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bUniversité de Paris, ITODYS, CNRS, F-75

santoni@univ-paris-diderot.fr

† Electronic supplementary informa
10.1039/d0ra04673f

Cite this: RSC Adv., 2020, 10, 31680

Received 27th May 2020
Accepted 1st August 2020

DOI: 10.1039/d0ra04673f

rsc.li/rsc-advances

31680 | RSC Adv., 2020, 10, 31680–3
en CO2 reduction on dye-
sensitized NiO photocathodes decorated with
palladium nanoparticles†

Ewelina Szaniawska,a Anna Wadas,a Hasina H. Ramanitra, b Emmanuel A. Fodeke,b

Kamila Brzozowska,a Alexandre Chevillot-Biraud,b Marie-Pierre Santoni, *b

Iwona A. Rutkowska,*a Mohamed Jouinib and Pawel J. Kulesza*a

The thin-layer-stacked dye-sensitized NiO photocathodes decorated with palladium nanoparticles (nPd)

can be used for the visible-light-driven selective reduction of CO2, mostly to CO, at potentials starting as

low as 0 V vs. RHE (compared to �0.6 V in the dark for electrocatalysis). The photosensitization of NiO

by the organic dye P1, with a surface coverage of 1.5 � 10�8 mol cm�2, allows the hybrid material to

absorb light in the 400–650 nm range. In addition, it improves the stability and the catalytic activity of

the final material decorated with palladium nanoparticles (nPd). The resulting multi-layered-type

photocathode operates according to the electron-transfer-cascade mechanism. On the one hand, the

photosensitizer P1 plays a central role as it generates excited-state electrons and transfers them to nPd,

thus producing the catalytically active hydride material PdHx. On the other hand, the dispersed nPd,

absorb/adsorb hydrogen and accumulate electrons, thus easing the reductive electrocatalysis process by

further driving the separation of charges at the photoelectrochemical interface. Surface analysis,

morphology, and roughness have been assessed using SEM, EDS, and AFM imaging. Both conventional

electrochemical and photoelectrochemical experiments have been performed to confirm the catalytic

activity of hybrid photocathodes toward the CO2 reduction. The recorded cathodic photocurrents have

been found to be dependent on the loading of Pd nanoparticles. A sufficient amount of loaded catalyst

facilitates the electron transfer cascade, making the amount of dye grafted at the surface of the

electrode the limiting parameter in catalysis. The formation of CO as the main reaction product is

postulated, though the formation of traces of other small organic molecules (e.g. methanol) cannot be

excluded.
1. Introduction

The photophysical and photocatalytic properties of nano-
crystalline semiconductor lms in hybrid photoelectrode
materials are particularly attracting attention in light of pho-
toelectrochemical energy conversion and storage, water split-
ting (hydrogen evolution), as well as the generation of useful
chemicals through the reduction of CO2. Heterogeneous solar-
driven thin-lm-based technologies, such as Dye-sensitized
Photo-Electrosynthetic Cells (DPEC), are particularly prom-
ising because they can combine the functions of light harvest-
ing, catalysis, and energy storage (through fuels) in a cost-
effective manner.1,2
, Pasteura 1, PL-02-093 Warsaw, Poland

006 Paris, France. E-mail: marie-pierre.

tion (ESI) available. See DOI:

1690
The CO2-reduction reaction (CO2RR) is a representative
example of the kinetically-sluggish redox process of environ-
mental importance that proceeds with large overpotentials.
Indeed, CO2RR requires breaking strong double bonds in the
stable CO2 molecule. Furthermore, the electrochemical and
photoelectrochemical conversions of CO2 to useful chemical
feedstocks (which include syngas (CO + H2), a known interme-
diate for further Fischer–Tropsch processes, carbon-based
simple organic fuels, or for utility chemicals) are multi-
electron and multi-proton processes. Consequently, the
design of multifunctional electrode materials (e.g., oxides or
metallic nanoparticles) is needed in order to overcome kinetic
barriers.3–7

Although CO2RR can be addressed by conventional electro-
chemical means, the photoelectrochemical conversion of CO2

and water is tempting, presenting different selectivity criteria
and possibly lower overpotentials.8–18 However, requirements
for photocathodes are pretty exacting: efficient visible light
absorption, stability, and fast (interfacial) electron transfers.
The last criterion requires a suitable match of the energy levels
This journal is © The Royal Society of Chemistry 2020

http://crossmark.crossref.org/dialog/?doi=10.1039/d0ra04673f&domain=pdf&date_stamp=2020-08-26
http://orcid.org/0000-0002-8039-995X
http://orcid.org/0000-0001-9718-1968
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra04673f
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA010052


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
A

ug
us

t 2
02

0.
 D

ow
nl

oa
de

d 
on

 6
/1

4/
20

26
 1

0:
30

:5
2 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
and long-lived photogenerated charge carriers at the photo-
electrochemical (electrode/electrolyte) interfaces. P-type semi-
conductors, such as copper and nickel oxides, have band edges
that are suitably located12 for carrying out reductions such as
Hydrogen Evolution Reaction (HER) and CO2RR.17 Due to the
existing kinetic limitations and corresponding overpotentials,
the conduction band gap edge ought to be positioned at even
more negative potentials so as to drive the reduction process
successfully.12 The interfacial electron transfer dynamics is
facilitated by the appearance of distinct surface states that
include terminated crystal lattices and grain boundaries, with
dangling bonds favoring the formation of free radicals.5 The
activation of CO2 involves the adsorption and weakening of the
C]O double bond, leading to the interfacial reduction of the
neutral hydrated CO2 molecule into CO2c

� (or its protonated
form HCO2

�).19 The CO2RR mechanisms and selectivity depend
strongly on the controlled modication of the semiconductor's
surface, which is achieved using lms (organic, inorganic),
nanoparticles, or molecular nanostructures.5,13 In particular,
catalytic and co-catalytic species are oen needed to drive the
high-energy-barrier initial activation step involving the reduc-
tion of CO2 to CO2c

� as well as to facilitate the interfacial charge
separation by providing trapping sites for electrons, thus
decreasing undesirable surface charge recombination.

