion of CO2 into valuable fuels and chemicals. This 
transformative process holds promise not only for mitigating the esca
lating levels of atmospheric CO2 but also for producing renewable fuels 

that could help meet the world’s growing energy demands.
The escalating global concerns surrounding climate change and the 

depletion of conventional energy sources necessitate the exploration of 
innovative technologies that can address these challenges concurrently. 
The conversion of CO2 into valuable products at ambient temperature 
can be pursued via a process involving the reduction of carbon dioxide 
by photo-generated electrons through a photoelectrocatalyst. To do so, 
the development of semiconductor materials able to both absorb light 
and conduct/transfer electrons is necessary [2–4].

Photoelectrochemical (PEC) CO2 conversion with tailored photo
electrocatalysts is a promising technology with its own set of advantages 
and challenges. Indeed, this approach could allow renewable energy 
utilization, direct CO2 conversion to various products, integration with 
renewable energy systems, but it suffers from several drawbacks and 
technological limitations such as material stability, overall system effi
ciency, product selectivity, costs, scaling up [5,6].
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An efficient PEC system requires (i) a photo-absorber with suitable 
band gap and band energy to absorb solar energy in a certain range of 
light spectrum and to produce photo-induced electrons and holes with 
useful redox potentials; (ii) a catalyst to accelerate the reaction kinetics, 
improve reaction selectivity, and enhance charge-carrier transport at the 
surface. Semiconductors, including transition metal oxides, Si, III–V and 
II–VI photo-absorbers, perovskite materials, carbon nitrides, metal
–organic frameworks and metal complexes are well-studied materials 
generally employed as photo-absorbers in PEC systems [7]. Besides, the 
possibility to exploit the photo-absorbing phase also as catalyst would 
reduce the complexity in efficient photoelectrodes production and might 
also increase the output of the chemical transformation process. In this 
context, it is well-established that Cu is the only transition metal element 
able to promote C-C coupling of CO2 species adsorbed on catalysts 
surface [8,9]. For this reason Cu-based photocathodes have attracted 
wide attention, and in literature many studies can be found involving 
pure copper oxides (CuO, Cu2O) [10–13], binary and ternary oxides and 
sulphides, chalcogenides, and Cu-based composites [14–16].

Noteworthy, Cu/Fe binary oxides have been studied as photocath
odes for CO2 photoelectrochemical reduction and tuned out to be 
effective for carbon dioxide conversion into methanol [17,18], formate 
[19], and acetate [20].

Layered double hydroxides (LDHs) are another interesting class of 
advanced and versatile materials that can be exploited to produce 
copper-based photoelectrocatalysts. Indeed, this category of compounds 
may hold significant promise for CO2RR applications thanks to their 
alkaline nature and strong affinity for carbonates. Often referred to as 
hydrotalcite-like compounds, layered double hydroxides are a type of 

anionic clays with formula [M(II)1− xM(III)x(OH)2]
x+
(

An−
x/n

)
• mH2O. 

These compounds are made up of layers in which the cations are coor
dinated octahedrally by OH− to form layered structures, and anions are 
intercalated between the layers to maintain their overall positive charge 
resulting from the partial substitution of M(II) with M(III) [21]. The ease 
in hosting different metal cations and their ability to exchange the 
interlayer anions contribute to the appeal of LDHs for use in various 
applications as catalysts [22–28], electrochemical sensors [29–33], 
drugs and biologically active compounds carriers [34,35], absorbers of 
contaminant [36–38], and additives [39,40]. With regards to their ap
plications in catalysis, LDH-derived materials are primarily recognized 
as catalyst precursors for methane reforming into syngas, for the hy
drogenation of CO2 to methane or methanol [41–50], and for other 
thermocatalytic applications [51]. However, recently a great interest in 
these materials has risen in the field of photocatalysis and electro
catalysis. In fact, the possibility of tuning the redox properties and the 
light absorption capacity by playing with metal cations composition as 
well as with functional anion intercalation, led to the application of this 
class of compound as electrocatalysts for water splitting, especially for 
oxygen evolution reaction [52–54], organic substrates electrooxidation 
[55–58], and CO2 electrochemical reduction [59–62]. In the field of 
photocatalysis, LDHs found large employment as photocatalysts in water 
splitting [63–65] and CO2 conversion [66–69]. Meanwhile LDH-based 
photoelectrodes are studied for PEC water splitting [70–75] but also 
for energy production in Dye-Sensitized Solar Cells [76–78].

Despite this, studies on single-phase LDH-based photocathodes for 
the CO₂ reduction reaction (CO₂RR) are scarce, particularly those that 
exploit their dual function as both a light absorber and a catalyst. [79, 
80].

In this work, we propose the use of two trimetallic LDH materials (i. 
e., Cu/Mg/Al and Cu/Mg/Fe LDHs) synthesized with the same molar 
ratios between Cu/Mg and M(II)/M(III) as photocathodes for CO2RR in 
PEC systems. While Al as trivalent metal cation has already been proven 
selective for acetic acid production in previous CO2 reduction experi
ments [62], the Fe insertion in the LDH structure aims to enhance 
conductivity and visible-light absorption thanks to its sensitizing effect 
[77,81] for light-assisted CO2 electrolysis. LDHs were prepared by 

coprecipitation and photocathodes were manufactured by screen 
printing, with both methods being reliable and scalable. The 
morphology, structure, and chemical composition of both powder and 
film samples were fully investigated by means of several complementary 
techniques, proving the photocathodes underwent phase activation 
under reaction conditions providing catalytically active Cu0/Cu2O spe
cies over light-absorbing and carbonates-concentrating LDH phase. The 
photoelectrocatalytic properties of the materials were studied during 
light-assisted potentiostatic CO2RR in liquid phase (KHCO3) by evalu
ating the effect of the trivalent cation species on the resulting catalytic 
performances. This study demonstrates the beneficial effects of using 
layered double hydroxide structure with highly dispersed copper spe
cies, which allows to obtain (i) a C2 and even C3 product at a low po
tential applied during CO2RR.

2. Experimental

2.1. Materials synthesis

Ternary layered double hydroxides powders, named CuMgAl-LDH 
and CuMgFe-LDH, were prepared by a coprecipitation method. In 
detail, 2 M aqueous solutions of metallic cations were prepared from 
metal nitrates salts: Cu(NO3)2•2.5 H2O (98 %, Sigma-Aldrich), Mg 
(NO3)2•6 H2O (99 %, Sigma-Aldrich), Al(NO3)3•9 H2O (98 %, Sigma- 
Aldrich), Fe(NO3)3•9 H2O (98 %, Sigma-Aldrich). The amount of each 
cation in the solution was calculated according to a relative molar ratio 
of Cu: Mg: Al or Fe = 2:1: 1.

The cations’ solution was then added dropwise to a 1 M Na2CO3 
solution keeping the pH constant at the value of 9 by adding 3 M NaOH. 
During the synthesis the solution was kept under stirring at the constant 
temperature of 56◦C.

After the complete addition of the cations’ solution to the anion so
lution, the synthesis mixture was left under the same conditions of 
coprecipitation for an hour to allow the ageing process.

Afterwards, the obtained precipitate was filtered with a Buchner 
funnel and fully washed with DI water until a neutral pH of filtration 
water was reached. The solid was collected and dried in oven at 60◦C 
overnight.

2.2. Photoelectrodes preparation

Screen-printing inks containing CuMgAl and CuMgFe LDH com
pounds were formulated and prepared by mixing the respective powders 
with organic additives:

α-terpineol (Sigma- Aldrich) as solvent, lauric acid as dispersant 
(Merck, Germany), ethyl cellulose as binder (Sigma-Aldrich), and finally 
glycerol (Merck, Germany) as plasticizer. The powders were firstly 
dispersed in the solvent and the different organics were added to obtain 
a stable suspension and the suitable rheology for the selected deposition 
process. The as-formulated inks were finally homogenized in a three-roll 
mill equipped with ZrO2 rollers (Exakt 80E, Exakt, Nordestedt, Ger
many) and then, deposited onto Fluorine-doped Tin Oxide (FTO) glass 
substrates (sheet resistance 7 Ω/sq., Sigma-Aldrich) using a semi- 
automatic screen-printer (AUR’EL 900, AUR’EL Automation s.p.a., 
Italy) [78] to obtain films having area equal to 1 cm2 and a catalyst’s 
loading of about 0.7 mg cm− 2. The latter were subsequently dried by an 
IR thermal treatment performed at 180 ◦C for 3 h to avoid the LDH 
degradation. The film thickness was fixed in the 6–7 μm range, as 
confirmed by profilometry.

