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ABSTRACT: Hydrogen is considered one of the most promising
future solar fuels. Nowadays, particular attention is directed to H,
production through the photoreforming of formic acid (FAc).
However, acceptable conversion of FAc into H, is usually observed
only at relatively high temperatures or in the presence of expensive
noble metal catalysts. In this study, Cu,O was combined with
selected semiconducting metal oxide, namely, CuO, CeO,, Fe,0;,
Cu—Fe—O spinel, Nb,O;, TiO,, and Fe;0,, and applied for FAc
dehydrogenation at room temperature under visible irradiation. It
was found that the type of semiconductor has a significant impact
both on the activity and reaction selectivity of the Cu,O-based
catalysts. A synergetic activity with the highest FAc conversion
(9.89 mmol-g~"-h™") and selectivity to H, (>99%) was observed
for the Earth-abundant Cu,0/Fe;O, composite. This synergetic enhancement, with respect to monocomponent ones, originates
from an eflicient separation of the photogenerated charge carrier according to Z-scheme mechanism accompanied by an in situ
restructuring of Cu,O into Cu’/Cu,O. In addition, as-formed Cu’ particles, resulting from the restructuring, are found to be an
active component responsible for highly efficient H, production over Cu,O/Fe;O,. The density functional theory calculations
confirm this hypothesis and highlight the role of Cu’ in the reaction mechanism.
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1. INTRODUCTION

The fast depletion of fossil fuels and increasing pollution of the
environment caused by their combustion have initiated
intensive studies that search for new and more environmentally
benign sources of energy. Nowadays, particular attention is
directed to hydrogen, which is considered as one of the most
promising future solar fuels because of its high energy density
(~120 MJ/kg) and wide availability on Earth in the form of
water, organic matter, and hydrocarbons.1 To date, much effort
has been undertaken to produce hydrogen via thermally driven
processes in which decomposition of a given hydrogen source,
such as liquid organic hydro§en carrier (LOHC)), is catalyzed by
supported metal species.” From among various LOHC,
particular attention has been paid to the production of hydrogen
from formic acid (FAc) because of its low toxicity, non-
flammability, availability, high stability, and high H, volumetric
capacity (53 kg'm™).~> Typically, catalytic decomposition of
FAc proceeds via two ways: (1) dehydrogenation (HCOOH —
H, + CO,) and (2) dehydration (HCOOH — CO + H,0).° So
far, it has been documented that the former reaction can be
conducted efficiently with high selectivity over various
supported noble metals.”~” However, acceptable conversion of
FAc into H, was usually observed mainly at relatively high
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temperatures.” In view of this drawback, as well as the high price
and limited availability of noble metals, further studies in this
field have been focusing on searching for an alternative and less
expensive method for hydrogen production in which hydrogen
is generated from a given source at low temperature with the use
of catalysts based on Earth-abundant elements.'” Particular
attention is now directed to the development of photocatalyti-
cally driven processes in which iron- or copper-based nanoma-
terials are used as the active components. For instance, very
recent studies indicate that Fe—Cu antenna reactor (AR)
complexes may successfully catalyze a photoassisted dehydro-
genation of NHj; at 352 °C upon its exposure to visible light,
reaching similar activity in H, production as that observed for
ruthenium-based systems (Ru—Cu-AR complexes)."" Thus,
these results clearly show that iron, known for its low activity in a
thermally driven NH; decomposition, is a promising abundant
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element that can efficiently catalyze hydrogen production via a
photocatalytic mechanism. Very recently, we investigated a
copper iron spinel (CuFe,0,)-based catalyst for formic acid
dehydrogenation under visible light. Despite the high activity of
the materials assigned to a synergetic effect between the residue
of tetrahedrally coordinated Cu species and the spinel support,
the selectivity of the reaction was relatively low (around 70%)."*
On the other hand, it was documented that Cu,O can catalyze
selective transformation of FAc to H, and CO, without
formation of CO as undesirable side product."> However, its
efficiency in hydrogen production was found to be strongly
limited because of a relatively fast recombination of photo-
excited charge carriers (e~ and h*). According to previous
studies, this drawback of Cu,O-based catalysts can be overcome
by the formation of a heterojunction with other semiconductors
characterized by agpropriate valence and conduction band
edges alignment.'”"* To date, such an approach allowed for
significant enhancement of Cu,O activity in various photo-
catalytic processes by combination of copper oxide with selected
wide band gap metal oxides (e.g, TiO,,"* CeO,,"° Nb,Os,"”
etc.) as well as other materials that can be activated under visible
light (e.g, CuO," Fe,0,,"" Cu—Fe—O spinel'” and Fe,0,,*
etc.). The majority of studies involving copper-containing
composites for hydrogen production via formic acid dehydro-
genation are focused on liquid-phase dehydrogenation.
However, in this scenario, the potential application of copper-
based catalytic systems is severely limited due to the leaching of
the active component under aqueous acidic conditions.”’ To
address this limitation, the primary objective of our study is to
explore various Cu,O-semiconductor heterojunctions for the
photocatalytic reforming of formic acid in the gas phase under
visible light. This approach aims to overcome the challenges
associated with aqueous acidic conditions and pave the way for
efficient and selective hydrogen production using copper-based
catalysts. The base hypothesis is that the selection of appropriate
semiconductors, characterized by suitable valence and con-
duction band edges alignment, will improve the efficiency of
charge carrier separation, resulting in fast restructuring of Cu,O,
enhancement of the activity, dehydrogenation-selectivity, and
stability of Cu,0O-based nanocomposites under working
conditions. The studies include the usage of well-known
semiconducting metal oxides of different surface and optical
properties, namely, CuO, CeO,, Fe,0; Cu—Fe—O spinel,
Nb,Os, TiO,, and Fe;0,, as a support/cocatalyst for Cu,O.
Deep insights into the possible reaction mechanisms over the
various heterostructure catalysts, as well as the role of a given
support/cocatalyst in controlling the photocatalytic activity of
Cu, 0, are provided by monitoring the evolution of surface and
gas-phase products formed during FAc decomposition by means
of operando Fourier transform infrared (FTIR) spectroscopy
coupled with mass spectrometry (MS).