Copper-based oxides have been investigated as CO2RR
photocathodes but their instability caused by photo-
electrochemical corrosion tends to limit their practical appli-
cations.14–16,18,20–24 On the other hand, NiO is thermally and
chemically stable and resists photocorrosion upon illumina-
tion.25,26 It has been used as a protective overlayer in photo-
anodes for solar fuel generation applications.27–29 Interestingly,
synthetic approaches allowing the nanoscale engineering of
semiconductor photoelectrodes and the preparation of meso-
porous NiO lms with large surface area are reported.30

Furthermore, based on its conduction band edge position, NiO
is capable of driving HER and CO2-reduction under photo-
electrochemical conditions.8,27,31,32 However, the photosensiti-
zation of NiO is necessary to increase light-harvesting within the
visible range due to its wide band gap (ca. 3.6 eV).33 Therefore,
the combination of NiO-semiconductor with a dye and a suit-
able (electro)catalyst is a promising approach to enhance the
solar-to-chemical conversion efficiency by decoupling light
harvesting, interfacial electron transfers, and bulk charge
transport, as well as multi-electronic catalysis.33–35 Indeed,
hybrid electrode materials based on NiO have been successfully
designed to achieve visible light induced HER or CO2RR (to CO)
by photosensitizing the oxide using P1 dye (through carboxylic
acid anchoring groups),36 and by adding a catalyst, e.g., the
reversible CO2-cycling enzyme carbon-monoxide-dehydroge-
nase,37 or by combining with a molecular catalyst in solution.38

NiO electrodes have also been sensitized with Ru-dyes and
combined with Ni catalyst,39 or with Ru(II)–Re(I)-containing
supramolecular cocatalyst.37 In these examples, the catalytic
species were chosen for their ability to perform multi-electron
catalysis. To achieve this, suitable energy levels are needed for
a redox cascade of electron transfers between the components
of the photoelectrode. It can be rationalized that upon light
This journal is © The Royal Society of Chemistry 2020
absorption, the dye reaches its excited state and injects a hole
(h+) into the valence band of NiO; thus, the dye itself undergoes
reduction and, in turn, it transfers an electron to the catalyst
and, subsequently, to the oxidized species in the electrolyte.36

In the present work, we explore the concept of a hybrid
photocathode together with the model of a nanostructured
metal electrocatalyst for visible-light-driven CO2RR. While
various noble metal heterogeneous catalysts have been exam-
ined, palladium nanoparticles could be considered as the state-
of-the-art electrocatalysts for CO2RR predominantly to CO and,
sometimes, to formate.40–45 The unique interactions of CO2 with
Pd, capable of both absorbing and adsorbing hydrogen, are
known to favor distinct reaction pathways that affect both the
activity and selectivity of CO2RR relative to HER. The design of
such photoelectrode materials must be carefully realized in
order to favor the intended redox cascade between the compo-
nents and to minimize competitive charge transfers that reduce
the efficiency of the photocathode.46 Consequently, particular
attention must be paid to the choice of components and the
match between the energy levels and the integration of
components within the hybrid 3D-material.38,47,48
2. Experimental section
2.1 Materials

All commercially available chemicals were purchased and used
as received: solvents, nickel(II) acetate tetrahydrate, anhydrous
nickel(II) chloride, Synperonic® F108 (poly(ethylene glycol)-
block-poly(propylene glycol)-block-poly(ethylene glycol), Sigma
Aldrich). Dye P1 was purchased from Dyenamo®. Pd nano-
particles (nPd) (sizes � 6–10 nm) and nanoparticles of plat-
inum (nPt) (sizes� 7–8 nm) were obtained from Sigma-Aldrich
and Alfa Aesar, respectively. Sulfuric acid was obtained from
POCH (Poland). Naon peruorinated resin solution (5 wt%,
dissolved in a mixture of lower aliphatic alcohols and water,
contains 15–20% water, Sigma-Aldrich) was used in the
present work. Sodium sulfate decahydrate (Na2SO4$10H2O,
ACS reagent 99%, Sigma-Aldrich), saturated either with argon
(pure, Air Products) or carbon dioxide (CO2, 99.99% Air
Products), was used to prepare the electrolyte solutions.
Fluorine-doped tin oxide (FTO, geometric area, 2.0 cm2) con-
ducting glass (resistivity, �15 U sq�1; Solaronix®) and glassy
carbon (GC, geometric area, 0.071 cm2) were used as the
photoelectrode and the working electrode substrates, respec-
tively. Measurements were made at room temperature
(20 � 1 �C).
2.2 Physicochemical characterization

X-ray diffraction (XRD) analysis was performed using a PAN-
alytical Empyrean equipped with a multichannel detector
(PIXcel 3D) using Cu-Ka radiation in the 20–90� 2q range. The
UV-visible absorption spectra of the thin lms (NiO and NiO-P1
on FTO substrate) were recorded on a Cary 4000 spectropho-
tometer. The morphologies of the electrode surfaces were
examined using a Cambridge Supra 40 ZEISS apparatus (accel-
eration voltage set at 3 kV; top views of surfaces and cross-
RSC Adv., 2020, 10, 31680–31690 | 31681
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section for thickness) or a Merlin Zeiss eld emission scanning
electron microscope (FE-SEM) equipped with two detectors: SE2
and InLens. Elemental analysis was conducted using an energy
dispersive spectroscopy (EDS) system on a XFlash Detector 5010
125 eV Quantax Bruker microscope with an acceleration of 15.0
kV and a magnication of 10 000�. Transmission electron
microscopy (TEM) images of Pd nanoparticles were obtained
with a JEM 1400 (JEOL Co., Japan, 2008) transmission electron
microscope equipped with a high resolution digital camera
(CCD MORADA, SiS-Olympus, Germany). Atomic force micros-
copy (AFM) was performed using an Easyscan Nanosurface 2.0.
Cantilevers with a spring constant of 42 N m�1 and a resonance
frequency range of 146–236 kHz, which were tuned prior to
further measurement, were employed. The Mott–Schottky plots
were obtained from the impedance data generated upon the
application of sinusoidal perturbation of frequency ranging
from 100 kHz to 1 Hz with 10 mV amplitude. The potential was
scanned from 0.895 down to 0.295 V vs. Reversible Hydrogen
Electrode (RHE).