2.3. Structural and morphological characterization

X-ray diffraction (XRD) analyses were carried out with a Philips 
PW1050/81 diffractometer equipped with a graphite monochromator in 
the diffracted beam and controlled by a PW1710 unit (Cu Kα, λ 
=0.15418 nm). A 2θ range from 5◦ to 80◦ was investigated at a speed of 
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0.05◦/s. Crystallites’ mean size was calculated according to the Scherrer 
equation (Eq.1): 

Dhkl = K
λ

βcosθ
(1) 

Where Dhkl is the mean crystallite dimension, K, equal to 0.9, is a 
dimensionless shape factor, λ is the X-ray wavelength (Cu Kα), β is the 
line broadening at half the maximum intensity (FWHM) of the reflex 
after correction for the instrumental line broadening, ϑ is the Bragg 
angle of the considered reflex.

The specific surface area (SSA) of LDHs has been measured by means 
of single point N2 physisorption with the BET method using a SORPTY 
1750 instrument (Fisons); usually the analysis was carried out over 
about 0.1 g of sample.

Scanning Electron Microscopy (SEM) has been carried out to acquire 
morphological and surface information on both the LDHs powders and 
films deposited on the conductive support. The analyses were performed 
through a Zeiss ΣIGMA SEM-FEG.

TEM analyses were conducted using a TALOS F200X (Thermo 
Fischer Scientific), operated at a tension of 200 kV. Plasma cleaning was 
eventually conducted on the samples before the analysis with a plasma 
cleaner Femto model (Diener GmbH).

Raman spectra were recorded with a micro-spectrometer Raman 
RM1000 (Renishaw/Thermo Fisher, New Mills, Wotton-under-Edge, 
Gloucestershire, UK) equipped with a Leica DMLM optical microscope 
and a CCD detector. The excitation wavelength came from an Ar+ laser 
(λ = 514.5 nm) with an output power of 25 mW. This power was 
reduced as needed by neutral density filters for preventing sample 
damage.

Profilometric analysis have been carried out on films deposited on 
the FTO by a white light-optic interferometer BRUKER CounterGT-K 3D.

X-ray Photoelectron Spectroscopy (XPS) measurements were con
ducted on a PHI 5000 Versaprobe spectrometer equipped with a 
monochromatic Al Kα (1486.6 eV) X-ray source. An electron gun and an 
Ar ion gun were used as a charge compensation system. The spot size 
was 100 μm. The pass energy was set at 187.85 eV and 23.5 eV for the 
acquisition of survey and high-resolution spectra, respectively. Binding 
energy calibration was applied by setting the position of the C 1 s sp3 

component at 284.8 eV. The spectra were processed using CasaXPS 
software (v2.3.23, Casa Software Ltd).

2.4. Photoelectrochemical measurements

Spectrophotometric determination of the film bandgap (Eg) was 
performed using the absorption spectra recorded in transmission mode 
using a PVE300 system (Bentham Instruments Ltd, United Kingdom) and 
applying the Tauc equation (Eq. 2): 

αhν = A(hν − Eg)n                                                                          (2)

where α is the absorption coefficient, h is the Planck’s constant [J•s], ν is 
the light frequency (s− 1), A is the absorption constant, and Eg is the value 
of the bandgap energy (eV), whereas the exponential n refers to the type 
of electronic transition specific to the semiconductor [82]. For this type 
of materials the use of n = 2, indicating a direct electronic transition, is 
widely agreed in literature and therefore used here for the calculation of 
the band gap by Tauc equation [63,83,84].

All electrochemical measurements were performed with a Autolab 
PGSTAT302N+FRA32M (Metrohm) potentiostat/galvanostat.

Potentials are hereby converted versus RHE using Eq. 3 to allow the 
comparison with previous work and literature, with E0

Ag/AgCl and pH 
equal to 0.197 and 7.15 (KHCO3 0.3 M) or 13 (KOH 0.1 M), respectively. 

ERHE = EAg/AgCl +E0
Ag/AgCl +0.059 • pH (3) 

Electrochemical impedance spectroscopy (EIS) measurements have 
been carried out in 0.3 M KHCO3 electrolyte saturated with CO2, Ag/ 

AgCl and Pt gauze as reference and counter electrodes, respectively. Two 
distinct potentials were applied, i.e. OCP (determined for each electrode 
in dark condition before EIS measurements) and – 0.4 V vs RHE, with an 
amplitude of ± 10 mV, in a frequency range of 105 – 0.5 Hz.

The Mott-Schottky analysis has been carried in a three-electrode cell 
in which the film represents the working electrode, a saturated standard 
calomel electrode (SCE) is used as reference, and a platinum wire is the 
counter electrode. The electrolyte used was a 0.1 M Na2SO4 solution, 
and the potential range used was + 0.6 V/-0.6 V vs SCE, with EIS ana
lyses in a frequency range of 105-0.5 Hz and signal amplitude of ±
10 mV [85]. The Mott− Schottky equation (Eq. 4) is as follows: 

1
C2 =

2
ε • ε0 • A2 • e • ND

•

(

− V +Vfb −
kB • T

e

)

(4) 

where C is the interfacial capacitance, A is the interfacial area, NA the 
number of acceptors, V is the applied voltage, kB is Boltzmann’s con
stant, T the absolute temperature, and e is the electronic charge; a linear 
plot of C− 2 vs V yields the flat band potential, calculated by adding the 
kBT/e term from the intersection point on the ordinate [86]. The 
calculated flat band potentials for both samples were then referred vs. 
the Normal Hydrogen Electrode (NHE) at pH = 7 by means of Eqs. 5 – 6. 

Vfb (pH=0) = Vfb (pH=n) - 0.059 × (0 - n)                                           (5)

Vfb (vs. NHE) - Vfb (vs. SCE) = 0.244 V                                            (6)

The photo-electrochemical activity has been evaluated by linear 
sweep voltammetry (LSV) with and without the presence of light. As 
electrochemical setup a single compartment PEC was used in which the 
prepared photocathodes represent the working electrode, an Ag/AgCl 
electrode is used as reference, and a platinum wire is the counter elec
trode. Light conditions have been created through a solar simulator 
calibrated with a silicon cell to obtain an overall power of 1000 W/m2 

AM 1.5. The potential range used was 0.7 V/-0.5 V vs RHE, applying a 
scan rate of 0.01 V/s and KOH 0.1 M was used as electrolyte. The so
lution was degassed with argon for 15 min prior to the measurement to 
remove the oxygen dissolved from the solution. Transient photocurrent 
was measured by chronoamperometry at 0 V vs RHE in KHCO3 aqueous 
electrolyte performing light chopping with a frequency of 0.2 Hz The 
determination of the electrochemical active surface area (ECSA) was 
carried out varying the scan rate of different cyclic voltammetries (1, 5, 
10, 25, 50, 100 mV s− 1) recorded at 0.4 V vs Ag/AgCl (± 10 mV), which 
is a potential at which the photoelectrocatalysts displayed a capacitive 
current. The CVs were carried out in 1 M NaOH and the ECSA was 
calculated dividing the double-layer electrochemical capacitance (Cdl) 
by the specific capacitance of the sample (0.040 mF cm− 2 for flat metal 
surfaces in alkaline electrolyte) [87]. All the ECSA values are reported 
with the standard error (STD error = σ/

̅̅̅̅
N

√
).

For charge lifetime and capacitance determination, Electrochemical 
impedance spectroscopy (EIS) measurements in the dark have been 
carried out in 0.3 M KHCO3 electrolyte saturated with CO2, using Ag/ 
AgCl and Pt gauze as reference and counter electrodes, respectively. 
Different potentials were applied equal to − 0.8 V, − 0.4 V and − 0.2 V vs 
RHE with an amplitude of ± 10 mV, in a frequency range of 105 – 
0.5 Hz. EIS data were fitted using an equivalent circuit where Rs rep
resents the contact series resistance, the electrolyte-photoanode inter
face is modelled by the built-in extended element which allows for 
transmission line impedance and the parallel RCT//CPE stands for the 
electrolyte-electrode interface. Moreover, the charge lifetime was 
calculated following this equation [88,89]: 

τn = (RCT × Qμ )
1/β 

where RCT represents the charge transfer resistance, and Qµ and β are the 
base and exponent of CPE element. Finally, the chemical capacitance of 
each photoelectrodes was determined using these CPE parameters.