2. EXPERIMENTAL SECTION

2.1. Materials. Copper(II) nitrate (Cu(NO;),-3H,0;
>99.99%), sodium hydroxide pellets (>99.9%), and acetic
acid (>99.8%) were all purchased from Sigma-Aldrich. Two
commercial iron oxides, Fe;0, (99.99%) and Fe,O; (99.5%),
were used as received from Sigma-Aldrich and Alfa Aesar,
respectively. Titanium dioxide (TiO, P25) was purchased from
Degussa, and cerium dioxide (CeO,) was supplied by GTRSA.
Deionized water and absolute ethanol were used as solvents.

2.2. Catalyst Synthesis. The Cu,O/semiconductor com-
posites have been prepared by wet impregnation of the pure

catalysts with a 1 to 1 weight ratio, followed by rigorous
mechanical mixing and drying at 50 °C. All preparation and
experiments are repeated, at least three times, in order to avoid
any problem related to the heterogeneity of the catalysts. Below
we report the synthesis procedures of the noncommercial metal
oxides prepared in this study.

Synthesis of cuprospinel (Cu—Fe—O spinel): This sample,
labeled Cu/Fe (1:3) in our previous work, > was synthesized by
the starch-assisted sol—gel autocombustion method. The
desired amounts of iron(III) nitrate and copper(II) nitrate
were dissolved in deionized water to obtain a homogeneous
solution. Then, an aqueous solution of starch (C4H;(O5), was
mixed with the metal-nitrate solution. The obtained mixture was
heated at 100 °C under continuous stirring until the formation
of a viscous brown gel. Then, the gel was heated at 180 °C for 4 h
to initiate a self-sustaining combustion reaction and produce the
precursor. The precursors were further ground to a powder and
finally heated in air at 800 °C.

Synthesis of CuO: CuO was synthesized using a chemical
precipitation method described elsewhere.”> Cu(NO;), sol-
ution (300 mL, 0.02 M) was prepared and heated at 100 °C
under vigorous stirring. Then, 0.5 g of solid NaOH was rapidly
added resulting in the production of a considerable amount of
black precipitate. Next, the precipitate was heated at 100 °C for
20 min under an ambient atmosphere. The resulting product
was then centrifuged, washed with water and ethanol several
times, and then dried in air at room temperature.

Synthesis of Cu,O: The Cu,O was synthesized using the
hydrothermal method.” In a typical procedure, Cu(NO;),-
3H,0 (0.025 M) was dissolved in 30 mL of anhydrous absolute
ethanol in a Teflon flask under vigorous stirring. After the
dropwise addition of acetic acid (1.5 mL), the solution was
ultrasonicated for S min and transferred to a Teflon-lined
stainless steel autoclave (capacity 40 mL) to reach an 80% filling
height. The reaction was performed at 180 °C for 2 h. The brick
red powder was then collected, washed several times with
deionized water and ethanol, and dried at 60 °C for 12 h. This
catalyst was used for the preparation of various composite
samples by wet impregnation.

Eax situ synthesis of Cu’/ Cu,0: In a typical procedure described
elsewhere,”* 0.4 g of NaOH was added to 100 mL of 0.1 M
Cu(NO;),-3H,0 under magnetic stirring. After the complete
dissolution of NaOH, 2 g of ascorbic acid was added, and the
resulting mixture was stirred for 30 min at room temperature.
During the process, the solution changed from blue to brown.
The precipitate formed was then washed several times with
water and ethanol and finally dried overnight at 60 °C.

Synthesis of Nb,Os: The Nb,Og was synthesized using the
hydrothermal procedure described elsewhere.”” In a typical
synthesis route, ammonium niobate(V) oxalate hydrate (Sigma-
Aldrich, C,H,NNbOy-H,0, 99.99%) (9.0894 g, 30 mmol) was
dissolved in 200 mL of deionized water. Following 1 h of
vigorous stirring, the pellucid solution was sealed in a Teflon-
lined stainless steel autoclave and heated for 24 h at 175 °C. The
solid formed during the hydrothermal treatment was then
separated by filtration, washed with deionized water, dried at
room temperature, and calcined for 4 h at 450 °C.

For all composites, the given powders with the desired
proportions are ground and manually mixed in a mortar for a few
minutes before making pellets for the photocatalytic tests. Each
sample has been subjected to duplicate preparations and, in the
case of the most active samples, triplicate preparations, followed
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by subsequent testing to evaluate the errors associated with both
samples’ preparation and experimentation.

2.3. Characterization. X-ray powder diffraction (XRPD)
analyses of all materials were carried out with a PANalyticalX’-
Pert Pro diffractometer with Cu Ka irradiation (A = 1.5418 A).
The XRPD diagrams were recorded at room temperature
between 3 and 90° (26) with a step size of ~0.014°. Phase
identifications were performed with the PANalytical High Score
Plus program. The XRPD patterns (Figure S1) correspond to
the expected ones for all the metal oxides used in this study. The
Scherrer equation (D = kA/f cos 6) was employed to compute
the crystal’s average size of both Cu,O and Cu’ particles.
Nitrogen adsorption/desorption measurements were performed
with an ASAP 2020 MP instrument. The specific surface areas of
the metal oxides were calculated using the Brunauer-Emmett-
Teller (BET) equation. The pore volume and pore diameter
were determined by the Barrett—Joyner—Halenda (BJH) and
density functional theory (DFT) methods, respectively. Before
the measurements, samples were in situ outgassed at 300 °C for 3
h.

Diffuse reflectance (DR) UV—vis measurements were used to
estimate the band gap of the semiconductors using a Cary 4000
UV—vis spectrophotometer and a Harrick praying mantis diffuse
reflectance accessory. All spectra were recorded between 200
and 800 nm using an average time of 0.2 s and a scan rate of 300
nm/min. The positions of the conduction band (CB) and
valence band (VB) of all photocatalysts were computed using
the atom’s Mulliken electronegativity equations™

Ey, = X — E, + 12E, (1)

2)

where Eyy is the VB potential, Ecy is the CB potential, E, is the
energy of free electrons on the hydrogen scale (ca. 4.5 eV), E is
the band gap energy estimated from DR UV—vis measurements
(Figure S2), and X is the absolute electronegativity of the
semiconductor. The positions of CB and VB of the metal oxides
used are represented in Scheme S1.

