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Covalent Grafting of Ruthenium Complexes on Iron Oxide 
Nanoparticles: Hybrid Materials for Photocatalytic Water Oxidation 
Qµyen T. Nguyen, Elodie Rousset, Van T. H. Nguyen, Vincent Colliere, Pierre Lecante, 
Wantana Klysubun, Karine Philippot, Jérôme Esvan, Marc Respaud, Gilles Lemercier,* Phong D. Tran,* 
and Catherine Amiens* 

ABSTRACT: The present environmental crisis prompts the search for renewable energy 0.05 
sources such as solar driven production of hydrogen from water. Herein, we report an 
efficient hybrid photocatalyst for water oxidation, consisting of a ruthenium polypyridyl 
complex covalently grafted on core/shell Fe@)FeO,. nanoparticles via a phosphonic acid N­

group. The photoelectrochemical measurements were performed under 1 sun illumination 
j 0·03 
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in 1 M KOH. The photocurrent density of this hybrid photoanode reached 20 µA/cm -0.02 

(applied potential of +LO V vs reversible hydrogen electrode), corresponding to a turnover 
frequency of 0.02 s-1

• This performance represents a 9 fold enhancement of that achieved 
with a mixture of Fe@)FeO,. nanoparticles and a linker free ruthenium polypyridyl 
photosensitizer. This increase in performance could be attributed to a more efficient 
electron transfer between the ruthenium photosensitizer and the Fe@)FeO,. catalyst as a 
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consequence of the covalent link between these two species through the phosphonate pendant group. 
IŒYWORDS: ccvalent grafting, hybrid photcanode, iron oxide nanoparticles, ruthenium based photcsensitizer, water oxidation catalysis 

1. INTRODUCTION

The 21st century has seen a boom in the development of 
renewable energy sources, as the world attempts to transition 
from the serious environmental and health issues associated 
with the use of non renewable sources such as coal or oil. In 
this context, hydrogen gas evolved from solar water splitting 
has attracted tremendous interest as a green fuel 1 Solar driven 
water splitting is a thermodynamically uphill process 
comprising two sluggish half reactions: the oxygen evolution 
reaction (OER) and the hydrogen evolution reaction (HER). 
It can be accomplished in a photoelectrochemical cell 
comprising a photoanode where the OER takes place with 
solar energy input, and a photocathode (or a simple cathode) 
where the HER occurs. As the OER is more challenging to 
achieve, a large research effort focuses nowadays on the 
development of appropriate photoanodes. In general, a 
photoanode is constituted of a photcsensitizer (PS) for photon 
harvesting and a catalyst for acceleratinf the OER. N type
semiconductors such as TiO2,2 BiVO.., and a FezO/ or 
molecular dyes such as ruthenium tris bipyridine complexes, 5•

6 

perylene,7'
8 polyheptazine,9'

10 metal free porphyrins, 11 and ,r
conjugated naphthalene benzimidazole polymers 12 have been 
assayed as PSs in this context. Regardin§ the OER catalyst,
oxides of transition metals such as IrO 21

1 
'

14 
CoOx, 

15
•

16 Co­
P\ 17

-
19 or FeOOH20

-
23 have been investigated, as well as

some molecular complexes.24•
25 

To build the photoanode, a dyad comprising a molecular 
complex catalyst linked to a molecular PS can be deposited on 

a transparent electrode.26
'
27 The molecular catalyst can also be

combined with an N type semi conducting material as a PS. 
This can be done either by simple physical adsorption or by 
covalent grafting. This second strategy may lead to photo 
anodes with improved performance28 if it can provide (i) an 
improved electron/hole transfer between the two components 
and, beyond, an enhanced overall photocatalytic activity and 
(ii) a more robust system preventing the leaching out of the
catalyst.

When a metal oxide catalyst is employed, it can also be 
combined with an N type semi conducting material acting as a 
PS. In this case, the two materials are generally interfaced 
without any specific linker to create a solid-solid 
junction. 16

•
19•29-31 Altematively, a hybrid photoanode can be

engineered by covalently grafting a molecular PS onto the 
surface of the metal oxide catalyst. Similarly, when a molecular 
catalyst is grafted on a solid PS, such covalent grafting between 
the molecular PS and solid catalyst is believed to offer (i) an 
efficient electron/hole transfer between the two components 
and (ii) a more robust system preventing the leaching out of 

https:/ /doi,org/10.1021/acsami.1c15051 



the PS. To the best of our knowledge, the first example of such
a photoanode for solar water splitting was reported by Mallouk
and co workers in 2009, wherein a ruthenium tris bipyridine
complex, acting as a PS, was covalently grafted through a
malonate linker on IrO2 nanoparticles (NPs), used here as a
catalyst.32 Since then, only a few other systems were
published.7,33 Recently, our group also investigated this
approach and reported the covalent grafting of a Ru complex
PS onto Co3O4 NPs, using pendant phosphonate linkers and
its positive impact on the photoanode efficiency.34 We then
expanded our work toward more environment friendly
catalysts, such as iron based systems, considering that iron
oxides35,36 and iron oxohydroxides20−23 have been reported to
be active and stable electrocatalysts for the OER, but that none
of these materials have been used so far to build a hybrid
photoanode by combination with a molecular PS.
Ruthenium trispolypyridyl complexes are archetypal molec

ular PSs37−39 as they present large extinction coefficients over a
broad range of the visible spectrum, a long lived excited state,
and high luminescent quantum yields. This allows an efficient
energy/electron transfer to the catalyst. Their scaffold is also
highly tunable, allowing the fine tuning of the optical
properties and redox potentials. In comparison with the
archetypal [Ru(bpy)3]