The Incident photon-to current conversion efficiency (IPCE, or 
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external quantum efficiency) for CuMg-based LDH was determined 
using Autolab PGSTAT302N in combination with the Autolab Optical 
Bench, which is comprised of LED driver, different LED lights and optical 
rail. For that, 6 types of LED light sources were used with different 
wavelengths: 470 nm, 505 nm, 530 nm, 590 nm, 617 nm and 627 nm. 
These light sources were a triple Led array driven by the output current 
of the Autolab LED driver, and a calibrated light intensity of 1 mW cm− 2 

was set. The output of the LED drive was controlled by the DAC164 of 
the Autolab directly from the Nova software. The obtained photocur
rents in short circuit condition were acquired at each different wave
length by chronoamperometric method. A photo-electrochemical cell 
was used for this purpose, where a CuMg-based LDH was the working 
electrode, Ag/AgCl was the reference electrode and platinum gauze the 
counter-electrode. An electrolyte of KHCO3 0.3 M saturated with CO2 
was used. The quantum efficiency is defined as the ratio between the 
number of electrons generated and the photon flux on the photoactive 
surface area of the sample at a defined wavelength: 

IPCE(%) =
1239

λ
×

JSC,λ

A × PI
× 100 

where JSC,λ is the photocurrent at a particular wavelength, λ is the 
wavelength, A (in cm2) is the photoelectrode area and Pi is the light 
intensity (mW cm− 2) [90].

2.5. Photoelectrocatalytic tests

The catalytic performances of LDH-based photocathodes were 
assessed in a single compartment PEC cell using a 0.3 M KHCO3 solution 
(pH 8.50) as supporting electrolyte, saturated with CO2, purged with a 
0.3 L/min flux at a pressure of 1.5 bar for 15 min (pH 7.15), before 
carrying out carbon dioxide reduction tests. The working electrode, 
represented by the LDH-based film deposited on FTO, was connected to 
a Pt gauze, i.e. the counter electrode, while Ag/AgCl was used as 
reference electrode. An external bias was supplied by chro
noamperometry technique through an Autolab PGSTAT302N+FRA32M 
(Metrohm) potentiostat/galvanostat. The analysis has been performed 
irradiating the photocathode from the FTO side. During the reaction, the 
solution has been maintained under stirring, while light conditions have 
been created through a solar simulator calibrated with a silicon cell to 
obtain an overall power of 1000 W/m2 AM 1.5.

The CO2RR reactions have been carried out for 1 h, analysing every 
10 min the gas phase using a 990 micro-GC (Agilent Technologies) 
equipped with three channels (Molecular sieve 5 Å packed column for 
H2, CO, CH4 detection, PPU and 5CB columns for CO2 and alkanes, al
kenes respectively) and a thermal conductivity detector (TCD). Argon 
and helium were used as carrier gas. The liquid phase was analysed by a 

quantitative 1H NMR analysis, adding phenol as the internal standard 
and deuterium oxide to provide an internal lock signal.

3. Results

3.1. Structural and morphological characterization of materials

The as-synthesized Cu/Mg/Al and Cu/Mg/Fe LDHs obtained by 
coprecipitation method have been structurally characterized by X-Ray 
diffraction analysis before the formulation of the ink. XRD patterns re
ported in Fig. 1A evidenced the presence of a layered double hydroxide 
structure that shows the main reflections typical of the hydrotalcite-like 
structure [21,51,91] containing CO3

2- as interlayer anion, at 11.5◦(003), 
23.3◦(006), 34.4◦(012), 39.1◦(015), 46.5◦(018), 60.0◦(110), 61.3◦

(113), and 65.2◦(116) 2θ values for CuMgAl-LDH and 11.6◦(003), 23.3◦

(006), 34.1◦(012), 38.7◦(015), 46.1◦(018), 59.2◦(110), 60.6◦(113) 2θ 
values for CuMgFe-LDH. The Bragg angle of reflection 003 and 110 was 
used to calculate both the vertical and the horizontal dimension of the 
crystallites using the Scherrer equation (Eq.1, par. 2.3). Moreover, unit 
cell parameters were calculated from d-spacings of 003 and 110 re
flections, which in turn were determined from Bragg law, as follows: a 
= 2d110 and c = 3d003 [92]. All structural data are reported Table 1. The 
two LDH samples resulted in very close crystallites’ size and unit cell 
parameters. Crystallites height estimated for CuMgAl-LDH and 
CuMgFe-LDH was 10.3 and 9.8 nm, respectively, while the horizontal 
length resulted to be 13.7 and 16.1. Whilst a and c cell parameters 
resulted 3.08 and 23.0 Å for Al-containing LDH whereas 3.12 and 22.9 Å 
figured for Fe-containing LDH structure. The only remarkable difference 
is related to the shifting of 110, 113 and 116 reflections toward lower 2θ, 
indicating a larger D-spacing for CuMgFe-LDH with respect to 
CuMgAl-LDH, due to the larger ionic radius of Fe3+ than that of Al3+

[93]. The XRD analyses were also conducted after the deposition of the 
LDH-containing film on FTO (Fig. 1B) and allowed to confirm the 
retainment of layered double hydroxides phase of the material after ink 
formulation and film deposition onto FTO substrate. Moreover, 2θ an
gles, correspondent to 003 lattice planes, slightly shifted toward higher 

Fig. 1. XRD diffraction pattern of powder samples (A) and screen-printed LDH-based films onto FTO (B).

Table 1 
Calculated crystallite dimensions and specific surface area for CuMgAl-LDH and 
CuMgFe-LDH samples.

Sample D-spacing 
(003) 
[Å]

D-spacing 
(110) 
[Å]

D003 

[nm]
D110 

[nm]
a 
[Å]

c 
[Å]

SSA 
[m2/g]

CuMgAl-LDH 7.68 1.54 10.3 13.7 3.08 23.0 80
CuMgFe-LDH 7.62 1.56 9.8 16.1 3.12 22.9 70
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values, 13.3◦ and 14.0◦ for CuMgAl-LDH and CuMgFe-LDH respectively, 
meaning lower D-spacing and thus a contraction of the layered structure. 
The phenomenon can be assigned to the effect of films’ thermal treat
ment which could affect the crystal order and can cause a partial loss of 
interlayer crystallization water resulting in diminished interlayer height 
[94].

Nitrogen physisorption analyses were carried out to determine the 
specific surface area (SSA) of the synthetized bulk material. The two 
samples resulted in close value of SSA, as reported in Table 1, in good 
agreement with the results reported in literature for this kind of mate
rials [63].

Scanning electron microscopy (SEM) was employed to investigate 
films’ morphology and microstructure. The low magnification micro
graphs, reported in Fig. 2 A, 2D, highlighted an overall homogeneous 
film deposition even though few micro-cracks are present, especially for 
CuMgFe-LDH sample. The films microstructures are shown in the higher 
magnification images (Figs. 2B, 2E). The morphology of the films surface 
is composed of LDHs’ nanoplatelets with a preferential orientation 
parallel to the substrate, in contrast to the powder particles, which are 
composed of randomly oriented layered crystallites (Figure S1, Support 
information). This characteristic could be related to the three-roll mill 
step during the ink formulation and the deposition method employed, i. 
e. screen-printing; during milling, the particles can be stretched due to 
the high shear stress imposed by the zirconia rollers while the screen- 
printing process forces the particles dispersed in the ink matrix to the 
most packed orientation, thus resulting in preferred planar orientation 
of LDH particles, which in turn could benefit the electrical properties of 
the films [95,96].

Energy dispersive X-ray analyses (EDX) were carried out to confirm 
the desired atomic ratio between metal elements in the samples. The 
EDX analyses carried out in different points (Figure S2, Supporting In
formation) confirmed the ternary nature of the LDH with cations molar 
ratios reported in Table 2. The experimental results match very well Cu/ 
Mg/M (M=Al, Fe) expected 2:1:1 ratio, while the EDX mapping shown 
in Fig. 2C-F, showed an optimal dispersion of the elements in the inor
ganic structure, highlighting an advantage and characteristic of the 
utilization of LDH, which possess an intrinsic cation interspersion.