Transmission electron microscopy (TEM), including high-
resolution TEM (HRTEM), electron diffraction (ED), and
energy-dispersive X-ray (EDX) scanning TEM (STEM)
elemental mapping, was carried out on a cold field-emission
gun JEOL 200F microscope operated at 200 kV equipped with
an EDX detector JEOL Centurion XL.

Both electrochemical and photoelectrochemical experiments
were performed by using a potentiostat Autolab PGSTAT302N
in a two-compartment cell and three-electrode configuration.
The cathodic compartment was physically separated from the
anodic one by a proton exchange membrane (Nafion 117;
thickness 0.007 in). The fluorine-doped tin oxide-covered glass
(FTO) was utilized as a conductive substrate for the working
electrode (geometric area 0.71 cm®), Pt wire was applied as
counter electrode, and mercury sulfate electrode (Hg/Hg,SO,/
sat. K,SO,) was the reference electrode. The aqueous electrolyte
solutions used were 0.1 mol-dm™ Na,SO, at pH = 6.4 after
saturation in argon. The electrochemical experiments were
performed at different scan rates of 50, 100, and 150 mV-s~L.
Catalyst solutions were prepared by suspending 10 mg of
photocatalyst in a mixture of 200 L of Nafion solution (0.5 wt
%) and 20 uL of ethanol followed by sonification for 30 min.
Thereafter, 20 uL of the sample solution was pipetted onto the
FTO surface (geometric area 0.71 cm?) followed by drying at 80
°C for 10 min. For photoelectrochemical experiments, the light-

Ecy = Eyg — E,
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emitting diode (LED) at 4 = 405 nm was used as a light source.
The photocurrent vs time curves were measured at the imposed
potential of 0.5 V vs saturated calomel electrode (SCE) under
chopped light.

2.4, Photocatalytic Tests. A sandwich-like cell reactor was
used to study the performance of the different samples during
the photodecomposition of formic acid under visible irradiation
at room temperature (RT = 25 °C), as detailed in refs 27 and 28
and in Scheme S2. All experiments were performed in the vapor
phase (2600 ppm of formic acid in argon) under continuous
flow with a total flow rate of 25 cc-min™". Due to the difficulties
in preparing a self-supported pellet of some composites, all metal
oxides were mixed with the inert SiO, (SiO, content in the
composite = SO wt %) to make a pellet of ~20 mg with a
thickness of around 65 pm. Then, the catalyst was activated
under Ar at RT under visible irradiation using a Xe lamp (LC8
Hamamatsu, 7S mW/cm? of irradiance) with a pass-high filter
>390 nm. The relative concentrations of the effluent gas were
stabilized before being sent to the cell, then an adsorption step of
formic acid on the catalyst surface was performed in dark before
turning on the lamp. Finally, the catalyst surface as well as the
composition of the output gas from the reactor were
simultaneously analyzed by an IR spectrometer (ThermoNico-
let NEXUS 670 FTIR) equipped with a mercury cadmium
telluride (MCT) detector with a spectral resolution of 4 cm™"
and accumulating 64 scans. Mass spectrometry (MS, Quadru-
pole Pfeiffer Omnistar GSD 301) was also used to monitor the
gas composition during the reaction. The concentration of FAc
in the gas phase was calculated using the surface area of the IR
band at 1109—1101 cm™" and the MS signals at m/z = 45 and 46.
The CO, and CO selectivities were determined by using the IR
band area at 2395-2182 cm™' and 2140—2020 cm™!,
respectively. The amounts of hydrogen were determined by its
MS signal at m/z = 2 after correction from water contributions
and confirmed by an online gas chromatography (GC) analysis
(see examples in Figure S3).

The formic acid conversion (expressed in% or mmol per hour
per g of photocatalyst per irradiated surface) and the selectivity
(%) were calculated from eqs 3—6 at the steady state using the
calibration curve for different products of the reaction. The
apparent quantum yield was calculated using the actinometer
method, as detailed in the Supporting Information (Figure S4).
The irradiated surface of the pellet is about 1.6 cm” (~20% of the
2 cm? total surface is not irradiated due to the metallic holder

shadow effect).

[FAc],(ppm) — [FAc]t(ppm) % 100

FAc conversion (%) =

[FA],(ppm)
3)
Conversion rate(mmol-h_l-g_l)
= {Total flow(L-h™") x [FAc]0(ppm) x 107°
conversion % x 1000}
_ 1 -
/[MFA(:(g'InO1 1) X —(Lg 1) X mcatalyst(g)]
drac (4)
Conversion in pmol-h '-cm ™
Conversion rate(pmol-h'-g™") x Meagalyst(g)
Sirradiated(cmz) (5)
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Table 1. Results of the Formic Acid Reforming and the Corresponding Products at the Steady State (during 17 h of Reaction)

over the Various Catalysts”

Samples Conversion %”  Conversion rate® H,"
Cu,0 5.6 6.5 (1.05) 0.66
Cu,0/Cu0 7.8 8.7 (1.40) 0.83
Cu,0/Ce0, 127 142 (2.28) 135
Cu,0/Fe,0, 15.1 18.1 (2.91) 165
Cu,0/Cu—Fe—0 19.7 217 (3.48) 2.05
Cu,0/TiO, 25.8 28.8 (4.62) 0.84
Cu,0/Nb,O4 30.0 36.0 (5.77) 1.12
Cu,0/Fe,0, 55.0 61.8 (9.89) 5.65

CO,°
0.63
0.88
1.39
1.79
2.24
1.01
1.36
6.15

CcoO“ H,/CO, selectivity (%) Dy, (%)° Induction time (h)?
0 >99 1.38 3.6
0 >99 1.48 1.6
0.07 95 2.41 0.5
0.06 96 2.94 1.1
n.d. x99 3.64 0.5
2.02 34 1.49 0.7
2.53 36 1.98 0.8
0 >99 10.02 0.7