2+ that is mainly used in the develop
ment of photo electrocatalytic systems, the phenanthroline
based analogues present a wide interest due to their more rigid
and conjugated ligands.40,41 This type of complex is also air
stable and displays a high thermal stability allied to a
remarkable chemical inertness.42,43 In our study, a pendant
phosphonate group was introduced on the fifth position of one
of the 1,10 phenanthroline ligands, as such functional groups
are reported to afford a covalent grafting onto iron oxide
surfaces.44−47 This position is usually substituted as it offers
efficient charge transfers in photophysical applications, and it is
the less sterically hindered in the resulting complex, potentially
allowing an easier grafting on the NPs.
We report herein an unprecedented robust hybrid photo

catalyst for OER where ruthenium trisphenanthroline com
plexes (as PSs) are grafted on core/shell iron@iron oxide NPs
(Fe@FeOx NPs) used as a catalyst (Figure 1). This hybrid
photocatalyst was deposited onto a fluoride doped tin oxide
(FTO) electrode to generate a novel hybrid photoanode. Its
photocatalytic activity was assayed to evaluate the interest of
the covalent coupling between the PS and catalyst.

2. RESULTS AND DISCUSSION

2.1. Synthesis and Characterization of the OER
Catalyst. In previous studies, we demonstrated that the
grafting of a phosphonic group was more efficient on NPs
showing a substantial iron oxide layer at their surface.48 Thus,
in this work, we prepared Fe@FeOx core/shell NPs presenting
a crystalline iron oxide shell. A two step procedure was
followed (Scheme 1). First, body centered cubic (bcc) iron
NPs (Fe NPs) were prepared following the procedure reported
by Gharbi et al.48 Then, based on the work of Peng et al.,49 the
controlled oxidation of these native NPs was performed to
generate an iron oxide shell. Analysis by transmission electron
microscopy (TEM) showed that the obtained NPs displayed a
mean size of 11.5 ± 2.3 nm and a “flower like” morphology
(Supporting Information, Figure S1). Their study under high
resolution conditions confirmed that this discontinuous shell of
lighter contrast (Figure 2a) consisted in well defined iron oxide

crystalline grains (Figure 2b and Supporting Information,
Figure S1c,d).
The crystallinity of the oxide shell was further evidenced, on

a more statistical basis, through wide angle X ray scattering
(WAXS) measurements. The diagram obtained for the Fe@
FeOx NPs is presented in Figure 3, together with bcc Fe (α
Fe), γ Fe2O3 (maghemite), and NH4Cl reference diagrams.
Diffraction peaks at 10, 15, and 26° were assigned to NH4Cl, a
product issued from a side reaction between HDA·HCl and
hexamethyldisilazane in the first step of the synthesis, as
already reported by our group.50 We also observed peaks
assignable to γ Fe2O3 and to bcc Fe, clearly demonstrating the
formation of a crystalline oxide shell around the iron core.
The persistence of the iron core was also probed by

extended X ray absorption fine structure (EXAFS) at the Fe K
absorption edge. Contrarily to WAXS, which places a strong
emphasis on large crystalline domains, EXAFS is strictly
limited to short range order. On the other hand, this limitation
makes it much more sensitive for the analysis of small domains,
and contributions not involving Fe atoms would be rejected in
principle. A pure Fe foil was measured under the same
conditions as Fe@FeOx NPs and additional reference data
from the pure γ Fe2O3 were imported from the Farrel Lytle
database. Comparing the χ function of the Fe@FeOx NPs with
those of the two references (Supporting Information, Figure
S2), the pattern of γ Fe2O3 was clearly observed with, however,
some discrepancies (in the 8.2−9.5 Å−1 range). Interestingly,
these discrepancies could be clearly attributed to metallic Fe
features. A model including the short Fe−O bonding distance
and the longer Fe−Fe distance with an O bridge typical of an
iron oxide, as well as the metallic bonding Fe−Fe distance,
allowed a good fit of the experimental data, especially in the 6−
10 Å−1 range (Table S1, Figure S3). Good agreement was also
observed for the Fourier transform (Figures 4 and S4). A
model considering more shells could likely provide even better
agreement but without providing more insights on this
composite sample which likely includes Fe(III) oxide at
different degrees of crystallization. For the same reason,

Figure 1. Schematic view of the hybrid nanomaterial where Ru(II)
tris(1,10 phenanthroline) complexes are grafted onto the Fe@FeOx
NPs via a phosphonate group.



quantitative evaluation of the Fe/Fe oxide ratio was not
attempted even if a mixed organization was demonstrated.