2.3 Fabrication of the NiO lm

NiO mesoporous electrodes were prepared on FTO in two steps,
following the published procedures: (i) deposition of the
compact blocking NiO layer by spin coating (3000 rpm for 30 s)
of a Ni(II) precursor solution, followed by sintering at 450 �C (the
preparation was done twice, one layer on top of the other);49 (ii)
deposition of the mesoporous NiO layer by the ‘Doctor Blade’
method using a Ni(II) precursor solution, followed by calcina-
tion at 450 �C.50 Dye-sensitization of the obtained NiO elec-
trodes was performed by soaking in a 0.3 mmol dm�3 P1 dye
solution in ethanol for approximately 16 h. The photoelectrodes
FTO/NiO-P1 obtained were rinsed with acetonitrile and dried in
air.

2.4 Preparation of the catalytic system

Suspensions (inks) of metal palladium and platinum nano-
particles were prepared by dispersing 1 mg of the commercial
samples through sonication for 120 min in 2.0 cm3 of distilled
water to obtain a homogenous mixture. In order to obtain the
FTO/NiO-P1/nPd photoelectrodes, further modication of the
FTO/NiO-P1 photoelectrodes was done by drop-casting (56 or
112 mdm3) the catalyst inks of nPd onto electrodes (geometric
area,�2 cm2) and le to dry in air. For the preparation of glassy
carbon modied with platinum nanoparticles (used for the
anodic stripping voltammetry experiment), 2 mdm3 of the
catalyst ink was drop casted over the glassy carbon disk elec-
trode to yield the noble metal loading of 100 mg cm�2.

2.5 Electrochemical analysis

Electrochemical measurements (cyclic voltammetry, chro-
noamperometry experiments) were performed with potentio-
stats from Bio-Logic SAS (VSP and SP-150) in a 3-electrode
setup with an aqueous electrolyte (stated in each case): the
counter electrode (Pt grid if not stated otherwise), SCE (3.5 mol
dm�3 KCl) as the reference electrode, and the working elec-
trode being the modied (photo)electrode FTO/NiO (the actual
31682 | RSC Adv., 2020, 10, 31680–31690
active area is measured for each sample in order to determine
the measured current density). As a rule, the measured
potentials were recalculated at the condition of pH ¼ 0 and
expressed against the RHE. The photocatalytic performance of
the prepared modied electrodes was determined using
a white LED (L.C. RELCO S.p.a., Light Injector, White, 6000 K-
6�, 3 W, 4.5 V, 700 mA) calibrated at 0.158 sun (158 W m�2)
irradiance using a Si reference solar cell (Fraunhofer ISE):
400–500 nm irradiance is 67.35 (41.8%, D); 500–600 nm irra-
diance is 64.25 (39.9%, D); 600–700 nm irradiance is 26.14
(16.2%, A); 700–800 nm irradiance is 2.883 (1.8%, D); 800–
900 nm irradiance is 0.275 (0.2%, D); 900–1100 nm irradiance
is 0.248 (0.2%, D); total irradiance is 161.1 (100%); overall
class is D. The experiments were done in 0.1 mol dm�3 sodium
sulfate (Na2SO4) electrolyte having pH z 6.4, when the solu-
tion was subjected to purging with argon for 20 min (to remove
oxygen), and pH z 5.3 when CO2 was bubbled through the
cell.

3. Results and discussion
3.1 Preparation and characterization of NiO on FTO

The deposition of the NiO lm onto the FTO electrode substrate
involved, rst, the formation of a compact layer, followed by the
deposition of a mesoporous layer. It was postulated before that
the fabrication of a thin blocking compact-layer on FTO tended
to diminish the undesirable loss of charges through recombi-
nation.49,50 The actual procedure involved the spin coating of the
Ni(II) precursor solution, followed by sintering at 450 �C,49

which was repeated twice to improve the compactness of the
layer. The mesoporous NiO over-layer was fabricated by depos-
iting the Ni(II) precursor solution using the ‘Doctor Blade’
method, followed by calcination at 450 �C.50 It is apparent from
the SEM cross-section image of the resulting bilayer NiO lm
(Fig. 1A) that the thicknesses of the inner compact and the outer
mesoporous layers are about 200 and 500 nm, respectively.
Furthermore, the wide-angle XRD data of the obtained NiO
lms (Fig. 1B) conrmed the formation of the expected cubic
NiO phase (bunsenite, ICSD-53930, see ESI†), with crystallite
sizes in the range of 6–8 nm and �20 nm for NiO particles, i.e.,
for the compact and mesoporous layers, respectively. This
observation is consistent with that of previous reports.49,50

Nevertheless, the SEM results are consistent with the fairly
homogeneous surface morphology, showing very few cracks or
defects (see also Fig. S3 and S4†).

The electrochemical behaviour of the NiO lm on the FTO
electrode, FTO/NiO, was assessed by performing cyclic voltam-
metric experiments in 0.1 mol dm�3 Na2SO4 (Fig. S5†). This
electrolyte was particularly chosen (instead of carbonate or
phosphate buffers) in order to minimize the electrolyte anion
adsorption effect. The system exhibited two sets of fairly broad
voltammetric peaks, which can be attributed to the approxi-
mately reversible redox transitions of NiO.27,51,52 Although the
exact nature of the lm depends on the preparationmethod and
the experimental conditions, it is reasonable to expect that the
oxide and hydroxide species exist at the electrochemical inter-
face,53–55 and the actual electron transfers involve Ni(II) and
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra04673f