“Reaction conditions: [FAc] = 2600 ppm (0.26%) in Ar; total flow 25 cm*min™"; T = 25 °C; Xe lamp 150 W with visible light pass filter (1 > 390
nm); irradiance = 71 mW-cm™% m, = 10 mg (self-supported pellet with surface of 1.6 cm?). YError on the conversion is +5%. “In gimol-h™!-cm™
(mmol-g~"-h™"). n.d. stands for nondetected (under the detection limit of the apparatus). “Corresponds to the delay between the irradiation time
and the time to reach a plateau (steady state). “Apparent quantum yield%.
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Figure 1. (a) FAc conversion rate and selectivity at steady state. (b) FTIR gas spectrum at steady state over (A) Cu,O as monocomponent and
bicomponent with (B) CuO, (C) CeO,, (D) Fe,0;, (E) Cu—Fe—O0 spinel, (F) TiO,, (G) Nb,0Os, and (H) Fe,0, under visible irradiation at RT. Inset:
zoom on the CO FTIR region (2230—2050 cm™"). (c) Effect of the temperature on FAc conversion over Cu,0/Fe;O, and (d) the corresponding
FTIR spectra of the reaction gas phase at steady state, in the dark (dashed line), and under visible light (solid line). () Evolution of the conversion rate
and the corresponding gas-phase products CO, and H, during FAc photoreforming over Cu,O and Cu,0/Fe;0, during two cycles ((1) and (2))

under visible irradiation at RT.

Concentration of target product(ppm)

Selectivity(%) =
&%) Concentration of FAc converted(ppm)

X 100 with target product = H,/CO,0r CO (6)

2.5. Ab Initio Calculations. Based on our experimental
findings as well as related literature,” > our calculations were
performed to model the catalytic reaction on Fe;O,-(111), Cu-
(100), and Cu,0-(110) surfaces as well as on Cu®(100)/
Cu,0(110) interface models. All these slab models are at least
five atomic layer thickness, where the top three atomic layers are
fully relaxed during the structural optimization at the density

16269

functional theory (DFT) level and the remaining atomic layers
were fixed to mimic the bulk phase. These DFT calculations
were performed with the generalized gradient approximation
(GGA) of Perdew—Burke—Ernzerhof (PBE) functional® as
implemented in the Vienna Ab initio Simulation Package
(version 5.4.4).** Regarding the Fe-based surfaces, the PBE
functional was combined with a Hubbard correction and an
effective U value of 5.3 eV was applied to account for the strong
correlation of an unfilled d orbital of Fe atoms, in accordance
with previous studies.”>*° The plane wave energy cutoff was set
to 520 eV with an energy precision of 107 eV, and atomic
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Figure 2. (a) XRPD patterns, and (b) DR-UV—vis spectra of Cu,0 and Cu,O/Fe;0, before and after the photoreforming of FAc reaction. (c) High-
resolution bright-field TEM images of Cu,O/Fe;O, sample after reaction. The insets in the upper left corners show magnified high-resolution images
selected by white boxes in the left and right panels. The corresponding FT patterns indexed based on the cubic Cu,O, Cu, and Fe;O, structures and the

ED pattern indexed based on Cu’ [110] are given as insets.

positions were relaxed until the maximum force on each atom
was less than 1 X 107> eV per A. To sample the Brillouin zone, a
2 X 2 X 1 Monkhorst—Pack k-mesh grid was used for all slab
models.”” Periodic boundary conditions were used in all
directions. Gaussian smearing with a width of 0.05 eV was
utilized to aid in convergence of the DFT calculations. Long-
range interactions were accounted for using the DFT-D3
method of the Grimme van der Waals correction.”” Zero-point
energy corrections were thus calculated for HCOOH(y),
CO,(g), Hy(g), HCOOH*, HCOO*, COOH*, and H* by
assuming a quantum harmonic oscillator possessing the
calculated vibrational frequencies.

3. RESULTS AND DISCUSSION

3.1. Photocatalytic Activity of Cu,0/M,0, Composites.
Effect of the nature of the metal oxide: H, production through the
photocatalytic decomposition of HCOOH was first performed
in the presence of Cu,O as a monocomponent and combined
with different metal oxides such as CuO, CeO,, Fe,0;, Cu—Fe—
O spinel, Nb,O;, TiO,, and Fe;O,. The components in the
composites were mixed uniformly to maximize the interface
between Cu,O and selected metal oxide, and each experiment
was repeated at least three times to minimize the relative errors
(estimated to be around 5%). The FAc conversion rate
(expressed in %, ymol-h™"-cm™', and mmol-g "-h™" where g
corresponds to the mass of the catalyst and cm ™2 corresponds to
the irradiated surface), as well as the produced amount of H,,
CO,, and CO and their corresponding selectivity over various
systems, are summarized in Table 1 and assembled in Figure 1a.
For all systems, the molar conversion rates of FAc are almost
equal to the sum of CO, (or H,) and CO, demonstrating the
absence of other carbon beside products.

Experiments on metal oxides used as monocomponent, such
as CuO, CeO,, Fe,0; Cu—Fe—O spinel, Nb,Os, TiO,, and
Fe;0,, showed very low H, production (<5% of FAc