From the Fe 2p spectrum obtained by X ray photoelectron
spectroscopy (XPS) (Supporting Information, Figure S5), only
binding energies corresponding to Fe(0) (706.7 eV) and
Fe(III) in an iron oxide environment (710.3 eV) were
observed. This confirmed the presence of a residual Fe core
and indicated that the oxide shell was most likely α or γ
Fe2O3, even if the presence of FeOOH species on the top
surface could not be excluded.

A quantitative evaluation of the Fe/FeOx ratio in the NPs
and identification of the oxide formed were obtained from the
Mössbauer spectrum (Figure 5, Table S2) recorded at 80 K. At
this temperature, and given the size of the NPs, relaxation
phenomena on the time scale of Mössbauer spectroscopy
(10−11 to 10−9 s) were initially expected to be negligible. Given
the morphology of the NPs, the defined lines observed in the
spectrum could be attributed to the contributions of
ferromagnetic iron (FM Fe, 28.9 ± 0.5%) and iron oxide
phases (FM Fe oxide, 42.9 ± 0.5%). However, to precisely
adjust the experimental curve, two other contributions had to
be introduced: the first one corresponding to iron oxide in
superparamagnetic regime (SPM Fe oxide, 26.2 ± 0.5%) and
the second one corresponding to a trace of paramagnetic iron
(PM Fe, 2.0 ± 0.2%). Table S2 and Figure S6 display the
hyperfine fields, quadrupolar splitting, and the corresponding
isomer shifts used to fit the spectrum. The parameters used to
fit the iron oxide contributions are in good agreement with
those expected for γ Fe2O3 at the nanoscale.51 The two
contributions observed (one FM and the other SPM) could
reflect the heterogeneity of the iron oxide shell thickness and
polycrystallinity. The Fe(0)/Fe(III) atomic ratio extracted
from fitting the Mössbauer spectrum indicated an average shell

Scheme 1. Synthetic Pathway of the Fe@FeOx Core/Shell NPs

Figure 2. Typical HR TEM images of the Fe@FeOx NPs with
different scale bars: (a) 10 and (b) 5 nm.

Figure 3. WAXS diagram of the Fe@FeOx NPs (black solid line) in
comparison with those of bcc Fe (PDF 01 071 4648, in blue), γ
Fe2O3 (PDF 01 089 5894, in red), and NH4Cl (PDF 96 901 0007, in
green) references.

Figure 4. Magnitude of the Fourier transform of function χ(R) from
the Fe@FeOx NPs (black line) and the best fit achieved (red line).

Figure 5. Mössbauer spectrum of the Fe@FeOx NPs recorded at 80
K (experimental data in black markers), and the best fit obtained
(solid line) from a combination of iron and iron oxide contributions
(see legend in the figure).



thickness of 2.6 nm (Supporting Information, Section S1.5).
Thus, the Fe@FeOx NPs can be best described as core/shell
Fe@γ Fe2O3 NPs with a mean size of 11.5 ± 2.3 nm and an
average shell thickness of 2.6 nm. We note that having the γ
Fe2O3 phase on the NP shell is highly desirable as this phase is
more catalytically active for the water oxidation reaction than
the α Fe2O3 phase.

36 We then treated these core/shell Fe@γ
Fe2O3 NPs with the [Ru−PO(OH)2]Cl2 complex in order to
create the hybrid photocatalyst.
2.2. Synthesis and Characterization of the Hybrid

Photocatalyst. The synthesis of the 5 phosphonic 1,10
phenanthroline ligand and Ru complex (hereafter referred to as
[Ru−PO(OH)2]Cl2) were adapted from those reported for
the synthesis of 2,2′ bipyridine52 and of bis heteroleptic
ruthenium(II) complexes53,54 (see Scheme S1, Figures S8−
S11 in the Section S2 of Supporting Information for details).
The resulting complex [Ru−PO(OH)2]Cl2 absorbs in the
visible domain and is emissive through its 3MLCT excited state
(Supporting Information, Figures S12−S14), showing similar
photophysical properties to the [Ru(phen)3]

2+ reference
complex.

Two synthetic pathways were developed to graft the [Ru−
PO(OH)2]Cl2 complex on the Fe@FeOx NPs (Scheme 2). At
first, a biphasic method previously used to graft 3 amino
phosphonic acid on similar NPs was followed (Figure S15).48

However, it afforded only a poor grafting density of the Ru
complex on the iron oxide surface (9 Ru complexes per NP,
sample hereafter called b Fe@FeOx@Ru NPs, b standing for
biphasic) (Supporting Information, Section S3.3, Figure S16).
A monophasic method was then implemented, in which