To get further insights into the morphology of the samples at the 
nano dimension the samples powders were analysed by TEM-EDX as 

reported in Fig. 3. TEM images showed the presence of a lamellar 
structure in which the layers of the layer double hydroxide emerged. The 
analysis of the dimension of these layers shows a interlayer distance 
around 0.6 nm which is compatible with what has been observed by 
XRD. EDX analysis allowed to identify the distribution of elements in the 
sample. It confirmed a good interdispersion of Cu, Mg, Al or Cu, Mg, Fe 
in the samples. In order to further understand the nature of the species 
present on the surface of the sample, XPS analysis was conducted.

XPS spectra were acquired for the powders of CuMgAl-LDH and 
CuMgFe-LDH as well as for the electrodes on FTO. Survey spectra are 
shown in Figure S3 and all peaks in the range 0–1400 eV were identified 
and could be assigned to either Cu, Mg, Al, Fe, C, and O, with no signal 
from the underlying FTO support. Fig. 4 shows the high-resolution 
spectra acquired for the core levels C 1 s, O 1 s, and Cu 2p3/2 CuMgAl- 
LDH in the form of powder (bottom) and once deposited on FTO (top). 
The spectra for the core levels Al 2p and Al 2 s were also recorded and 
are shown in Figure S4, but they suffer from severe overlapping with Cu 
3p and Cu 3 s peaks, respectively. In the powder, carbon was mainly 
present as graphitic carbon (BE = 284.8 eV) and bonded with oxygen in 
carbonate species (BE = 288.9 eV), with a smaller contribution attrib
utable to species containing C-OH or C-OC groups (BE = 286.3 eV).

In the spectra of CuMgAl-LDH/FTO, the intensity peak related to the 
C-OH and C-O-C bonds containing species (BE = 286.3 eV) increased 
significantly and a new component attributable to the presence of 
carbonyl-containing compounds (BE = 287.8 eV) appeared, possibly 
due residues of the organic components of the ink. The O 1 s core level 
spectra were very similar for both the powder and the electrode, being 
dominated by a peak centred at ~ 531.5 eV attributable to the -OH 
groups of the layered double hydroxides [97–99]; the binding energies 
of the O 1 s core level in metal carbonates also falls in this range [100]. 

Fig. 2. – FE-SEM micrographs at low and high magnification of CuMgAl-LDH (a, b) and CuMgFe-LDH (d,e) electrodes. EDX mapping of CuMgAl-LDH (c) and 
CuMgFe-LDH (f) samples.

Table 2 – 
Estimated metals’ cations molar ratio determined through punctual EDX 
analyses.

CuMgAl-LDH CuMgFe-LDH

Cu/Mg 1.94 ± 0.09 Cu/Mg 2.1 ± 0.1
Cu/Al 2.04 ± 0.09 Cu/Fe 2.2 ± 0.2
Mg/Al 1.05 ± 0.05 Mg/Fe 1.0 ± 0.1
(Cu+Mg)/Al 3.1 ± 0.1 (Cu+Mg)/Fe 3.2 ± 0.3
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Two other small peaks were present at lower binding energy and higher 
binding energy: the former (529.4–529.7 eV) can be attributed to small 
amounts of metal oxides, possibly formed due to prolonged exposition to 
X-ray during XPS; the latter (BE = 533.0 – 533.1 eV) can be attributed to 
water adsorbed on the surface of the material. The Cu 2p3/2 core level 

spectrum of both the LDH powder and electrode showed a major peak 
(BE = 934.4 eV) attributed to Cu2+ hydroxide and a second peak at BE 
= 932.5 eV corresponding to Cu0 and/or Cu+ species [101]. The latter 
signal is known to be generated as a consequence of prolonged X-ray 
exposure during XPS analysis of Cu2+ hydroxides [102]. Satellite peaks 

Fig. 3. – TEM images and EDS maps obtained on the CuMgAl and CuMgFe samples.

Fig. 4. High-resolution XPS spectra of CuMgAl-LDH powder and of CuMgAl-LDH/FTO for the core levels C 1 s (A), O 1 s (B), and Cu 2p3/2 (C).
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at higher binding energies are shake-up peaks of Cu2+. In the attempt to 
identify the nature of reduced copper spaecies (Cu0 or Cu+), which 
typically show Cu 2p3/2 peaks at nearly identical binding energies, we 
also acquired Cu LMM Auger transition spectra. However, due to the 
large excess of Cu2+, it was not possible to estimate the ratio between Cu 
(0) and Cu+, as can be seen in Figure S5. Finally, both CuMgAl-LDH and 
CuMgAl-LDH/FTO displayed one peak (i.e., unresolved Mg 2p1/2 and Mg 
2p3/2 transitions) centred at BE = 49.8 – 49.9 eV and attributable to 
magnesium hydroxide (Figure S6a).

Fig. 5 shows the high-resolution spectra acquired for the core levels C 
1 s, O 1 s, Cu 2p3/2 and Fe 2p, for CuMgFe-LDH in the form of powder 
(bottom) and once deposited on FTO (top). Similarly to CuMgAl-LDH, in 
the pristine CuMgFe-LDH powder, most of the surface carbon was pre
sent as graphitic carbon (BE = 284.8 eV) and bonded with oxygen in 
carbonate species (BE = 289.3 eV), with smaller contributions attrib
utable to species containing C-OH and C-OC bonds (BE = 286.3 eV) and 
carbonyl groups (BE = 287.8 eV). Also, in analogy with CuMgAl-LDH/ 
FTO, in CuMgFe-LDH/FTO the intensity of the C 1 s signals attribut
able to organic compounds (e.g., 286.3 eV and 287.7 eV) increased 
possibly due to organic additives remaining from the ink. Also in this 
case, in the O 1 s core level spectra, there was a major peak centred at BE 
= 531.3 eV attributable to the -OH groups and interlayer carbonates of 
the layered double hydroxides and another component at BE 
= 529.5–529.6 eV attributable to metal oxides. In analogy with CuM
gAl, the spectrum of the Cu 2p3/2 core level of CuMgFe showed peaks 
attributable to Cu2+ hydroxide (BE = 934.5 eV) and a peak centred at BE 
= 932.5 eV corresponding to Cu(0) and/or Cu+ species. Remarkably, 

the analysis showed that the fraction of reduced Cu species in the pris
tine powder was higher than for CuMgAl-LDH in both powder (e.g., 
13.4 mol%) and deposited film (31.3 mol%) forms.

The spectrum of the Fe 2p core level for the pristine LDH and 
CuMgFe/FTO was characterized by signals attributable to the presence 
of Fe3+ [103,104] mainly (Fe2p3/2 component at BE = 712.2 eV). Again, 
the Mg 2p signal of both CuMgFe-LDH powder and electrode 
(Figure S6b) shows only one peak at 49.8 eV attributable to magnesium 
hydroxide.

3.2. Physico-chemical and photoelectrochemical characterization of 
photoelectrodes

3.2.1. Optical properties and band characterization
The optical properties of the prepared photoelectrodes were char

acterized by UV–vis spectrophotometric analysis for light absorption 
behaviour and band gap determination. Absorption spectra were 
collected (Fig. 6A) and the bandgaps were calculated by extrapolating 
the intercept of the linear section of the Tauc plot (Fig. 6B) obtained by 
applying Tauc equation (Eq.2, par. 2.4).

The two LDH-based photoelectrodes resulted suitable for UV–vis 
light absorption as shown by their absorbance spectra in the range 
300–800 nm. Fe-containing LDH displayed a wider visible light ab
sorption capacity respect to Al-containing LDH, as confirmed by the 
calculated band gap energies (Eg) which were 2.2 and 2.9 eV for Fe and 
Al respectively.