conversion) under visible light (Table S2). These results can
be explained either by the unsuitable conduction band (CB)
position of some metal oxides situated below the reduction
potential of H'/H, (—0.18 V) or by the wide band gap (E,) of
others (i.e., Nb,O; and TiO,) that are only active in the UV region
(see Scheme S1). Despite the good visible light absorption of
Cu,0, the photocatalyst shows poor activity (5.6% of FAc
conversion) during the reaction despite the suitable position of
its conduction band (CB &~ —1.09 V) as compared to the
reduction potential of the H*/H, pair (—0.18 V) (Scheme S1).
This might be related to the narrow band gap of Cu,O (Eg =198
V) resulting in a high electron—hole recombination rate.”’
Interestingly, a synergetic effect is observed for the Cu,O/Fe;0,
composite with 55% FAc conversion and 9.89 mmol-g~"-h™' H,
production rate at steady state, with an apparent quantum yield
(®yy,) of 10% (Table 1) without any significant deactivation for
17 h of reaction (Figure le). This is the highest H, production
rate compared to the other composites studied here (Cu,O/
Fe;0,> Cu,0/Nb,O; > Cu,0/TiO, > Cu,0/Fe, 05~ Cu,O/
Ce0,) and to most of the Cu-based systems investigated in the
literature (Table S3). The superior photocatalytic activity of
Cu,0/Fe;0, is not directly dependent on the surface areas of
the semiconductors since Fe;O, exhibits the lowest surface area
(6 m?/g, Table S1) compared to the other semiconductors used
in this study (i.e, Nb,Os, TiO,, CeO,, Table S1). Thus, the
surface area of the semiconductor cannot be regarded as the
determining factor affecting the exceptional photocatalytic
activity of Cu,O/Fe;0,. Moreover, and contrary to other
composites, Cu,O/Fe;O, shows a total selectivity toward
dehydrogenation since no CO is detected in the outlet gas
(Table 1, Figure la,b). Thus, the nature of the metal oxide
affects not only the photocatalytic activity but also the selectivity
of the reaction, noting that CO production does not occur on
Cu,O, which is characterized by a high selectivity toward
dehydrogenation. The lowest dehydrogenation selectivity (34—
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36%) is observed over Cu,O combined with UV-photoactive
catalysts such as TiO, and Nb,O;. In both systems, only the
electrons of Cu,O can be excited under visible light (with a
cutoff filter at A > 390 nm) to the conduction band and then
moved to the CB of TiO, or Nb,Os. This leads to a better
separation of electron and hole pairs within the Cu,O matrix but
less efficient H, production. This is because dehydration (CO +
H,O formation) is the favored pathway over these composites
probably due to the surface acidity of both Nb,Og and
TiO, 0=+

Effect of the temperature: Besides the nature of the metal
oxides, the effect of the reaction temperature on the photo-
catalytic performance of highly active Cu,O/Fe;O, was also
investigated (Figure lc,d). No significant thermoactivity is
observed in the dark below 100 °C (Figure 1c). However,
increasing the temperature enhances the photocatalytic activity
without any effect on the selectivity since only CO, and H, have
been detected at the different temperatures (Figure 1d).
Consequently, the reaction is mainly photocatalytic rather
than thermal.

3.2.In Situ Restructuring of Copper Species during the
Reaction over Cu,0/Fe;0,. Based on the previous results, the
Cu,0/Fe;0, composite, with the highest photocatalytic
activity, is chosen to be studied in depth during the
photoreforming of formic acid. The evolution of FAc conversion
rate and CO, and H, production is compared to Cu,O during
two consecutive cycles (17 h/cycle) (Figure le). In the first
cycle, the reaction over Cu,O starting only after 3.6 h of visible
irradiation can be defined as the induction period of the reaction.
The CO, and H, follow instantly the HCOOH conversion over
Cu,O. This induction period becomes much shorter (<1 h)
when Cu,O is mixed with Fe;O,. A similar induction period is
also observed for the other composites, except for Cu,0/Fe,04
showing a longer induction time (>1.6 h, Table 1, Figure S5).
However, no significant induction period is observed in the
second cycle over the Cu,O and Cu,0/Fe;O, photocatalysts,
suggesting that the active sites are already structured during the
first cycle (Figure le). Both photocatalysts are ultrastable under
visible irradiation with no deactivation observed at the
prolonged period of 30 h with a constant FAc conversion and
a total CO,/H, selectivity. Such behavior was already observed
in our previous work and assigned to the restructuring of Cu®
into the Cu®/Cu binary system.***

To confirm the in situ formation of Cu’ both Cu,O and
Cu,0/Fe;0, were ex situ characterized before and after the
reaction by XRPD and DR-UV-vis (Figure 2ab). The
characteristic diffraction peaks of Cu® located at 43.7°, 50.7°,
and 74.3° corresponding to the (111), (200), and (220) planes
are observed in both samples after the reaction (Figure 2a).*
Furthermore, the DR-UV—vis spectra show a single surface
plasmon resonance (SPR) peak at 566 nm, which indicates the
formation of metallic copper sites (Figure 2b).** Additional
TEM analysis was performed on Cu,0/Fe;O, composites after
the reaction to gain insight into the environment of copper
(Figures S6 and 2¢). The EDX-STEM elemental mapping of the
Cu,0/Fe;0, sample after reaction (Figure S6) reveals the
presence of Cu regions (in red in overlaid color map) along with
Cu,O (in pink in the overlaid color map as a mixture of Cu-red
and O-blue). Further observations by HRTEM and EDX
measurements confirm the coexistence of Cu’ and Cu,O thanks
to the expected lattice spacing (Figure 2c, FT pattern Cu-yellow,
Cu,O-white, Fe;0,-red). In addition, the [112] Fe;O, was seen
in the interface with the copper particles to form the ternary

Cu’/Cu,0/Fe;0, system after the reaction. It is worth noting
that we were not able to detect the Cu’ by ex situ X-ray
photoelectron spectroscopy (XPS) due to the reoxidation of the
catalyst surface into Cu®** when the catalyst is exposed to the
atmosphere (the results are not shown here for the sake of
brevity).