Fig. 1 (A) SEM cross-section image bilayer of the NiO film composed
of the blocking (BL) compact inner-layer and the mesoporous outer
layer deposited on FTO conducting-glass electrode substrate. (B)
Wide-angle XRD pattern for the NiO oxides on FTO: compact layers
(first coating, in green, and the second coating in black); the meso-
porous over-coating (in purple).
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Ni(III) as well as Ni(III) and Ni(IV) ionic sites. As postulated
earlier,27,56 the rst oxidation peak at 0.93 V (Fig. S5†) is attrib-
uted to the oxidation of Ni(II) to Ni(III), accompanied by the
release of proton, whereas the second oxidation peak at 1.26 V is
Fig. 2 Top-view images of (A) FTO/NiO (from SEM), and (B) FTO/NiO-P

This journal is © The Royal Society of Chemistry 2020
assigned to the oxidation of Ni(III) to Ni(IV). The diagnostic
square-wave voltammetric experiment conrmed that both the
redox processes involve same amounts of charge and are,
herein, monoelectronic (see Fig. S6†). Careful analysis of the
cyclic voltammogram in Fig. S5† suggests that the NiO vol-
tammetric peaks described above overlap with the fairly large
background currents that can be interpreted in terms of the
capacitive or pseudocapacitive properties of the oxide. The
feasibility of application of nickel oxides/hydroxides for
multiple and reversible charging–discharging in the capacitor-
type batteries has been reported before.57 Indeed, our FTO/
NiO electrodes exhibited high stability and good reproduc-
ibility during prolonged potential cycling (50 cycles in the
potential range from 1.54 V to �0.46 V vs. RHE). Regarding the
semiconducting properties of nickel oxides, the optical band
gap of the NiO lm (on FTO) was conrmed by measuring the
UV-vis absorption spectra of FTO/NiO and by using the Tauc
relationship.58 The band gap energy (Eg) was found to be equal
to 3.68 eV, which is consistent with the literature data.49,50 More
details are given in the ESI (Fig. S7).†

3.2 Formation and characterization of the P1-dye modied
FTO/NiO photoelectrodes

The photosensitization of the NiO semiconducting lm with the
organic P1-dye was achieved by overnight soaking of the FTO/
NiO electrodes in a 0.3 mmol dm�3 ethanolic dye solution.
The respective absorption spectra in Fig. S8† shows an increase
in the absorbance within the visible region, which is consistent
with the presence of the dye on NiO. The anchored dye exhibits
a bathochromic shi in its absorbance maximum, from 468 nm
observed in solution36 to 497 nm upon chemisorption onto NiO,
and is attributed to the coupling of the dye with the semi-
conductor.36 The estimated surface coverage G of the P1-dye is
ca. 1.5 � 10�8 mol cm�2, using the data of Fig. S8† and the
relationship: A(lairmax) ¼ 1000 � G � 3(lsolutionmax ), where A(lairmax) is
the absorbance of the lmmeasured in air, 3(lsolutionmax ) stands for
the extinction coefficient of the dye in solution (in
mol�1 dm3 cm�1), and G stands for the surface coverage
(in mol cm�2).59

The surface morphology and composition of bare FTO/NiO
and the dye-modied (FTO/NiO-P1) electrodes were observed
1 (from EDS).

RSC Adv., 2020, 10, 31680–31690 | 31683
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using Field Emission Scanning Electron Microscopy (FE-SEM)
(Fig. 2, also S11†). The existence of NiO nanoparticles of ca.
20 nm diameter (Fig. 2A) is consistent with the size determined
in the XRD results, as well as with the literature data.60 In case of
the FTO/NiO-P1 electrode, the organic matter is visible (by
chemical contrast) on the surface (Fig. 2B). To conrm the
elemental composition of the organic layer in the FTO/NiO-P1
electrodes, elemental analysis was conducted using Energy
Dispersive Spectroscopy (EDS). The elemental mapping showed
that Ni and O are uniformly distributed along the NiO bottom
layer in the FTO/NiO-P1 arrangement, whereas the S, C and N
atoms have only been found in the top layer, thus conrming
the presence of the organic dye P1 on the surface (Fig. 2B). The
elemental mapping for the stacked arrangement of the FTO/
NiO-P1 electrode revealed that Ni and O elements are uniformly
distributed along the NiO bottom layer, which is underneath
and appears darker in Fig. 2B, identical to the mesoporous
structure shown in Fig. 2A (i.e., 20 nm nanoparticles with some
pores). On the other hand, the chemical contrast reveals that
the S, C, and N atoms are only found in the top layer, which is
above the previous layer and appears lighter in Fig. 2B due to
chemical contrast (with bigger undened structures). This
Fig. 3 AFM images (in tapping mode) of (A) FTO/NiO, and (B) FTO/NiO-

31684 | RSC Adv., 2020, 10, 31680–31690
conrms the presence of the organic dye P1 on the NiO surface,
which appears lighter in Fig. 2B.

The surface morphology of the FTO/NiO-P1 electrodes was
probed by atomic force microscopy using the tapping mode
(Fig. 3). The surface of the electrodes seems to be rather rough,
judging from the differences in the surface levels: 47 nm for
FTO/NiO-P1 vs. 13 nm for FTO/NiO. This change in the surface
roughness in FTO/NiO-P1 reects the presence of the adsorbed
dye on top of the NiO surface. Most likely, the deposition of the
dye yields an irregular surface of the ultra-thin lm, which is
favored by p-stacking between the dye molecules.

The at-band potentials of both the bare and dye-sensitized
FTO/NiO electrodes were determined using electrochemical
impedance spectroscopy and the Mott–Schottky analysis in
aqueous media at various pH.61 In this respect, the feasibility of
decoupling of the pH effects and the positions of the band-edge
energy levels by formation of the hydrophobic monolayer of an
organic dye and, thus, the passivation of the semiconductor
surface has been postulated. Here, the passivation is not
complete and amounts to 55% of the NiO surface, as shown by
the cyclic voltammetry results. The irregular P1-dye layer pres-
ents voids that leave some of the NiO surface accessible. We
P1.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Voltammetric behavior (at 10 mV s�1 scan rate) of palladium
nanoparticles (deposited on glassy carbon, loading 100 mg cm�2)
recorded in deoxygenated 0.1 mol dm�3 Na2SO4 solutions in the
presence (solid line) and absence (dashed line) of CO2. Current
densities are provided against the electrode geometric area.
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have also determined the at-band potential, E, and the
charge carrier (hole) concentration, NA, for the FTO/NiO and
FTO/NiO-P1 electrodes considered in the present work. On the
basis of the capacitance vs. potential difference measurements,
the E and NA values were obtained by using the Mott–Schottky
equation,58