Mott-Schottky analysis have been then conducted to determine the 

Fig. 5. High-resolution XPS spectra of CuMgFe-LDH powder and of CuMgFe-LDH/FTO for the core levels C 1 s (A), O 1 s (B), Cu 2p3/2 (C), and Fe 2p (D).
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electronic properties of the materials under examination. In particular 
this technique allows to determine flat band potential (Vfb), the number 
of charge carriers (ND), and the intrinsic doping nature of the semi
conductor materials [85,105]. The resulting plots determined by 
impedance measurements a 47 kHz are reported in Fig. 6 C. It is evident 
that the slope of the fitting line for the Mott–Schottky plots is negative 
for both examined samples, indicating that the Cu-based LDHs show 
p-type semiconductor-like properties. Therefore, the majority of charges 
present in the electrode are positively charged (h+). In such conditions, 
when the electrical capacity at the electrolyte/electrode interface (C) is 
zero, the flat band potential can be considered close to the conduction 
band of the analysed material. The flat band potential (i.e. energy of the 
top edge of valence band) of CuMgAl-LDH and CuMgFe-LDH resulted to 
be 0.54 and 0.23 V vs NHE, respectively. The energy of the bottom of 
conduction band was calculated thanks to previously determined band 
gap energy (Eg), leading to values of − 2.34 V vs NHE for CuMgAl-LDH 
and − 1.98 V vs NHE for CuMgFe-LDH. Thus, the energy level diagram 
was built up to compare the energy of free charges generated by 
photoexcitation process with the standard redox potential of many 
CO2RR, as reported in Fig. 6D. Both the two systems resulted, from a 
thermodynamic point of view, suitable for CO2 activation and reduction 
since the energy of electrons in the conduction band is higher than both 
the initial electron transfer step for CO2

● - formation (rate determining 
step) [106,107] and E0

redox of CO2RR products formation.
LSV measurements were carried out to evaluate the current density 

produced by the samples in dark conditions, as well as the photocurrents 
in case of illumination with a solar simulator (1 sun, AM 1.5, 
1000 W m− 2). As shown in Fig. 7 A, both CuMgAl-LDH and CuMgFe- 
LDH based photoelectrodes achieved higher cathodic current densities 
when illuminated, with respect to dark measurements, proving their 

photo-electrode character. The Faradaic peaks observed at 0.18 V in 
dark curve and 0.35 V in light curve for CuMgAl-LDH can be ascribed to 
the reduction of surface Cu oxides locally formed during LSV measure
ments, with the first related to Cu(I)/Cu(0) reduction process and the 
second to the reduction of Cu(II) to Cu(I) [108,109]. On the other hand, 
the cathodic peaks appearing in the light LSV of CuMgFe-LDH at 0.07 V 
and − 0.15 V vs RHE can be attributed to reduction process of Fe(III) 
oxides and oxyhydroxides (formed during the LSV measurements and 
already present in LDH phase) to Fe(OH)2 and of Fe(OH)2 to metallic 
iron, respectively [110,111]. Interestingly, the Fe-containing LDH 
showed a higher current density developed during the scanning of 
cathodic potential, both in dark and under illumination conditions, 
suggesting a better conductivity respect to the Al-containing one. The 
transient photocurrent densities were shown in Fig. 7B. CuMgFe-LDH 
showed a transient photocurrent density 4 times higher than that 
generated by CuMgAl-LDH, in agreement LSV profiles. The beneficial 
effect of Fe presence in the structure was further confirmed by Elec
trochemical Impedance Spectroscopy (EIS) analysis. The measurements 
were conducted at two distinct potentials of interest. In order to evaluate 
the true behaviour of electrodes in terms of corresponding 
electrode-electrolyte charge transfer resistance (Rct), while reducing 
possible complexities related to applied bias and current flow, the 
measurement was firstly conducted in equilibrium condition, i.e. at the 
open circuit potential (OCP) determined for each electrode [112,113]. 
Secondly, for a more realistic comparison in terms of Rct values, EIS 
analyses were made at constant potentials in the catalytic turnover 
conditions where the whole interface performs the desired electro
catalytic reaction, i.e. − 0.4 V vs RHE [114]. The experimental curves 
could be fitted with the equivalent circuits indicated in the inset of 
Fig. 7C-D.

Fig. 6. Photo-electrochemical characterization of Cu-based LDH photocathodes: (A) UV− vis-NIR absorption spectrum of Al and Fe-containing CuMgM(III) LDH and 
(B) corresponding Tauc plots of CuMgAl-LDH and CuMgFe-LDH used for band gaps extrapolation. (C) Mott− Schottky plots collected at frequencies of 47 kHz of the 
electrodes in 0.1 M Na2SO4 solution measured in the dark. The x-intercept yields the flat band potential vs SCE. (D) Experimentally determined CuMgAl-LDH and 
CuMgFe-LDH conduction and valence band edges and thermodynamic redox potentials of CO2 reduction products on a potential diagram, depicting favourable 
energetics for photo-assisted CO2 reduction.
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In such circuits Rs encompasses all resistances linked to the electro
chemical system (electrolytic solution, wires, electrical contacts) while 
Rct accounts for charge-transfer resistance at the interface between 
electrode and electrolyte and CPE1 (constant phase element), represents 
the capacitance for charge accumulation at the double-layer region. 
Finally, Ws1 (Warburg short diffusion element) represents the diffusion 
of mobile charges within electrodes and in solution [115]. As evidenced 
by Nyquist’s plot reported in Fig. 7 C, the charge-transfer resistance of 
CuMgFe-LDH has been found to be significantly lower than that of 
CuMgAl-LDH, i.e. 4.40 ± 0.06 vs 21.4 ± 0.9 kΩ in dark and 3.67 ± 0.04 
vs 18.5 ± 0.6 kΩ under illumination at equilibrium condition (OCP). 
Moreover, the impedance spectra recorded under light exhibit smaller 
arches compared to the corresponding dark curves. This indicated that 
the sample’s charge transfer capability is heightened due the increased 
number of charges generated from the photoexcitation process. 
Although the same considerations remain valid the results of impedance 
measurements at − 0.4 V vs RHE it is interesting to note that the relative 
difference in Rct between the two samples diminished remarkably upon 
application of cathodic bias as reported in Table 3. Electrochemical 

surface area (ECSA) of the prepared photocathodes was estimated by CV 
measurements conducted at various scan rates, as depicted in Figure S7. 
As expected, CuMgFe-LDH photocathodes resulted in a 2 time higher 
ECSA respect to CuMgAl-LDH, respectively 100.6 ± 0.2 and 48.9 
± 0.2 cm2.

From Fig. 8, the CuMgFe-LDH photoelectrode showed a higher IPCE 
value than CuMgAl-LDH one due to its better charge collection and 
reduced recombination phenomena that finally enhanced the amount of 
photocurrent produced confirming the results obtained from LSV 
analyses.

At high potential applied (-0.8 V vs RHE), higher charge lifetime was 
observed for CuMgFe-LDH photoelectrode than the one obtained for 
CuMgAl-LDH, and lifetime was found to be about 0.24 e 0.10 s for the 
iron and magnesium-based systems respectively. However, at lower 
potential applied the trend was inverted, probably due to the different 
energy levels (conduction and valence band position) of LDH based 
photoelectrodes. Considering the chemical capacitance, CuMgFe-LDH 
showed highest values in all potential range investigated, due to its 
different spatial distribution of electrons traps linked to its microstruc
ture and surface area. The, for CuMgFe-LDH a reduced recombination 
rate and the improved charge transport properties were observed con
firming the results previously obtained from the other characterizations.

3.3. Photoelectrocatalytic CO2 reduction

PEC CO2 reduction performance evaluation of the prepared photo
cathodes was evaluated by a potential screening approach to identify 
and quantify the reduction products generated from CO2 by using pro
gressively higher cathodic potentials. For this purpose, potentials of 0, 
− 0.4 and − 0.9 V vs RHE were chosen for the screening.

Fig. 7. – Charge-transfer properties of Cu-based LDH photocathodes: (A) LSV curves in dark (solid line) and under illumination (dashed line) of CuMgAl-LDH and 
CuMgFe-LDH in 0.1 M KOH electrolyte purged with Ar (scan rate: 10 mV s− 1). (B)Transient photocurrent response. (C) Nyquist’s plots of CuMgAl-LDH and CuMgFe- 
LDH electrodes at OCP and (D) at − 0.4 V (vs. RHE) in the dark and under illumination conditions in CO2-saturated 0.3 M KHCO3 aqueous solution.