The above results suggest the in situ restructuring of Cu,O
into a binary system of Cu,0/Cu’ upon visible light irradiation
and in the presence of FAc, in agreement with the literature.*>**
It is worth noting that the mean particle size of the in situ formed
Cu’, as calculated by Scherrer equation, is larger than that of
Cu,O in both Cu,0 and Cu,O/Fe;0, samples after reaction
(ca. 18 vs 49 or 73 nm, respectively; see Table S4). This is mainly
due to the potential sintering of Cu’ nanoparticles and clusters
into larger particles under the reaction conditions (visible
irradiation, continuous exposure to formic acid vapor), which is
not the case of the oxides such as Cu,0."” A similar
phenomenon has been previously documented during methanol
photo-oxidation over highly dispersed silver (Ag) embedded
into ZX-Bi zeolite where the migration and aggregation of sub-
nanosized Ag,fS+ clusters resulted in the formation of larger Ag
nanoparticles with the evolution of reaction time.”* However,
the TEM analysis demonstrates a polydispersity of the Cu’
particle size with the presence of clusters at the interface of Cu,O
and Fe;0, (Figure 2c). The important role of the Cu® particles
in the photocatalytic process is confirmed by testing under
similar reaction conditions an additional Cu,O/Cu® sample, ex
situ prepared as detailed in the Experimental Section. Higher
activity (48% vs 6%) and a much shorter induction period are
observed for the ex situ prepared Cu,O/Cu’ with respect to
Cu,O (Figure S7), which confirms that the induction period is
related to the restructuring of Cu,0O into Cu,O/Cu’. However,
performing a direct comparison in terms of photocatalytic
activity between Cu,O-based samples and the ex situ prepared
Cu,0/Cu’ is not equitable. This is due to the fact of
uncontrollable in situ formation of Cu® in the Cu,O-based
samples, leading to a final composition (Cu,0/Cu’ molar ratio,
particle size, dispersion, etc.) that differs from the ex situ
prepared Cu,O/Cu’. As a result, the two materials cannot be
considered equivalent for a direct comparison in terms of their
photocatalytic activities, and the use of Cu,0/Cu’ as additional
reference material is to highlight the in situ restructuring
phenomena observed over Cu,O under working conditions. On
the other hand, the major disadvantage associated with the ex
situ synthesis of Cu,0/Cu’ is its low stability where Cu’ species
undergo oxidation with time under ambient conditions (in the
presence of humidity) and a significant loss of activity has been
observed with the time in respect to the fresh sample (Figure
S8). Thus, the in situ formation of Cu’ over the highly stable
Cu,0/Fe;0, catalyst is therefore more advantageous as it can be
stored under ambient condition.

On the other hand, it is important to note that we did not
observe a similar reduction of Fe'!/Fe! to Fe’ and the formation
of corresponding metal clusters in the Cu,O/Fe;O, sample.
This absence of reduction is supported by our examination of
XRD patterns (no characteristic peak at 47°) and HRTEM
imaging.

3.3.Z-Scheme Mechanism over Cu,0/Fe;0,. In contrast
to Fe,O;, which displayed negligible activity, Fe;O, exhibited
some catalytic activity. However, the key observation is that the
synergistic effect we reported is evident only when Cu,O and
Fe;0, are combined. Various factors can be posited to elucidate
the origin of the synergetic effect observed when employing
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Figure 3. (a) CV response of Cu,O, Fe;0,, and Cu,0/Fe;0, electrode before (dashed curve) and after visible light irradiation (solid curve).
Electrolyte, 0.1 mol-dm™ Na,SO,. Scan rate: 50 mV-s™". (b) Plots of photocurrent vs time recorded for all photocathodes in 0.1 mol-dm™ sodium
sulfate electrolyte saturated with argon at a potential of 0.5 V. The pulsed responses were recorded upon illumination with visible light. Inset: zoom in
on the photoresponse of Fe;0,. (c) Schematic diagram showing the photoinduced charge-carriers transfer and the H, production through the
photodecomposition of formic acid under visible light over Cu,0/Fe;0, composite.

magnetite (Fe;O,) as a cophotocatalyst in comparison to
hematite (Fe,O;). These factors comprise the positions of the
conduction band (CB) and valence band (VB) (Scheme S1),
the narrower band gap exhibited by Fe;O,, and the lower
effective mass of photoinduced electrons in the case of hematite
(3.98me compared to 16.4me for Fe,0;)."* It is important to
note that the effective mass of electrons may exhibit variation
contingent upon specific conditions (particle size, crystallinity,
defects, etc.) and the electronic band structures of the materials.
Nonetheless, the discrepancy in effective mass is substantial,
differing by several orders of magnitude, and plausibly justifies
the shorter induction time observed in the case of Cu,0/Fe;0,.
This can be attributed to a more efficient and rapid transfer of
the photoinduced electron from Fe;O, to Cu,O.

Therefore, the photoelectrochemical behavior of the Cu,0/
Fe;0, binary composite was investigated to better understand
its performance. Cu,O and Fe;O, were used as monocompo-
nent catalysts for comparison. The cyclic voltammetry (CV)
response of Fe;O, (Figure 3a), investigated in 0.1 M sodium
sulfate solution at the potential window of —=2.5V; 2.5V vs SCE,
shows the oxidation and reduction peaks of iron species
contained in Fe;O, as previously reported in the literature.”
Additional small humps (i.e., redox peaks) are also observed and
can be related to the electrochemical reactions of sulfite anions
adsorbed onto the surface of magnetite NPs.”' As concerns

Cu, O, the oxidation of Cu,O into CuO is observed at around
+0.34 V vs SCE. In the reverse cycle a well-defined peak is
observed at around —0.33 V vs SCE corresponding to the
reduction of CuO into Cu,O. Further reduction currents are
most likely related to the formation of metallic copper.””* The
same redox peaks of Cu,O and Fe;O, are found in the cyclic
voltammetry of the Cu,O/Fe;0, composite with a small shift
(Figure 3a). On the other hand, there is no major change in the
CV in the case of the Fe;O, sample before and after visible
irradiation, except to a shift of the reduction peak into negative
potentials reﬂectin§ the facile transfer of the electrolyte into the
electrode surface.”” By contrast, changes are observed in the CV
of Cu,O but more significantly in that of Cu,O/Fe;O, under
visible irradiation. The formation of new peaks in both samples
under visible irradiation, in addition to the strong change in the
current density of Cu,O/Fe;O, under visible irradiation, reveal
the formation of new kinds of copper species confirming the
possible in situ restructuring of Cu,O under visible light. The
transient photocurrent response tests under several on/off
cycles of visible irradiation are illustrated in Figure 3b. The
results indicate a higher photoresponse of Cu,0/Fe;O, with
respect to both Cu,O and Fe;0,. The slow rise of photocurrent
response over both Cu,O and Cu,0/Fe;0, is assigned to a low
charge-carrier mobility.”> The higher photocurrent density
obtained over Cu,O/Fe;O, with respect to the monocompo-
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Figure 4. Evolution of CO, and CO gas products and surface formate species as well as the direct FTIR spectra of the photocatalyst surface during the
photoreforming of FAc over (a) Cu,0O, (b) Cu,0/Cu’ and (c) Cu,O/TiO,. Only 1/5 of FTIR spectra are displayed here to increase visibility. Insets:
zoom on some selected spectra in the 1500—1600 cm™" FTIR region over Cu,O in (a), zoom on the evolution of CO, and the formate species in the
first hour of reaction over Cu,O/Cu’ in (b); zoom on some selected spectra in the 1500—1700 cm™" FTIR region over Cu,0/TiO, in (c). (d) Scheme
of the dehydrogenation and dehydration pathways of HCOOH over Cu,0/Cu’ and Cu,0/TiO,, respectively.

nent samples, explained by an enhanced charge separation, is in
agreement with the superior photocatalytic activity of this
sample.