Fe@FeOx NPs and [Ru−PO(OH)2]Cl2 were added to a
homogeneous THF−water phase (Supporting Information
Section S3.2, Figure S17). The magnetic component was
recovered from the resulting suspension by magnetic
separation. The resulting samples, hereafter referred to as m
Fe@FeOx@Ru NPs (m standing for monophasic), were
washed 5 times with Milli Q water, 1 time with ethanol, and
1 time with diethyl ether to remove the non grafted ruthenium
complex. Analysis of high resolution high angle annular dark
field scanning TEM (HR HAADF STEM) images of the m
Fe@FeOx@Ru NPs showed that the core/shell morphology of
the parent NPs was preserved, but suggested a thicker iron
oxide shell (Figure 6). Accordingly, the crystalline iron oxide
component was now the dominant feature of the WAXS

diagram (Figure 7).55 The width of the peak at 2θ = 20° and
the presence of a peak at 2θ = 35° suggested a very small
contribution of metallic Fe even though it could not be
confirmed, nor disproved. The growth of the oxide layer at the
expense of the iron core was further confirmed by XPS as in
the Fe 2p region only one peak at 710.2 eV, attributed to Fe3+,
was observed (Supporting Information, Figure S19).
The grafting of the Ru complex on the NPs was first

indicated by the presence of the dispersed bright dots in the
HR HAADF STEM images of the sample (Figure 6b). As the
atomic number Z of a Ru atom is higher than that of an Fe

Scheme 2. Synthetic Pathways for the Hybrid Photocatalysts
Prepared in a Biphasic Medium (b Fe@FeOx@Ru NPs) or
in a Monophasic Medium (m Fe@FeOx@Ru NPs)

Figure 6. HR HAADF STEM analysis of the m Fe@FeOx@Ru NPs:
(a) typical NP image and (b) atomic resolution micrograph showing
the presence of dispersed Ru atoms (highlighted by red cycles).

Figure 7. WAXS diagram of the m Fe@FeOx@Ru NP sample (black
solid line) in comparison with γ Fe2O3 (PDF 01 089 5894, in red)
and bcc Fe (PDF 01071 4648, in blue) references.



atom, these bright dots were tentatively attributed to Ru atoms
from the grafted Ru complexes. The integrity of the Ru
complexes was evidenced by XPS. Spectra collected in the Ru
3d and C 1s energy ranges on the m Fe@FeOx@Ru NPs, Fe@
FeOx NPs, and [Ru−PO(OH)2]Cl2 complex are shown in
Figure 8. The free Ru complex showed a Ru 3d5/2 peak at

binding energy of 280.7 eV, being characteristic of a Ru−N
environment.56 The Ru 3d3/2 peak associated was observed at
285 eV (Supporting Information, Table S3). Two similar peaks
were observed for the m Fe@FeOx@Ru NPs but not for the
Fe@FeOx NPs. In the m Fe@FeOx@Ru NPs spectrum, a N
1s peak attributed to the N−Ru bond was observed at 399.8
eV (Supporting Information, Figure S20). Interestingly, we did
not observe any contribution from N in an ammonium
environment (expected at 401.9 eV57) confirming again the
elimination of NH4Cl during the grafting process, as observed
in the WAXS measurements (Supporting Information, Figure
S18). Furthermore, in the m Fe@FeOx@Ru NPs spectrum,
the C 1s peak at 284.7 eV could be attributed to C−C/C−H
bonds from the phenanthroline ligand and/or from the oleic
acid used during the NP synthesis and retained on their
surface, whereas the peak at a higher binding energy (285.8
eV) could be attributed to the C−N bond of the phenanthro
line ligand and/or the C−O bond of the oleic acid. The
persistence of some oleic acid at the surface of the NPs was
further confirmed by the peak at 288 eV, assigned to CO/
O−CO bonds, which was observed in the spectra of both
the Fe@FeOx NPs and m Fe@FeOx@Ru NPs (Figure 8 and
Supporting Information, Table S3), but not in the spectrum of
the Ru complex. The persistence of oleic acid evidences that
the exchange of the carboxylic acid coating of the NPs by

phosphonates is difficult at room temperature, even when an
excess of phosphonate is introduced.45

The Ru complex content in the m Fe@FeOx@Ru NPs was
quantitatively determined by inductively coupled plasma
optical emission spectroscopy (ICP OES) at ca. 56 Ru
complexes per NP against ca. 9 Ru complexes per NP in the
b Fe@FeOx@Ru NPs (see Supporting Information Section S3.3
for calculation details).
All these data clearly provide evidence of the presence of the

Ru complex on the surface of the m Fe@FeOx@Ru NPs
although much less Ru complex was grafted via the biphasic
method than via the monophasic one. The higher grafting
density obtained by the monophasic method may arise from
more efficient interactions between the ruthenium complexes
and the NPs due to the miscibility of the solvents, while in the
biphasic method such interactions can happen only at the
water/dichloromethane interface.