Table 3 
Charge-transfer resistances of CuMgAl-LDH and CuMgFe-LDH photoelectrodes 
under dark and illumination conditions at two different applied bias (OCP and 
− 0.4 V vs RHE).

Sample Rct (kΩ) at OCP (0.6 V vs 
RHE)

Rct (kΩ) at – 0.4 V vs RHE

​ dark Light dark Light
CuMgAl-LDH 21.4 ± 0.9 18.5 ± 0.6 0.631 ± 0.007 0.494 ± 0.003
CuMgFe-LDH 4.40 ± 0.06 3.67 ± 0.04 0.361 ± 0.005 0.330 ± 0.005
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3.3.1. CuMgAl-LDH
The distribution of CO2RR products obtained with CuMgAl-LDH is 

illustrated in Fig. 9 A.
A similar screening has been previously performed by our research 

group with electrosynthesized CuMgAl LDH for CO2 electrochemical 
reduction (CO2ER) [62]. There, − 0.4 V vs RHE was recognized as the 
most suitable potential to maximize acetic acid selectivity and produc
tivity while keeping low hydrogen production which was conversely 
favoured at a higher applied potential, i.e. − 0.8 V vs RHE. Moreover, no 
CO2RR products were detected under the application of a less cathodic 
potential such as − 0.2 V vs RHE. In this work, the chemically synthe
tized CuMgAl-LDH catalyst has displayed further interesting results, 
firstly confirming the profitable activity toward CO2 conversion into 
acetic and formic acid, but also into ethanol. Photocurrent density 
achieved and products’ formation rate are reported in Table 4. Sur
prisingly, respect to the previously reported results, electrode illumi
nation coupled with the application of an external bias of 0 V vs RHE, 
was sufficient to yield (i) current density close to that reported for 

CO2ER with electrodeposited CuMgAl-LDH at − 0.4 V vs RHE; (ii) a 
relevant amount of acetic acid, i.e. 0.44 μmol h− 1 cm− 2, only slightly 
lower than that obtained with electrodeposited CuMgAl-LDH (0.53 μmol 
h− 1 cm− 2) in dark CO2ER; (iii) a doubled acetic acid productivity than 
that obtained in our PEC system with a bias of − 0.4 V vs RHE, i.e. 0.21 
μmol h− 1 cm− 2. Therefore, this operational condition resulted as the 
most selective for acetic acid production as testified by faradaic 

Fig. 8. (A) Incident photon-to-current conversion efficiency (IPCE) for CuMgAl-LDH and CuMgFe-LDH photoelectrodes. (B) Charge-carrier lifetime (τn) and (C) 
chemical capacitance (Cµ) determined by EIS analyses in dark in function of different potentials applied.

Fig. 9. PEC CO2RR products distribution for a 1 h reaction at different applied potentials using the CuMgAl-LDH catalyst: productivity (A) and faradaic efficiency 
(B). Current density profiles of PEC test in dark and under light condition for 1 h at − 0.4 V vs RHE (C) and relative products formation rate (D).

Table 4 
PEC CO2RR products’ formation rate and photocurrent density under screened 
applied potentials for CuMgAl-LDH.

E [V] vs 
RHE

J 
[mA 
cm− 2]

H2 

[μmol h− 1 

cm− 2]

CH3COOH 
[μmol h− 1 

cm− 2]

HCOOH 
[μmol h− 1 

cm− 2]

CH3CH2OH 
[μmol h− 1 

cm− 2]

0 -0.34 n.d. 0.44 0.59 0.10
- 0.4 -0.60 6.8 0.21 0.58 0.10
- 0.9 -5.4 98 0.22 6.50 0.10
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efficiency increase from 11 % at − 0.4 V vs RHE to 28 % at 0 V vs RHE. 
These results may be attributed to the photovoltage generated through 
LDH illumination which in turn is traduced in lower external energy 
(applied bias) requirement [116]. Besides acetic acid, also a relevant 
amount of formic acid and trace of ethanol were detected at 0 and 
− 0.4 V vs RHE with a quite constant productivity among the two 
conditions.

Lastly, it was observed that at the most cathodic potential (-0.9 V), 
the only CO2RR products that benefit for higher reductive condition was 
formic acid which reached a yield of 6.5 μmol h− 1 cm− 2, and again a 
quite similar yield of acetic acid and ethanol was recorded with respect 
to − 0.4 V vs RHE tests. In terms of selectivity the favoured product 
under the most cathodic potential was formic acid paired with a 
prominent hydrogen evolution.

In these tests, at low voltage mainly acids are obtained, with a high 
faradaic efficiency in C2 products and particularly to acetic acid. At in
termediate voltage the acetic acid fraction lowers and hydrogen be
comes the predominant product. At further higher potentials a high 
faradaic efficiency in hydrogen is observed together with still a relevant 
production of formic acid. Therefore, at low applied potentials and 
relatively low current density the system is relatively selective for CO₂ 
reduction over HER since the limited electrons are distributed among 
various CO₂ reduction pathways, producing a mixture of formate, ace
tate, and ethanol. On the other hand, at high current density produced 
by the application of more cathodic bias, the kinetics of the HER and the 
2-electron formate pathway are much faster and scale efficiently with 
the higher electron supply. In contrast, the C-C coupling pathways to 
form acetate and ethanol are complex, multi-step processes that are 
kinetically limited.

Dark CO2 electrolysis test was performed to proof the advantage of 
activating CuMgAl-LDH catalyst with light. The current density evolved 
at − 0.4 V vs RHE in dark conditions (-0.3 mA cm− 2) was found to be 
half than the corresponding measurement under light irradiation as 
depicted in Fig. 9 C. This enhancement was reflected by reaction prod
ucts amount increase as reported in Fig. 9D, confirming PEC strategy as a 
valid approach to lower the external energy input for the electrocatalytic 
transformation.

3.3.2. CuMgFe-LDH
Fig. 10A shows product distribution obtained using CuMgFe-LDH as 

photocathode for CO2RR and yields are reported in Table 5. At lower 
cathodic applied potential, i.e. 0 V vs RHE, CuMgFe-LDH shown a 
photoelectrocatalytic activity very similar to CuMgAl-LDH photo
cathode, both in terms of productivity and selectivity, with formic and 
acetic acid as major products, 0.66 and 0.44 μmol h− 1 cm− 2 respectively, 
and minor amount of ethanol (0.10 μmol h− 1 cm− 2). Under this condi
tion, no hydrogen was detected with Fe-containing sample, as already 
noticed for Al-containing one.

Surprisingly, a greater difference in reaction outcome was observed 
under the application of − 0.4 V vs RHE. In this case, CuMgFe-LDH was 
found not only to perform slightly better than CuMgAl-LDH in terms of 
formic acid, acetic acid and ethanol yields, but produced also a C3- 
compound, i.e. 1-propanol in comparable amount with ethanol, 0.12 
and 0.14 μmol h− 1 cm− 2, respectively. Moreover, according to photo
electrochemical characterization results, at − 0.4 V vs RHE, Fe- 
containing sample developed a larger current density of 
− 1.0 mA cm− 2, respect to Al-containing sample (-0.60 mA cm− 2).

Finally, under the most cathodic applied potential, formic acid was 
identified as the main CO2RR product with a yield of 0.37 μmol h− 1 

cm− 2, which was greatly lower than that obtained for CuMgAl-LDH. The 
reason behind this difference could be found in the higher hydrogen 
evolution, 138.0 μmol h− 1 cm− 2 for CuMgFe-LDH vs 98 μmol h− 1 cm− 2 

for CuMgAl-LDH, which is attributed to improved kinetics derived by 

Fig. 10. PEC CO2RR products distribution for a 1 h reaction at different applied potentials using the CuMgFe-LDH catalyst.

Table 5 
CO2RR products’ formation rate and photocurrent density under screened 
applied potentials for CuMgFe-LDH.

E 
[V] 
vs 
RHE

J 
[mA 
cm− 2]

H2 

[μmol 
h− 1 

cm− 2]

CH3COOH 
[μmol h− 1 

cm− 2]

HCOOH 
[μmol 
h− 1 

cm− 2]

CH3CH2OH 
[μmol h− 1 

cm− 2]

CH3(CH2)2 

OH 
[μmol h− 1 

cm− 2]

0 -0.44 n.d. 0.44 0.66 0.10 n.d.
- 0.4 -1.0 6.5 0.30 0.69 0.14 0.12
- 0.9 -12 138 0.02 0.37 0.10 n.d.
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higher electrons supply at the interface of the photoelectrode and to the 
iron presence which is widely recognized as a good catalyst for HER 
promotion [117,118].