The H, generation through the photocatalytic decomposition
of formic acid over the simple composite of Cu,O and Fe;O, can
therefore proceed via two possible pathways: (i) double charge
transfer mechanism (heterojunction of type II) or (ii) Z-scheme
transfer. In the first pathway, the excited electrons from the VB
of Fe;O, and Cu,O are transferred to their respective CB. The
high CB position of Cu,O and the interface with Fe;O, may
result in the transfer of electrons from Cu,O to Fe;O, and holes
in the reverse direction. Therefore, effective separation of the
photogenerated electrons and holes takes place at the interface,
i.e,, a net accumulation of e” and h¥, respectively, on the CB of

16273

Fe;O, and the VB of Cu,O via a double charge transfer
mechanism.>® According to this pathway, the short induction
period corresponding to the fast in situ restructuring of Cu,O
into Cu,O/Cu’ cannot be justified. Therefore, efficient H,
production over Cu,O/Fe;O, favors the Z-scheme route as
illustrated in Figure 3c. In this pathway, the CB electrons of
Fe;O, may recombine with the VB holes of Cu,O. And thereby,
a net accumulation of e~ and h* may occur on the CB of Cu,O
and the VB of Fe;0,, respectively, limiting the recombination
process of the photogenerated charge carriers within Cu,O or
Fe;O,. The holes in Cu,O are consumed by two competing
routes, (i) combining with photoexcited electrons from Fe;0,
and (ii) reacting with formic acid to yield proton and formate. A
maximum H, production can be achieved by a compromise
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between these two pathways. Here, it seems that the
recombination of h* from the VB of Cu,O with e~ from the
CB of Fe;0, is the predominant route, and thus, the production
of CO, and H, is spatially different: the oxidation of adsorbed
formate into H* and CO, is mainly occurred on Fe;O,, while the
photoexcited electrons accumulated on the CB of Cu,O are
involved in the in situ restructuring of Cu,O (Figure 3c) into the
binary Cu,0/Cu’ system.

To sum up, the highest photocatalytic activity of Cu,0/Fe;0,
is explained by the efficient charge separation via the Z-scheme
mechanism as well as the in situ restructuring of Cu,O into a
Cu,0/Cu’ binary system. The metallic copper (Cu’) plays a key
role on the collection of the photoinduced electrons to lower
their overpotential for efficient H, production.”’

3.4. Operando-FTIR Analysis. Operando-FTIR spectros-
copy sheds light on the induction time as the evolution of the
surface species is simultaneously monitored with the gas-phase
analysis during the reaction. Unfortunately, we were not able to
monitor the surface of the Cu,O/Fe;O, photocatalyst due to the
depletion of IR transmittance through the pellet once the lamp is
turned on, which is probably related to the multiphoton
interband absorption, spectral hole burning, and carrier
heating.””*® For this reason, Cu,O (less active, highly selective),
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Cu,0—Cu’ (highly active, highly selective), and Cu,0/TiO,
(less active, less selective) were chosen to identify the reaction
intermediates, to understand the origin of the induction period,
the selectivity, and to propose a reaction mechanism. The
experimental data recorded for SiO, used as an inert diluter are
also shown for comparison. The attribution of different FTIR
bands is summarized in Table S4.

The adsorption of FAc on the Cu,O photocatalyst (Figure
S9) leads to the formation of new bands at 1360, 1396, 1560, and
2947 cm™'. Similar bands are observed on pure SiO, and
attributed to weakly adsorbed FAc.”’ The formation of an
intense band at 1721 cm™" parallel to the decrease of the Si—OH
and/or Cu(OH) band at 3735 cm ™ is associated with the C=0
stretching mode of molecularly adsorbed FAc. Formic acid
adsorbed on Cu,0/Cu’ gives additional bands at 1641 and 2888
cm™" that are attributed to the ,(OCO) and v(CH) stretching
vibration of ligated HCOOH to the copper surface via the
carbonyl bond. The intense maxima at 1574 and 1376 cm™" are
attributed to the adsorbed unidentate formate species on
copper.”” The band at 1355 cm™, probably overlapped with the
physisorbed FAc, is due to copper formate. For TiO,/Cu,0,
absorptions are seen at 1554 and 1370 cm™" and assigned to
0,(0CO) and v, (OCO) of bridged bidentate formate.*’
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When the lamp is turned on, fast desorption of weakly
adsorbed (1360—1395 and 1560 cm™") and physisorbed (1721
cm™") FAc s observed for all photocatalysts. For Cu, O, the band
at 1574 cm™" gradually increases during the induction period
without any production of CO, (Figure 4a), indicating the
rearrangement of adsorbed formate on the photocatalyst surface.
After 3 h of irradiation, a decrease in the band intensity of
monodentate formate is observed, accompanied by the
production of CO,. In contrast, fast depletion of bands
associated with formic acid ligated to copper metal sites
(1640—2887 cm™") and unidentate formate (1376—1576 cm™")
is observed over Cu,O/Cu’ accompanied by the production of
CO, (Figure 4b). This confirms the decomposition of
monodentate formate into aqueous CO, and H,. Furthermore,
the band at 1355 cm™" also decreases because of the removal of
physisorbed formic acid molecules, to reveal the presence of a
maximum at 1356 cm ™" with a new band at 2853 cm ™! attributed
to the bidentate copper formate. These species are almost stable
and remain observed on the catalyst surface, even at a prolonged
reaction time. For Cu,O/TiO,, the bands of bidentate formate
(1554 cm™") are decreased upon irradiation accompanied by the
production of CO with a higher amount than CO, at the
beginning of the reaction (Figure 4c), while at a prolonged
irradiation time, a decrease of the band located at 1579 cm™),
attributed to monodentate formate, is observed accompanied by
the production of CO, with a higher amount than CO (Figure
4c). Thus, the bidentate formate species adsorbed on TiO, are
mainly decomposed into CO at the beginning of the reaction,
while the monodentate species formed on the in situ
restructured Cu,O can rather be decomposed into CO,. To
resume, the HCOOH dehydrogenation over Cu,0/Cu’
proceeds by cleavage of the O—H bond to produce
monodentate formate (HCOO*) and hydrogen (H*) on the
surface (Figure 4d). The formate can break down further to form
CO, and H*. The latter reacts with another surface H* to form
H, in the gas phase. In the dehydration pathway, which mainly
occurs over TiO,, the HCO—OH bond of the bidentate species
is cleaved into CO and H,0."'