1

Cs
2
¼ �2

e330NA

�
E � Efb � kT

e

�
(1)

where Cs is the space-charge capacitance (F�2 cm4), e is the
elementary charge constant, 30 is the free space permittivity, 3
is the dielectric constant, E is the applied potential, k is the
Boltzmann constant, and T stands for temperature. The
comparison of Nyqvist plots for all the samples (Fig. S9 and
S10†) showed: (i) the absence of a depressed semi-circle; and
(ii) low-frequency ranges dominated by the Warburg diffusion,
with nearly straight lines and with slopes �45�. The rst
characteristic indicates a very low charge transfer resistance at
the NiO-P1/electrolyte interface with respect to the transfer
and insertion of electrolytic ions. This observation shall be
correlated with the existence of the mesoporous NiO over-layer
(Fig. 1A), thus allowing for easy access of the ions to reach the
nickel redox sites. On the whole, the transport of ions at the
electrode/electrolyte interface can be described in diffusional
terms. The steeper slope of the Warburg impedance is
consistent with the higher transport rate of ions into the pores.
The results are consistent with previous reports on compa-
rable systems.52,61

For all the samples, the at-band potentials and the charge
carrier concentrations were obtained from the slopes of the
extrapolated linear ts of the Mott–Schottky plots (Fig. S11 and
S12†). The obtained negative slopes are consistent with a p-type
semiconducting behavior. It is noteworthy that the obtained
values of both the charge carrier concentrations (densities) and
at-band potentials are comparable to those previously re-
ported for NiO and dye-sensitized NiO photoelectrodes.61 The
comparable at-band potentials determined for FTO/NiO and
FTO/NiO-P1, viz., 0.50 and 0.57 V (vs. RHE), respectively, indi-
cate that the anchoring of the P1-dye onto NiO does not
signicantly modify the energy level of the at-band potential in
the system. Finally, as expected, the charge carrier concentra-
tion values have been found to be as high as 4.2 � 1017 and
9.0 � 1015 cm�3 for FTO/NiO and FTO/NiO-P1, respectively.
3.3 Modication of the P1-dye-sensitized FTO/NiO with Pd
nanoparticles

The nal step in the preparation of the photocathodes for
CO2RR is the deposition by drop-casting of the catalyst, palla-
dium nanoparticles (nPd, 6–10 nm). Their TEM image is shown
in the inset of Fig. 4. The resulting FTO/NiO-P1/nPd electrodes
show the existence of nPd aggregates (lighter colored spots in
the system's SEMmicrographs, Fig. S13 and 14†). On the whole,
the interfacial structure of the photocathode is porous and it is
reasonable to expect that palladium exists in contact with the
NiO-P1 layer as inter-connected nanostructures (Fig. S13 and
14†). The NiO and Pd nanoparticles have comparable sizes that
This journal is © The Royal Society of Chemistry 2020
match the average pore size of the mesoporous layer: 20 vs.
10 nm in diameter, respectively. The partial inltration of some
of the nPd into the NiO-P1 mesoporous layer is possible.8,27

Fig. 4 illustrates the cyclic voltammograms recorded for the
nPd deposited (loading, 100 mg cm�2) on the glassy carbon
electrode substrate in the argon-saturated 0.1 mol dm�3 Na2SO4

in the presence (solid line) and absence (dashed line) of CO2. It
is well established that in a model acid medium such as in
0.5 mol dm�3 H2SO4, the deposits of nPd exhibit characteristic
hydrogen sorption/desorption peaks (below 0.25 V)40,62,63 that
are also observed here, as well as Pd oxide formation or
reduction (above 0.55 V) peaks. In the near-neutral deoxygen-
ated Na2SO4 solution, the sorption of hydrogen (water reduction
or proton discharge) is pushed to more negative potentials and
starts at about �0.2 V (Fig. 4, dashed line). The coupled
phenomenon of hydrogen oxidation and desorption appears in
the form of a broad surface-type peak at about 0.45 V. Fairly low
anodic currents starting at ca. 0.8 V indicate the formation of
a thin oxide layer on the Pd surface (a mix of PdIOH, PdII(OH)2
or PdIIO and, eventually, PdIVO2).64 The appearance of a small
peak at about 0.45 V should be correlated with the reduction of
previously generated (in anodic scan) Pd oxides. Finally,
hydrogen evolution starts at potentials below ca.�0.45 V (Fig. 4,
dashed line) and the latter process proceeds, relative to the
behavior in the CO2-saturated slightly acidic medium, with ca.
400 mV overpotential.

To evaluate the system's electrocatalytic activity toward
CO2RR, the voltammetric electroreduction experiments were
carried out in CO2-saturated 0.1 mol dm�3 Na2SO4 (CO2-
concentration, ca. 0.033 mol dm�3).65 It is apparent from Fig. 4
(solid line) that CO2RR starts at potentials lower than 0.2 V and
yields a reduction peak in the potential range from �0.35 to
�0.4 V, i.e., where hydrogen sorption is most operative
(compare the solid and dashed lines in Fig. 4). The ability of
the Pd nanostructures towards the reversible adsorption/
absorption of hydrogen is of importance for the effective
RSC Adv., 2020, 10, 31680–31690 | 31685
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hydrogenation (reduction) of CO2. The rapid decrease in the
CO2RR peak current, appearing at about �0.4 V (solid line),
results from the poisoning of the palladium electrocatalytic
interface by CO-type intermediates, which is a process that
competes with the sorption of hydrogen. In addition, the
formation of formate adsorbates through electrochemically
generated Pd-hydrides cannot be excluded here.66