Even under this more negative applied bias, the recorder current 
density for Fe-containing photocathode resulted doubled respect to its 
Al-containing counterpart, − 12 mA cm− 2 and − 5.4 mA cm− 2, 
respectively.

At low voltages less reduced liquid products such acids are preva
lently produced with higher faradaic efficiency for acetic acid and with a 
small presence of ethanol. At intermediate voltage the production of 
acetic acid diminishes and that of formic acid increases, with an increase 
of more reduced compound such C2+ alcohols, together with the 
beginning of hydrogen evolution. At high voltage still some CO2 derived 
products are observed but hydrogen is the predominant product. So, we 
can identify two interesting conditions, the first at low potential with 
high faradaic efficiency in acetic acid and at intermediate voltage where 
the faradic efficiency toward C2+ products is predominant among liquid 
products, with alcohols accounting for almost half of the faradaic effi
ciency for C2+ products.

As for CuMgAl-LDH photoelectrodes, dark CO2 electrolysis test was 
performed. Even for CuMgFe-LDH the current density produced at 
− 0.4 V vs RHE under light conditions was doubled respect to dark 
electrolysis test which provided a current density of − 0.5 mA cm− 2 as 
depicted in Fig. 10C. In this case C2+ formation mostly benefits for light 
activated electrode with acetic acid, ethanol and 1-propanol produc
tivity increase in PEC CO2 electrolysis (Fig. 10D). As already discussed, 
formic acid and hydrogen are the kinetically favoured products of the 
process due to 2 H+/e- transfer requirement. We can notice that formic 
acid production was higher in dark condition while the evolution of 
hydrogen increased by a smaller factor respect to what observed for 
CuMgAl-LDH photoelectrode (H2, light/H2, dark equal to 1.3 and 3.5, 
respectively). Therefore, the higher current density developed by light 
activation did not yield a simply boost in easy to form compounds while 
provided much electrons for multistep reduction reactions to form C2+
acid and alcohols. These results strengthen our idea that Fe-containing 
LDH provide more suitable active sites for complex reactions to form 
C2+ products at relatively low current density.

3.4. Study of the effect of M(III) in LDH-based photocathode

The different products yield and distribution obtained at − 0.4 V vs 
RHE, further prompts to investigate the effect of M(III) on the physico- 
chemical properties of the prepared photocathodes, which in turn 
could had affected the catalytic activity. Indeed, variations in catalytic 
activity of the materials are expected to be correlated with the photo
current generated and with the truly catalytic active sites involved in the 
reaction. The products yield of PEC CO2 reduction at − 0.4 V vs RHE 
under simulated solar light catalysed by CuMgAl-LDH and CuMgFe-LDH 
are compared in Fig. 11.

In these conditions the two examined photocathodes were active in 
CO2 conversion toward organic acids (formic and acetic acids) and al
cohols (ethanol); in the case of CuMgFe-LDH, also propanol was formed. 
As expected from the photoelectrochemical characterization, higher 
light absorption and conductivity, and lower charge-transfer resistances 
resulted in a higher current density evolved by CuMgFe-LDH 
(-1.0 mA cm− 2) with respect to CuMgAl-LDH, (-0.6 mA cm− 2) during 
the reaction. Formic acid and ethanol yields were slightly higher for the 
CuMgFe-LDH catalysts. However, the most interesting difference was 
the enhanced productivity of acetic acid and propanol promoted by Fe- 
containing sample respect to Al-containing one.

To deeply understand the reason of superior activity of CuMgFe- 
LDH, some morphological and structural characterization have been 
performed over the spent electrodes. Firstly, XRD analysis revealed that 
after 1 h reaction under a cathodic potential of − 0.4 V vs RHE the ma
terials faced some changes in phases. The diffractograms reported in 
Fig. 12 present diffraction peaks characteristic of Cu2O phase (ICSD 

63281) as well as metallic Cu (ICSD 43493) and Fe (ICSD 185753), aside 
to LDH phase’s 003 reflex. The 36.6 ◦ and 42.5 ◦ diffraction peaks 
correspond to the (111) and (002) lattice planes of the Cu2O phase, and 
the 43.3◦ diffraction peak corresponds to the (111) lattice planes of the 
metallic Cu phase, respectively [108,119,120]. In the CuMgFe-LDH 
sample, a reflection at 44.7◦ also appears, which is related to (011) 
lattice planes of metal iron. The reflections located at 36.6◦ and 42.5◦

could also be attributed to FeO phase [121]; nonetheless, complemen
tary characterizations have been employed to confirm this hypothesis. 
Noteworthy, the intensity of Cu0 related reflection for CuMgAl-LDH is 
higher than for CuMgFe-LDH while also 50.5◦ (200) and 74.1◦ (220) 
diffraction peaks can be appreciated. To confirm the presence of copper 
oxide species, Raman spectrum (Figure S8c) of CuMgAl-LDH spent 
revealed 145, 211, 607 cm− 1 peaks which can be associated to Cu2O 
while those at 279 and 334 cm− 1 are attributed to CuO [62,108]. Spent 
CuMgFe-LDH (Figure S8d) displays two bands at 151 and 620 cm− 1 

consistent with those of the Cu2O phase, while the bands centred at 288 
and 338 cm− 1 indicate the presence of CuO.

FE-SEM and EDX were employed to highlight the different trans
formation undergone by the two materials during reaction. The first 
difference between the two samples was the lower extent of structural 
change occurred for CuMgAl-LDH photoelectrode. However, for 
CuMgAl-LDH the ubiquitous presence of lamellar particles, shown in 
Fig. 13 C, suggests only a partial modification of the material structure. 
On the other hand, the high magnification FE-SEM images of spent 
CuMgFe-LDH photocathode in Fig. 13 F and 13 G revealed a quite 

Fig. 11. photoelectrochemical CO2RR liquid products obtained after 1 h at 
− 0.4 V vs RHE in 0.3 M KHCO3 electrolyte solution.

Fig. 12. XRD patterns of catalytic films after 1 h of reaction under − 0.4 V vs 
RHE in KHCO3 0.3 M.

E. Tosi Brandi et al.                                                                                                                                                                                                                            Applied Catalysis B: Environment and Energy 385 (2026) 126276 

12 



Fig. 13. FE-SEM images of spent photocathodes: microscopic view of CuMgAl LDH (a) and CuMgFe LDH (d) films; medium (b) and high magnitude (c) image of 
CuMgAl-LDH film still presenting lamellar morphology; evidence of morphology changes and segregation resulting from medium (e) and high magnification (f) 
image of nanostructures formed on CuMgFe-LDH film.

Fig. 14. High-resolution XPS spectra of CuMgFe-LDH/FTO fresh and after reaction for the core levels Cu 2p3/2 (top left), Fe 2p (top right) and O1s (bottom).
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different behaviour for Fe-containing LDH. A larger phase trans
formation occurred, as evidenced by the formation of nanostructures on 
the surface of the photocathode. Cubic nanoparticles aggregates have 
been observed and a rich Cu content was determined by EDX punctual 
analysis (Figure S9). This information, coupled with XRD and Raman 
analysis allows ascribing such morphologies to CuxO species.

XPS characterization after photoelectrochemical tests, which focused 
on reducible phases elements (Cu, Fe and relative (hydro)oxides), sub
stantially confirmed the results obtained by previous characterizations. 
The results in figure S10 showing the high-resolution spectra acquired 
for the core levels O 1 s and Cu2p3/2 of CuMgAl-LDH/FTO fresh and after 
photoelectrochemical testing strongly suggest that the nature of copper 
redox active centres did not undergo substantial modifications.

On the other hand, Fig. 14 showing the high-resolution spectra ac
quired for the core levels O 1 s, Cu 2p3/2, and Fe 2p for CuMgFe-LDH/ 
FTO fresh and after photoelectrochemical testing indicates that major 
modifications occurred on the surface of the Fe-containing catalyst.