3.5. Complementary Microscopic Insight into the
Reaction Mechanism by DFT Calculations. DFT calcu-
lations were performed to further explore the catalytic reaction
mechanism. Based on the experimental findings on the Cu®/
Cu,O system discussed above, the formic acid is expected to be
preferentially decomposed via a dehydrogenation pathway
(HCOOH — CO, + H,). Therefore, we focus here on this
reaction pathway for a set of explored surfaces, e.g, Fe;O,-
(111), Cu-(100), and Cu,0-(110) surfaces as well as on
Cu’(100)/Cu,0(110).

The first step of the reaction implies the chemisorption of the
HCOOH molecule on the exposed surface sites, as illustrated in
Figure S for the Cu®(100)/Cu,0(110) interface model as well
as in Figures S10—S13 for the other surface slab models. Figure
Sa reveals that the Gibbs free energy for the HCOOH/Fe;0,
species is much lower (—1.64 eV) compared to the other
systems, indicating that the Fe;O,-(111) surface strongly
adsorbs HCOOH, which would be detrimental to the
subsequent steps of the catalytic mechanism, whereas the Cu-
(100), Cu,0-(110), and Cu°(100)/Cu,0(110) interface
models show moderate adsorption strengths. The next step of
the reaction is then the cleavage of the O—H bond in *HCOOH,
leading to the formation of adsorbed *HCOO. This elementary
step of O—H bond cleavage is exothermic for Fe;0,-(111),
Cu’(100)/Cu,0(110) interface models but endothermic for

Cu,0-(110). To further explore the origin of this difference, we
calculated the charge density difference of the *HCOO species
adsorbed on the surfaces using the surface configurations of the
Cu,0-(110) and Cu®(100)/Cu,0(110) interface model as an
example. As shown in Figure S13, it is clear that the HCOO
species adsorbed on the Cu’(100)/Cu,0(110) interface model
have more charge accumulation compared to the case of Cu,O-
(110) adsorption; therefore, this Cu®(100)/Cu,0(110) inter-
face scenario can remarkably stabilize the surface *HCOO
species. At the same time, Bader charge transfer calculations®!
show a charge transfer of —0.88 e for the oxygen atom in HCOO
species on the Cu,0-(110) surface compared to —1.01 e for the
Cu’(100)/Cu,0(110) interface model, resulting in a stronger
adsorption affinity for *HCOO species with the Cu’(100)/
Cu,0(110) model.

Once the O—H bond is broken, the remaining C—H bond in
the formate (*HCOO) dissociates to form CO, and *H. Finally,
the adsorbed H* intermediates are released from the surface
sites and recombined to form a H, molecule. This is in
accordance with the FTIR operando results. Throughout the
reaction pathway, for Fe;0,-(111), Cu®(100), and Cu®(100)/
Cu,0(110) interface models, the rate-determining step (RDS)
is the transition from HCOOH* + H* to CO, + 2H* with a
corresponding free energy change (AG) of 1.96, 0.73, and 0.61
eV, respectively, while the C—H bond cleavage in adsorbed
*HCOOH is the RDS for the Cu,0-(110) surface model (AG =
1.45 eV). It can be observed that in the formation of the
*HCOO step the Cu,0-(110) and Fe;0,-(110) slab models
exhibit different adsorption behaviors. This is mainly because
Fe;04-(110) shows a stronger adsorption ability for *HCOO
than Cu,0-(110), as shown in Figures S13 & S14. This trend is
associated with a more pronounced charge transfer between the
intermediate and the substrate for Fe;0,-(110) compared to
Cu,0-(110). For the subsequent step, the adsorption capability
of Cu,0-(110) is comparable to that of Fe;0,-(110 but weaker
than that of Cu’-(100) as revealed by Figure S14. This overall
observation indicates that the Cu®’(100)/Cu,0(110) interface
model shows the lowest energetic rate-determining step in line
with the optimum catalytic activity observed experimentally.

4. CONCLUSIONS

The H, production via photoreforming of FAc is studied in the
vapor phase under continuous flow over Cu,O combined with
other semiconducting metal oxide supports (CuO, CeO,,
Fe,0;, Cu—Fe—O spinel, Nb,O;, TiO,, and Fe;O,) under
visible light (4 > 390 nm) and at room temperature. It is shown
that the reactivity and dehydrogenation selectivity of Cu,O are
strongly affected by the type of semiconductor. Among all
semiconductors investigated in this work, the highest hydrogen
conversion rate and apparent quantum yield are observed for the
Earth-abundant Cu,0/Fe;0, composite (9.89 mmol-g™"-h™";
@y, = 10%, respectively) with a total dehydrogenation
selectivity (>99%) and high stability (>30 h). The enhanced
reactivity of this catalyst originated from the efficient separation
of the photogenerated charge carrier according to the Z-scheme
mechanism. This charge separation process enabled fast and
effective in situ restructuring of the Cu,O-based composite
under working conditions leading to the formation of metallic
copper (Cu’) as an active site for H, production. Results from
mechanistic FTIR operando and DFT calculations reveal that the
HCOOH dehydrogenation proceeds by cleavage of the O—H
bond and the remaining C—H bond in the formate (*HCOO)
dissociates to form CO, and *H. Finally, the adsorbed H*
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intermediates are released from the surface sites and recombined
to form H, molecule.
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