2.3. Electrocatalytic Activity of Fe@FeOx NPs in Water
Oxidation. In the prepared (m/b) Fe@FeOx@Ru hybrid
systems, the role of the molecular complex is to harvest solar
energy, whereas the Fe@FeOx core aims to accelerate the
water oxidation reaction. Thus, before investigating the
photocatalytic activity of these hybrid systems, the electro
catalytic activity of the Fe@FeOx NPs was evaluated. To this
end, a catalyst ink made of Fe@FeOx NPs in a EtOH/water
solvent mixture together with 1 μL Nafion 5% (wt %) as a
linker was drop casted on a FTO electrode at a mass loading
density of 1.8 × 10−4 g/cm2 (Supporting Information, Figure
S21). The resulting catalyst electrode was then assayed in a pH
7 phosphate buffer (KPi 0.1 M) and a pH 13 alkaline
electrolyte (NaOH 0.1 M). At pH 13, it operated with an onset
potential of ∼1.75 V versus reversible hydrogen electrode
(RHE) and a Tafel slope value of 142 mV/decade could be
deduced from the polarization curves (Figure 9, black trace).
At pH 7, it showed a much higher onset potential of ∼1.95 V
as well as a higher Tafel slope value: 207 mV/decade (Figure
9, red trace). This assay demonstrated that the Fe@FeOx NPs
is an active catalyst for the OER, and that it is significantly
more active in an alkaline solution.

2.4. Photoelectrochemical Water Oxidation Catalysis
with Fe@FeOx@Ru Hybrid Electrodes. We investigated the
photocatalytic activity of the Fe@FeOx@Ru NPs hybrid
nanomaterials to understand to what extent a covalent linkage
between the molecular PS and the nanocatalyst can benefit its
overall operation. To this end, an ink was prepared from the
Fe@FeOx@Ru NPs samples and deposited onto a FTO
electrode as described above for the Fe@FeOx NPs. The light
source was provided by a Xe arc lamp equipped with a UV
filter. We employed the back illumination mode in which the
incident light went through the transparent FTO electrode to
the catalyst. The incident light intensity reaching the FTO
electrode was set to 100 mW/cm2.
Figure 10a shows a simplified overview of the electron

transfers involved during the operation of the hybrid
photocatalyst. In this model, the overall oxygen production
rate is determined by the slowest step of the elemental
reactions 1, 2, and 3, in which: (i) r1 represents the rate of the
oxidation of the excited photosensitizer (PS*) by an oxidative
potential applied to the FTO electrode. Thus, r1 is expected to
increase when an increasing oxidative potential is applied; (ii)
r2 represents the electron transfer rate from the catalyst to the
oxidized photosensitizer (PS+) (i.e., the hole transfer rate from
PS+ to the catalyst), and (iii) r3 represents the O2 evolution

Figure 8. XPS spectra of the free ruthenium complex [Ru−
PO(OH)2]Cl2 (top), Fe@FeOx NPs (middle), and m Fe@FeOx@
Ru NPs (bottom) in the C 1s−Ru 3d region (red and green curves:
Ru−N 3d5/2 and 3d3/2 signals, respectively; cyan curve: C−C/C−H
signal; brown curve: C−N/C−O signal; and blue curve: CO/O
C−O signal).



rate on the surface of the water oxidation catalyst, that is, on
the surface of the Fe@FeOx component of the hybrid
nanomaterial.
Herein, the photocatalytic activity of the m Fe@FeOx@Ru

NP electrode for the water oxidation reaction was assayed at
pH 13, where r3 is assumed to be optimal. In these conditions,
an Fe@FeOx control electrode was not photocatalytically
active, showing negligible photogenerated current under 1 sun
illumination (Figure 10b, blue and pink traces). A negligible
current density was also recorded for the m Fe@FeOx@Ru NP
electrode under dark condition at applied potentials up to 1.5
V versus RHE (Figure 10b, black trace). Under light

illumination, the onset potential for generating a measurable
photocurrent was found to be 0.75 V versus RHE. An almost
constant photocurrent density was observed when increasing
the applied potential up to 1.1 V versus RHE. This means that
the overall rate of water oxidation remained unchanged in this
potential window, even if r1 should increase when increasing
the applied oxidative potential. Therefore, the charge transfer
between the Ru PS and the Fe@FeOx nanocatalyst, namely r2,
limited the whole operation in this potential range.
In order to emphasize the benefit of engineering a covalent

grafting between the PS and the catalyst, we also recorded the
photocatalytic activity of a simple mixture of Fe@FeOx NPs
and ruthenium tris phenanthroline chloride, [Ru(phen)3]Cl2,
in the same Ru per NP ratio (i.e., 56) as in the m Fe@FeOx@
Ru NP sample, hereafter labeled Fe@FeOx//Ru. [Ru
(phen)3]Cl2 was chosen as a reference PS given its comparable
photophysical properties to those of [Ru−PO(OH)2]Cl2 (see
Supporting Information, Figure S13) and was expected to
adsorb only physically onto the Fe@FeOx NPs given the
absence of pendant grafting groups. A control electrode was
also fabricated by loading only Fe@FeOx NPs at an identical
mass loading density without adding any Ru complex. Figure
11a shows the I−t curves recorded at 1.0 V versus RHE under
chopped light mode using electrodes made of m Fe@FeOx@
Ru NPs (red trace), Fe@FeOx//Ru (blue trace), and Fe@
FeOx NPs (black trace). The Fe@FeOx NP photoanode
generated a negligible photocurrent density of ca. 0.5 μA/cm2.
Fe@FeOx//Ru (simple mixture) showed a higher photo
current density (2.3 μA/cm2) demonstrating the improvement
in light harvesting brought by the Ru complex. Interestingly, a
significantly higher photocurrent density of ca. 20 μA/cm2 was
achieved for the m Fe@FeOx@Ru NP electrode (where the
Ru complex is covalently grafted on the Fe@FeOx nano
catalyst). This value corresponds to ca. 9 fold and 40 fold
higher activities than those obtained with the Fe@FeOx//Ru
and Fe@FeOx electrodes, respectively. This result clearly
demonstrates, as suggested in the literature,34,58 the usefulness
of a covalent grafting between the Ru PS and the Fe@FeOx
catalyst to promote the charge transfer and therefore increase
the overall photocatalytic activity.
The robustness of our hybrid system was evaluated by