The O 1 s core level spectrum after reaction displayed a stronger 
contribution of the component centered at BE = 529.5 eV (O bonded to 
metal in oxides) as well as the presence of adsorbed water (BE =
533 eV). In particular, quantitative analysis showed that the surface 
oxygen in M-O-H groups (BE = 531.3 eV) decreased from 92.9 % to 
63.5 %, while those of oxygen bonded to metals in oxides increased from 
10.0 % to 20.9 % and from 7.1 % to 20.9 %. This finding points toward a 
(partial) modification of the LDH structure due to the electrochemical 
test. These results correlate with the outcome of XRD and Raman 
spectroscopy (e.g., the partial segregation of Cu and Fe into CuO, Cu2O, 
and FeO after reaction) as well as with the Cu 2p3/2 core level spectrum 
after reaction, that displayed a severe reduction of the component at BE 
= 934.6 eV (Cu2+ hydroxide) and the simultaneous appearance of a new 
one at BE = 933.7 eV ascribed to Cu2+ oxide. Considering the results of 
XRD analysis, which highlighted the presence of Cu2O as sole copper 
oxide phase, it is likely that the XPS peak related to Cu2+ oxide is due to a 
superficial reoxidation of Cu+ exposed to atmospheric conditions within 
the end of the electrochemical test and the XPS analysis. At the same 
time, the surface amount of Cu+/Cu(0) (BE = 932.3 eV) increased from 
31.3 % to 44.8 % while that of Cu2+ decreased from 68.7 % to 55.2 %, 
indicating that a partial reduction of Cu occurred as well. The spectrum 
of the Fe 2p core level of CuMgFe-LDH/FTO after reaction was charac
terized by the presence of reduced species (Fe2+) at BE 710.1 eV (Fe 2p3/ 

2) and 724.1 eV (Fe 2p1/2), which accounted for 19.9 % out for the total 
Fe.

Overall, the characterization of CuMgFe-LDH/FTO after reaction 
with several complementary techniques showed that upon photo
electrochemical conditions the layered double hydroxide structure 
partially decomposed due to the reduction of Fe3+ to both Fe2+ and 
metallic iron, as well as the reduction of Cu2+ to Cu+.

In literature, it is largely shared and substantiated that the couple 
Cu0/Cu+ is the true active site for CO2 activation and reduction [122, 
123]. Both the LDH samples examined in this work have been found to 
undergo a partial phase transformation into reduced copper species, 
which is the reason behind the displayed catalytic performances. How
ever, Fe has been found to promote a larger and tailored copper 
reduction/phase modification during the reaction, fostering the forma
tion of aggregates of nanoparticles that could in turn be responsible for 
the superior catalytic activity of CuMgFe-LDH photoelectrode, thanks to 
the higher exposed active area and/or preferential exposed crystalline 
planes [124–126]. It has also been suggested that Fe0 itself may act as an 
active site for CO2 reduction to ethanol [127]. Therefore, beside the 
better photoelectrocatalytic properties provided by Fe insertion in the 
CuMg-based LDH (light absorption, conductivity, charge-transfer) iron 
plays an effective role also in the catalytic process, by promoting cata
lytic active sites formation thus fostering the formation of less kineti
cally favoured products as propanol.

Interestingly the prepared catalysts were able to yield products 
derived from C-C coupling, which is not easy to obtain under CO2 

electro- and photoelectroreduction conditions. A mechanistic study has 
been conducted by Lee et al. [128] on electrocatalytic reduction of 
carbon dioxide using CuMgAl LDHs displaying a composition analogous 
to the one used in this work. In the catalytic tests they screened catalyst 
with low and high copper loadings and showed that increasing the 
copper content to amounts analogous to what reported here (Cu:Mg:Al 
2:1:1) led to the production of C2+ products such as ethanol and 1-prop
anol. They also investigated the reaction mechanism using in situ Raman 
analysis. They identified that crucial intermediates are adsorbed *CO 
species, and distinguished between their interaction with the catalyst. 
They reported that *CO adsorbs with two distinct modes, namely as 
bridge-adsorbed CO molecules (CObridge), or atop-adsorbed CO mole
cules (COatop). This different interaction can drive the selectivity toward 
C1 or C2+ products. In fact, they showed that at Cu loadings in the LDH 
lower than what is used in this study, the COatop adsorption mode is 
preferred while both configurations are obtained with a composition 
analogous to the one used in this work. According to their study the 
energy barrier for C-C coupling is lower for the COatop–CObridge couple 
than for the COatop–COatop which leads to the production of molecules 
like ethanol and propanol when using the CuMgAl 2:1:1 composition. 
The different interaction with the *CO intermediate is provided by the 
presence of Cu0 / Cu+ species at high Cu loadings which are formed 
during the reaction as also observed in the characterizations of the used 
catalyst and that accelerate C-C coupling. The effect of the composition 
on local pH was also studied showing a higher local pH at higher Cu 
loadings (CuMgAl 2:1:1), that promotes the C-C coupling and thus the 
production of C2+ products. The reaction mechanism reported is also 
consistent with what has been observed for the photoelectrocatalytic 
reduction of CO2 in this work. In addition, the presence of basic sites 
with high affinity for carbon dioxide [129,130] increases its concen
tration at the surface and in proximity to copper sites, favouring C2+
formation [108,131].

While the observed structural modification has demonstrate to 
improve the catalytic activity of Cu-based LDH photocathodes to 
establish that the morphological changes observed in the used catalysts 
are not decreasing the photoelectrochemical activity, PEC tests were 
conducted for 24 h at –0.4 V vs RHE on both systems and showed that no 
significant drop in developed current density was observed, as shown in 
Figure S11. In details CuMgAl-LDH photocathode exhibited at overall 
current density of − 0.28 ± 0.08 mA cm− 2 with a decay of 
9.01 µA cm− 2/h while a slightly more variable current density of − 0.9 
± 0.2 was observed for CuMgFe-LDH showing a decay of 
22.87 µA cm− 2/h.

A comparative analysis is provided in Table S2 contains literature 
relevant results in term of C≥2 products for PEC CO2 reduction. A 
thorough comparison with literature is not easy due to the employment 
of different materials, electrodes, cell configurations and reaction con
ditions which are all parameters affecting performances. Most of the 
reported works can yield acetic acid or ethanol in small amounts but 
seldom 1-propanol. Only one other work reports the coproduction of 
ethanol and propanol but the voltage required is not as low as in this 
work (-1 V vs RHE compared to –0.4 V vs RHE) [132]. Compared to the 
other systems for PEC carbon dioxide reduction reported in literature 
our materials provide innovation being able to provide all the catalytic 
functions, comprising basic sites for carbon dioxide adsorption close to 
the copper sites, in a single material easily synthesizable and scalable 
and showing results which are competitive with more complex catalytic 
systems.

4. Conclusions

The study has demonstrated the potentiality of layered double hy
droxides for photoelectrochemical CO2 conversion application. One of 
the main strategic features of this class of inorganic compounds relies on 
the compositional variability which can be finely tuned to obtain proper 
photoelectrochemical properties, catalytic activity, and structural 
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stability. As demonstrated in this work, incorporation of different metal 
element such Al or Fe into CuMg-based Layered Double Hydroxides 
(LDHs) led to different physico-chemical and catalytic behaviour. In 
detail, CuMgAl-LDH confirmed its interesting properties in CO2RR 
benefiting of light irradiation to lower the external energy input and 
showing a better structural stability respect to CuMgFe-LDH. On the 
other hand, Fe have been found to play a crucial role in boosting pho
tocathode’s light-absorption capacity while promoting a tailored 
reduction of Cu(II) within the LDH structure, leading to the formation of 
nanoparticle aggregates of Cu2O/Cu0. The synergistic effect between Fe 
and Cu in the LDH structure facilitated the creation of active sites 
essential for the electrocatalytic reduction of CO2, highlighting the 
importance of Fe in modulating the LDH phase transformation dy
namics. The Cu-based LDH photocathodes exhibited good catalytic ac
tivity and showed potential for efficient CO2 conversion toward C2 and 
C3 product such acetic acid, ethanol and 1-propanol. The findings of this 
research pave the way for further exploration of LDH materials for CO2 
conversion and underline the importance of understanding the role of 
catalyst’s elements in optimizing the catalytic properties of LDHs.
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