The appearance of relatively smaller peaks (in the reverse
oxidation scan) at potentials more positive than 0.7 V (Fig. 4, solid
line) should be correlated with overlapping processes such as the
oxidation of the CO2RR-products/adsorbates (mostly carbon
monoxide, possibly with some formate)40,45 and the oxidation of
generated or sorbed hydrogen. It is noteworthy that the oxidation
peaks mentioned above (i.e., in the range 0.7 to 1.2 V) are not
observed in the absence of CO2 (dashed line). On the whole, the
CO2RR voltammetric pattern of Fig. 4 (solid line) is analogous to
those reported earlier.40,41,67
Fig. 5 Cyclic voltammetric responses for (A) FTO/NiO-P1/nPd(x1) and
(B) FTO/NiO-P1/nPd(x2) photocathodes differing in the Pd loadings (2
and 4 mg cm�2) recorded in 0.1 mol dm�3 Na2SO4 saturated with CO2:
in dark (solid line) and upon illumination with AM 0.1 G filter (dash line).
Scan rate 20 mV s�1. The insets illustrate the net current densities
recorded upon illumination and corrected for dark current.
3.4 Photoelectrochemical performance of NiO-based
systems

First, the (photo)electrochemical behavior of the FTO/NiO
system was studied and the respective voltammetric experi-
ments were performed both in dark and upon illumination
(with visible light) in the deoxygenated sodium sulfate elec-
trolyte saturated with CO2 (Fig. S15†). As expected from its
band gap (�3.7 eV), light has no effect on the response of FTO/
NiO. In Fig. S15,† the voltammetric pattern is in agreement
with previous reports describing the behavior of NiO in almost
neutral media:38,68 the solution pH drops from 6.4 (Ar) to 5.3
(CO2). Therefore, the appearance of growing reduction
currents below�0.3 V (Fig. S15†) could be interpreted in terms
of two overlapping processes such as NiO-catalyzed CO2-elec-
troreduction and HER, as postulated earlier.27 Our diagnostic
experiments performed with FTO/NiO electrode under elec-
trochemical (dark) conditions, in the presence and absence of
CO2 (inset to Fig. S15†), are consistent with the dominating
contribution of CO2RR rather than HER, as evidenced by the
sharp increase in the cathodic current below �0.3 V. It cannot
be excluded that hydrogen-assisted CO2-reduction69 is opera-
tive here, with the generation of some Ni0 sites at the NiO
surface.

The introduction of the visible-light-responsive organic dye
P1 onto NiO changes the oxide physicochemical characteris-
tics. Fig. S16† compares the cyclic voltammetric responses of
FTO/NiO-P1 recorded in the presence of CO2: the reduction
currents (emerging at potentials lower than 0.6 V down to
�0.2 V; dashed line) are increased upon irradiation with
respect to the dark experiment (solid line). Such signicant
photocathodic currents (Fig. S16,† inset) indicate that CO2-
photoreduction seems to be facilitated by light, which was not
observed for FTO/NiO in the absence of the dye (Fig. S15†).
Provided that the dye loading is as small as 15 nmol cm�2 and
the light intensity is as low as AM 0.1, the net photocurrent
density (in the potential range of 0.2–0 V) would be of ca.
5 mA cm�2, which is low but noticeable. It should be noted that
due to the incomplete coverage of NiO by the P1-dye (Fig. 2 and
31686 | RSC Adv., 2020, 10, 31680–31690
3), some NiO sites are surfacing and can also induce CO2RR
and/or HER. However, their contribution is limited and
similar in all the samples.

We performed experiments to verify that the conventional
(dark) electrocatalytic properties of Pd remain the same, when
deposited on glassy carbon (Fig. 4) and on FTO/NiO (for
simplicity, not shown here). Fig. 5A and B illustrate the cyclic
voltammograms recorded in the presence of CO2 for nPd
deposited onto the P1-dye over-layer at two different loadings, 2
and 4 mg cm�2. This information translates to the following
relative mass ratios of Pd to P1-dye: 30 : 1 and 60 : 1, respec-
tively. The amounts of deposited nPd have been kept low to
avoid the excessive darkening of the photocathode. On
doubling the loading, a better evaluation of the Pd-induced
electrocatalytic effect is feasible. The resulting hybrid photo-
cathodes with smaller (Fig. 5A) and larger Pd loadings (Fig. 5B),
abbreviated as FTO/NiO-P1/nPd(x1) and FTO/NiO-P1/nPd(x2),
respectively, have been investigated in dark (solid lines) and
upon illumination (dashed lines). The fact, that the irradiation
This journal is © The Royal Society of Chemistry 2020
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with visible light has a signicant effect on the electroreduction
currents (appearing below 0.7 V), particularly at larger nPd
loading (Fig. 5B), clearly suggests that introduction of the nPd
catalyst results in further photocurrent enhancement, which
should be correlated with light-driven CO2RR. Careful exami-
nation of the dark-current corrected (background-subtracted)
responses shown in the insets of Fig. 5A and B clearly
suggests that the net CO2RR current doubled from �7.5 to �15
mA (at �0.2 V) on increasing the nPd loading twice. This
observation supports our view about the catalytic role of Pd
deposited onto dye-sensitized p-type NiO cathode and the
proposed mechanism: under irradiation, P1 generates excited-
state electrons that are transferred to nPd, thus producing the
hydride PdHx with catalytically active sites. In this regard, the
proposedmechanism resembles the performances of previously
reported P1-dye-sensitized NiO photocathodes.38,68 Herein,
dispersed palladium nanostructures exhibit charge storage
properties, which likely contribute to the distribution of charges
and, possibly, to the charge cascade process at the photo-
electrochemical interface.18 Importantly, upon illumination, the
charge carriers are photogenerated at the NiO-P1 interface and
the photoelectroreduction processes are shied toward less
negative potentials (four times more current relative to the
performance electrocatalytic experiment, comparison of
Fig. S16† and 5A).