repeating the on−off light illumination cycle. The m Fe@
FeOx@Ru NP photoanode was found to still produce ∼50% of
the initial photocurrent density (determined in the first on−off

Figure 9. (a) Polarization curves of an Fe@FeOx NP electrode
recorded in pH 7 (red line) and pH 13 (black line) electrolyte
solutions. Potential scan rate: 5 mV/s. (b) Tafel plots of the Fe@
FeOx NP electrode at pH 7 (red line) and pH 13 (black line).

Figure 10. (a) Simplified scheme for the photocatalytic water oxidation where PS and PS* stand for the photosensitizer in its ground and excited
states, respectively, and cat stands for the catalyst (here the Fe@FeOx NPs). (b) I−V curves recorded on the m Fe@FeOx@Ru NP (dark: black
trace; illumination: red trace) and the Fe@FeOx NP (dark: blue trace; illumination: pink trace) photoanodes immersed in a pH 13 (NaOH 0.1 M)
electrolyte. Potential scan rate: 10 mV/s, 1 sun illumination.



cycle) after 20 min assay, whereas the non bonded Fe@
FeOx//Ru counterpart did not generate any noticeable
photocurrent from the second on−off cycle onward. Thus,
the covalent grafting significantly improves the stability of the
m Fe@FeOx@Ru NP hybrid system. The degradation of the
non bonded Fe@FeOx//Ru system can be attributed to a fast
detachment of [Ru(phen)3]Cl2 from the electrode surface
because of the lack of covalent bonding and the high solubility
of this complex in water. It can be also attributed to a rapid
decomposition of [Ru(phen)3]Cl2 due to the lack of an
efficient electron communication with the Fe@FeOx NP.
As described above, the b Fe@FeOx@Ru NPs had a much

lower Ru complex grafting density than the m Fe@FeOx@Ru
NPs, that was, 9 Ru complexes versus 56 Ru complexes per NP.
At identical mass loading density, the b Fe@FeOx@Ru NP
photoanode showed a 7 fold lower photocurrent density than
the m Fe@FeOx@Ru NP photoanode did, that was ∼3 versus
∼20 μA/cm2 (Figure 11b, purple and red traces). However,
comparable photocatalytic performances were deduced for
these two photoanodes when normalizing the catalytic activity
per number of PS, that was, per number of grafted Ru complex
(see Supporting Information, Section S4 for details on
normalization), thus confirming that the rate limiting step
involved the Ru complex. Turnover frequencies per Ru
complex (TOFRu) of 0.015 and 0.02 s−1 were calculated for
the photoanodes prepared with the b Fe@FeOx@Ru NPs and
m Fe@FeOx@Ru NPs, respectively. The similarity of these
values further confirmed that the charge transfer between the

Ru PS and the Fe@FeOx nanocatalyst was the main limiting
factor. A higher density of the Ru PS would thus increase the
overall performance of the system.
Looking back at the first on−off light illumination cycle

recorded with the m Fe@FeOx@Ru NPs, a high transient
photocurrent (ΔJtransient) of 33 μA/cm2 (Supporting Informa
tion, Figure S22) was observed. This suggested an important
charge recombination within the system.59,60 More studies are
required to understand this phenomenon. For now, we
tentatively attribute this recombination to the quenching of
the (luminescent) 3MLCT excited state of the Ru PS61 by the
oxygen molecules which are generated locally on the surface of
the Fe@FeOx NPs. Such a quenching has been indeed
demonstrated in solution, as mentioned earlier in this study
(Supporting Information, Figure S14). If so, quickly removing
oxygen from the catalyst surface would reduce the charge
recombination and thus represents a good strategy to increase
the performance of the hybrid photocatalyst.

3. CONCLUSIONS

This study reports the successful construction of an
unprecedented hybrid photocatalyst for the solar driven
water splitting by covalently grafting a Ru phenanthroline PS
onto Fe@FeOx core/shell NPs through a phosphonate linker.
Well controlled Fe@FeOx core/shell NPs of ca. 11.5 ± 2.3 nm
in diameter and with a γ Fe2O3 oxide shell of ca. 2.6 nm were
synthesized. These NPs showed a better O2 evolution
electrocatalytic activity in alkaline conditions than in neutral
ones, with an onset potential of 1.75 V and a Tafel slope value
of 142 mV/decade at pH 13. Two synthetic pathways were
investigated to graft the Ru PS at the surface of the Fe@FeOx
NPs, via monophasic and biphasic processes in THF/H2O or
CH2Cl2/H2O solvent mixtures, respectively. The monophasic
process was found to be more efficient as it provided a higher
grafting density at the surface of the NPs, 7 fold higher than
that obtained by the biphasic process (56 and 9 Ru complexes
per NP for the monophasic and biphasic processes,
respectively). Finally, the efficient photocatalytic activity of
the hybrid system prepared in monophasic conditions was
demonstrated. The results obtained evidenced that the charge
transfer between the grafted Ru PS and the Fe@FeOx
nanocatalyst was the bottleneck in the operation of these
hybrid systems. At an applied potential of +1.0 V versus RHE
and under a simulated 1 sun illumination, a catalytic rate of
0.02 O2 Ru

−1 s−1 was observed. Thus, increasing the grafting
density of the Ru PS could be a way to improve the overall
performance. Moreover, the covalent grafting was found to not
only improve the photocatalytic activity (by ca. 9 fold
compared with a system based on a simple physical
adsorption) but also to significantly improve the stability of
the photocatalyst. However, the charge recombination within
the system remained important as evidenced by a rather high
transient current. This may result from the quenching of the
excited state of the Ru(II) complex by O2 molecules
accumulating on the surface of the Fe@FeOx catalyst until a
steady state in their evolution is reached. If so, a better
evacuation of O2 might improve the overall performance of the
hybrid photocatalyst as well.
The covalent grafting of the hybrid m Fe@FeOx@Ru NPs

on the FTO electrode is now envisaged to avoid any possible
leaching of the catalyst and to limit back electron transfer
events happening during photocatalytic conditions.

Figure 11. (a) I−t curves recorded on m Fe@FeOx@Ru NP (red
trace), Fe@FeOx//Ru (blue trace), and Fe@FeOx NP (black trace)
photoanodes; (b) I−t curves recorded on m Fe@FeOx@Ru NP (red
trace), b Fe@FeOx@Ru NP (purple trace), and Fe@FeOx NP (black
trace) photoanodes. Applied potential: 1.0 V vs RHE. Electrolyte: pH
13 NaOH solution. Light incident power intensity: 100 mW/cm2.



4. EXPERIMENTAL SECTION
4.1. Materials. All chemicals used in the synthesis of the ligand

and ruthenium(II) complex were purchased from commercial
suppliers and used without further purification. 5 Bromo 1,10
phenanthroline62−64 and cis [Ru(phen)2Cl2]

53,54 were synthesized as
previously reported.
[Fe[N(SiMe3)2]2]2 was purchased from Nanomeps. Hexadecyl

amine (HDA) (98%), oleic acid (99%), hydrogen chloride solution, 2
N in diethylether, trimethylamine N oxide (99%), tert butyl nitrite
(90%), tetrabutylammonium hexafluorophosphate (98%), and Nafion
(5 wt % in a mixture of lower aliphatic alcohols and water) were
purchased from Sigma Aldrich and used without any purification.
Hexadecylammonium chloride (HDA·HCl) was prepared as
previously reported.65 Mesitylene (99.7%) was purchased from
Sigma Aldrich and distilled over sodium under an argon atmosphere.
Octadecene (ODE) (90%) was purchased from Sigma Aldrich and
dried over activated molecular sieve with a pore size of 0.4 nm under
an argon atmosphere. Toluene, CH2Cl2, and diethyl ether were
collected from an MBraun solvent purification system. Ethanol,
absolute grade, was purchased from Sigma Aldrich and distilled over
magnesium under an argon atmosphere. All the solvents were used
after degassing by the freeze−pump−thaw technique. Milli Q water
with conductivity at 28.2 Ω was used. FTO slides were cleaned by
sonication for 30 min in acetone, 30 min in EtOH and then dried at
room temperature for at least 1 h before use.
4.2. Synthesis of the [Ru(phen)2(phen-PO(OH)2)]Cl2 Com-

plex[Ru−PO(OH)2]Cl2. 4.2.1. Synthesis of 5-P(O)(OH)2-1,10-
Phenanthroline (phen-PO(OH)2). Under an argon atmosphere, 200
mg of the already described 5 bromo 1,10 phenanthroline63 (0.77
mmol) in toluene, 120 μL of commercially available HP(O)(OEt)2
(0.93 mmol), 130 μL of triethylamine (0.93 mmol), 13 mg of
Pd(OAc)2 (0.058 mmol, 7%), and 65 mg of the ligand 1,1′
bis(diphenylphosphino)ferrocene (dppf) as the co catalyst (0.12
mmol) were stirred at reflux overnight. The starting brownish
suspension turned to an orange solution. The solvent was evaporated
to yield the crude material, which was purified by column
chromatography on silica with a CH2Cl2/MeOH/NH3·H2O (96/2/
2) mixture as an eluent. 55 mg of the desired compound (around 0.17
mmol, yield = 22%) was obtained, already partially deprotected and
used as obtained.
4.2.2. Synthesis of [Ru(phen)2(phen-PO(OH)2)](Cl)2. Under an