3.5 Photoelectrochemical behavior of the hybrid decorated
photocathode

The photoelectrochemical performance of the FTO/NiO-P1/
nPd(x1) photocathode was studied by recording pulsed
voltammetric-type current–potential responses upon illumina-
tion with visible chopped light (frequency, 0.1 Hz) in the Na2SO4

electrolyte. Fig. 6 illustrates the transient photocurrent gener-
ated during the on–off cycles of illumination in the Ar-saturated
(black curve) and CO2-saturated (red curve) solutions,
Fig. 6 Voltammetric-type plot of the photocurrent vs. the applied
potential recorded for the hybrid FTO/NiO-P1/nPd(x1) photocathode
in 0.1 mol dm�3 Na2SO4 electrolyte: saturated with argon (black curve)
and saturated with CO2 (red curve). The pulsed responses were
recorded upon illumination with chopped light (illumination
frequency, 0.1 Hz). Scan rate, 2 mV s�1.

This journal is © The Royal Society of Chemistry 2020
respectively. The photocurrent obtained under CO2 is signi-
cantly higher than the photocurrent under Ar. Under Ar, the P1-
sensitized NiO shows some photocurrent (black curve) due to
the photogeneration of charges following light absorption by
the dye and subsequent charge separation at the NiO-dye
interface. Small current increases observed at potentials lower
than 0.1 V (black curve) are due to H sorption and/or HER,
which may happen on nPd at potentials below �0.1 V. Judging
from the electrocatalytic results of Fig. 5A, the HER process is
likely to be suppressed and shied to even more negative
potentials in the presence of CO2, as a result of surface
poisoning by CO-type products. Under CO2 (red curve), a higher
transient photocurrent is generated, relative to the response in
the absence of CO2. This enhancement could be ascribed to the
completion of eased electron transfer cascade with the light-
driven reduction of CO2, mediated by the nPd catalyst.
3.6 Verication of the reaction products

When CO2RR is carried out on a Pd catalyst in near-neutral
deoxygenated aqueous solutions, CO together with H2 and
small amounts of formate are usually produced.40,70,71 To
conrm the formation of CO as the main photoelectrochemical
reduction product at the hybrid FTO/NiO-P1/nPd(x1) photo-
cathode, anodic stripping-type voltammetric experiments were
performed, referring to previous studies.18,72 Here, an additional
glassy carbon working electrode with deposited nPt (loading
100 mg cm�2) was placed in the vicinity of the photocathode.
Aer long-term photoelectrochemical reduction of CO2 at the
FTO/NiO-P1/nPd(x1) electrode, the photogenerated reaction
products were adsorbed and pre-concentrated on the surface of
the GC/nPt electrode (see experimental details in the ESI† and
the choice of potentials). The pre-concentration potential step
prevents the interference originating from the reduction of CO2
Fig. 7 Voltammetric response of platinum nanoparticles (deposited
on glassy carbon; loading, 100 mg cm�2) in deoxygenated 0.5 mol
dm�3 H2SO4 (dashed line). Scan rate, 10 mV s�1. Stripping voltam-
mogram for the oxidation of the CO2RR-product adsorbed and pre-
concentrated after 15 min of chronoamperometric reduction of CO2

at �0.6 V under illumination (experimental conditions are as that for
Fig. 5A). For comparison, the inset illustrates the stripping-type net
voltammetric currents for the oxidation of formic acid adsorbate on
nPt.

RSC Adv., 2020, 10, 31680–31690 | 31687
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Fig. 8 Cyclic voltammograms (second cycle) recorded in 0.1 mol
dm�3 Na2SO4 saturated with CO2 and upon illumination, for the
photoelectrodes: (black) FTO/NiO-P1; (red) FTO/NiO-P1/nPd(x1);
(blue) FTO/NiO-P1/nPd(x2). Scan rate: 10 mV s�1.
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on Pt and the adsorption of additional reduction products.
Later, the electrode was transferred to a separate deoxygenated
0.5 mol dm�3 solution to execute the actual stripping-type vol-
tammetric oxidation experiment (Fig. 7). Although the latter
stripping step can also be performed in near-neutral Na2SO4

electrolyte,72 voltammetric patterns characteristic of electro-
catalytic oxidation of the adsorbates of small organic molecules
are more unequivocal in acid medium.

The dashed line in Fig. 7 illustrates the typical response of
bare Pt nanoparticles. In the potential range from 0 to 0.25 V,
characteristic hydrogen sorption peaks are developed, and at
potentials higher than 0.8 V, the oxidation of platinum to
platinum oxides takes place (followed by their reduction at
0.7 V). For the in-between hydrogen peaks and the formation
of Pt oxides, platinum exists mostly as Pt0 (so called double-
layer region).73 The stripping-type voltammetric response
(Fig. 7, solid line) of the CO2RR product (generated on the
hybrid FTO/NiO-P1/nPd(x1) photocathode), adsorbed/pre-
concentrated on the Pt nanoparticles at the neighboring
electrode and, immediately, medium-transferred to H2SO4

electrolyte, yields a peak (at ca. 0.6 V; Fig. 7, solid line), which
shall be attributed to the oxidation of the CO-adsorbates. The
appearance of a single peak (stripping experiment of Pt)
implies that CO is the main reaction product, in agreement
with other reports of CO2RR on Pd.40,70 The broad peak
suggests that in addition to CO, small amounts of other
products such as adsorbates or bulk species with aldehyde or
alcohol groups can also be generated during CO2 reduction.74

The formation of formate is not likely here because the
oxidation of the formic acid adsorbates (deposits) on nPt
yields two peaks in the stripping experiment (inset of Fig. 7).
The rst peak is characteristic of the oxidation of CO (formed
due to surface interactions of HCOOH with Pt) and the second
peak (�0.85–0.9 V) stands for the oxidation of HCOOH
induced by generated Pt oxides. Here, as no peak is observed
in the range of 0.8–0.9 V (Fig. 7), very little or no formate is
formed.
3.7 (Photo)electrochemical response of decorated
photoelectrodes within an enlarged potential range [+1.2 V;
�0.7 V] vs. RHE

The (photo)electrocatalytic response of the decorated photo-
electrodes was investigated over a wider range of potentials
[+1.2 V; �0.7 V] vs. RHE in order to study the electron transfer
cascade at play here, particularly the electron transfers that
occur aer the formation of D-. The efficiency of these processes
depend on their quantum yields and their kinetics. The elec-
trochemical response of the photoelectrodes under CO2 (Fig. 8)
displays the reduction of the adsorbed P1 at about �0.51 V vs.
RHE (consistent with the literature – Table S1,† and veried
with P1 drop-casted on glassy carbon electrode – Fig. S1†). In
Fig. 8, the current response is an important feature that
depends on the loading of the catalyst on the photoelectrodes.
For the FTO/NiO-P1/nPd(x1) electrode (red curve), the cathodic
current is higher and starts at a more positive potential than in
the FTO/NiO-P1 electrode (black curve). However, the amount of
31688 | RSC Adv., 2020, 10, 31680–31690
the available catalyst is low (2 mg cm�2), which may limit the
catalytic process. In that case, the catalyst becomes the bottle-
neck in the electron cascade and the formed D- cannot be
entirely consumed. This has been conrmed by doubling the
amount of catalyst loaded; for the FTO/NiO-P1/nPd(x2) elec-
trode (blue), the quantity of available catalyst is higher (4 vs. 2
mg cm�2) and is not the limiting parameter anymore within the
electron transfer cascade. Indeed, this situation is thermody-
namically favorable and the reduction of the dye to D- becomes
easier, as evidenced by the observed anodic shi of 100 mV
(blue curve). The limitation comes, in that case, from the xed
amount of the dye being reduced at the surface of the electrode.
This has been conrmed by increasing the light intensity (0.5
sun), which gave the same photocurrents. Besides, the observed
increase in the anodic current measured around +1.0 V from
FTO/NiO-P1 to FTO/NiO-P1/nPd(x1) and FTO/NiO-P1/nPd(x2) is
consistent with a substantial increase in the amount of reduc-
tion products formed beforehand. The anodic current increase
is less than twice from FTO/NiO-P1/nPd(x1) to FTO/NiO-P1/
nPd(x2), which further supports that the amount of active Pd
surface available is not the limiting parameter anymore to run
the catalysis in the case of nPd(x2). In conclusion, the electron
transfer cascade between the components of the decorated
photoelectrode performs satisfactorily for CO2RR with sufficient
loading of the catalyst.
4. Conclusions

We report herein on the preparation and characterization of the
dye-sensitized-NiO-based photocathodes decorated with nPd
for the successful visible-light-induced electrocatalytic reduc-
tion of CO2 predominantly to CO, at potentials starting from as
low as 0 V vs. RHE. The concept bridges the gap between two
classes of photoelectrodes, based on heterogenized-molecular
This journal is © The Royal Society of Chemistry 2020
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components as well as on electrocatalytic nanoparticles. Among
important parameters is the loading of Pd nanoparticles on the
dye-sensitized-NiO. A sufficient quantity of loaded catalyst (4 mg
cm�2) facilitates the electron transfer cascade, making the xed
amount of dye reduced at the surface of the electrode the
limiting parameter for catalysis. Although the proposed system
behaved reproducibly and exhibited perfect stability during the
time scales of the performed experiments, some loss (ca. 20–
30%) of nPd was observed for prolonged photoelectrochemical
reduction (12 hours). Practical systems would require stabili-
zation, e.g., with Naon overcoating. Nevertheless, the present
results serve as a proof of concept that show the photo-
electrochemical utility of the multi-layered-type photocathode
(TOC, Fig. S17†) based on the electron-transfer-cascade. Among
important features of the described photoelectrodes is the
ability of palladium, upon sorption of hydrogen (interfacial
PdHx hydride formation that is correlated with capacitive-type
charge storage properties), to selectively catalyze the proton-
coupled two-electron reduction of CO2 to CO. The fact that
the latter reaction is not subject to the common energy barrier
restriction related to the formation of the CO2c

� radical anion (E
¼ �1.9 V vs. RHE)68 is advantageous here.

In principle, the proposed hybrid photocathode (CO2RR) can
be coupled with a suitable photoanode (for water oxidation) in
order to produce a true photoelectrochemical tandem electrol-
ysis cell. It is reasonable to expect that the present concept of
the photoelectrode (Fig. S17†) can be extended to many other
electrocatalytic systems (e.g., hydrogen evolution and NOx-
reduction), provided that they meet the energy level require-
ments imposed by the electron-transfer-cascade.
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F. Calle-Vallejo and M. T. M. Koper, Nat. Energy, 2019, 4,
732–745.

8 J. S. DuChene, G. Tagliabue, A. J. Welch, X. Li, W.-H. Cheng
and H. A. Atwater, Nano Lett., 2020, 20(4), 2348–2358.

9 S. Yu, A. J. Wilson, G. Kumari, X. Zhang and P. K. Jain, ACS
Energy Lett., 2017, 2, 2058–2070.

10 E. B. Creel, E. R. Corson, J. Eichhorn, R. Kostecki, J. J. Urban
and B. D. McCloskey, ACS Energy Lett., 2019, 4, 1098–1105.

11 J. S. DuChene, G. Tagliabue, A. J. Welch, W.-H. Cheng and
H. A. Atwater, Nano Lett., 2018, 18, 2545–2550.

12 J. Li and N. Wu, Catal. Sci. Technol., 2015, 5, 1360–1384.
13 A. J. Cowan and J. R. Durrant, Chem. Soc. Rev., 2013, 42,

2281–2293.
14 I. A. Rutkowska, E. Szaniawska, J. Taniewicz, A. Wadas,

E. Seta, D. Kowalski and P. J. Kulesza, J. Electrochem. Soc.,
2019, 166, H3271–H3278.

15 C. Janaky, D. Hursán, B. Endrodi, W. Chanmanee, D. Roy,
D. Liu, N. R. Tacconi, B. H. Dennis and K. Rajeshwar, ACS
Energy Lett., 2016, 1, 332–338.

16 J. Ferreira de Brito, A. R. Araujo, K. Rajeshwar and
M. V. Boldrin Zanoni, Chem. Eng. J., 2015, 264, 302–309.

17 K. Rajeshwar, M. Kabir Hossain, R. T. Macaluso, C. Janáky,
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