argon atmosphere, 20 mg of the ligand phen PO(OH)2 (0.057
mmol) and 1 equiv of the precursor complex [Ru(Phen)2]Cl2 (31.5
mg) were dissolved in 3 mL of degassed EtOH. The mixture was
heated at reflux overnight. After evaporation of the solvent to dryness,
45 mg of an orange/red powder was obtained (yield = 10%). 1H
NMR (D2O, 500 MHz): δ 9.04 (1H, d, J = 5 Hz), 8.48 (6H, d, J = 5
Hz), 8.10 (4H, s), 8.08−7.95 (6H, m), 7.58−7.45 ppm (6H, m); 31P
NMR (D2O, 202 MHz): δ 7.13 ppm (P−OH, d, 2J = 40 Hz); HRMS
(ESI): m/z calcd for RuC36H24N6O3PRu − H+, 721.0691 [M − H+];
exp., 721.0698. Anal. Calcd for [Ru(Phen)2(PhenP(O)(OH)2)]Cl2·
7H2O (Mw = 918.7 g/mol): C, 46.9; H, 3.8; and N, 9.2. Found: C,
47.1; H, 4.3; N, 9.2.
4.3. Synthesis of NPs. 4.3.1. Synthesis of Fe NPs. Iron NPs were

synthesized following a procedure reported by Gharbi et al.48 with a
minor modification. [Fe[N(SiMe3)2]2]2 (1.9 g, 2.5 mmol), HDA (2.4
g, 10 mmol), and HDA·HCl (2.1 g, 7.5 mmol) were dissolved in 100
mL mesitylene in a Fischer−Porter bottle in a glovebox. The dark
brown solution was then immersed in an oil bath pre heated at 150
°C and kept at this temperature for 65 h. The reaction mixture was
then cooled to room temperature and the mesitylene was removed by
evaporation under reduced pressure. The iron NPs were dispersed in
a solution of 8 mL oleic acid in 100 mL of toluene. The quantity of
oleic acid was added in stoichiometric proportion versus the amine
present in the crude mixture at the end of the reaction. Overnight, the
NPs precipitated. The particles were then collected by magnetic
separation and washed with toluene (4 × 50 mL), then with ethanol
(3 × 50 mL) and afterward dried under vacuum. The NPs were kept
inside a glovebox before use (recovered mass: 304 mg, ICP OES: Fe
= 82 wt %).

4.3.2. Synthesis of Fe@FeOx NPs. The iron oxide layer was
achieved following the reported protocol49 with minor modifications.
In brief, 0.18 mmol of (CH3)3NO (14 mg) were dispersed in 20 mL
of ODE and flushed with argon for 30 min in a Fischer−Porter bottle.
The mixture was heated up to 130 °C for 30 min. In another Fischer−
Porter bottle, 160 mg of Fe NPs were dispersed in 4 mL of ODE and
then this mixture was transferred to the (CH3)3NO dispersion using a
Teflon canula avoiding air exposure and heated for 2 h at 130 °C.
Then, the mixture was heated up to 250 °C for 30 min, cooled to
room temperature and opened in air. 25 mL of 1 propanol was added
to this mixture and the black powder was collected using a magnet.
The powder was washed with diethyl ether (1 × 30 mL) and then
dried in air. (Recovered mass: 147 mg, ICP OES: Fe = 86.95 wt %).

4.3.3. Synthesis of Fe@FeOx@Ru Hybrid Nanomaterial by the
Biphasic Methodb-Fe@FeOx@Ru NPs. 50 mg of Fe@FeOx NPs
were added to 15 mL of CH2Cl2 in a closed glass tube and sonicated
for 5 min. Then, 10 mL of a 2.96 × 10−4 M solution of
[Ru(phen)2(phen PO(OH)2)]Cl2·7H2O in Milli Q water was
added. The mixture was mechanically stirred for 3 days till the
aqueous phase became completely black, indicating that the transfer
was efficient. The aqueous phase was then collected and purified by
repeated magnetic precipitation−solvent removing−redispersion
steps and washed with Milli Q water (5 × 30 mL), then with ethanol
(1 × 30 mL) and diethyl ether (1 × 30 mL). The b Fe@FeOx@Ru
NP sample was dried in air before characterization. Recovered mass:
39.2 mg.

4.3.4. Synthesis of Fe@FeOx@Ru Hybrid Nanomaterial by the
Monophasic Methodm-Fe@FeOx@Ru NPs. 21 mg of Fe@FeOx
NPs were dispersed in 15 mL THF using sonication for 20 min. 10
mL of a 2.28 × 10−4 M solution of [Ru(phen)2(phen PO(OH)2)]
Cl2·7H2O in Milli Q water was added to this suspension. The
reaction mixture was mechanically stirred at room temperature for 3
days. The m Fe@FeOx@Ru NP sample was purified as described
above for the biphasic method. Recovered mass: 17.5 mg.

4.4. Preparation of Photoanodes. Catalyst inks were prepared
by sonicating 3 mg of each catalyst in 1 mL of a 1/4 (v/v) EtOH/
H2O solvent mixture together with 1 μL of Nafion 5 wt % as a linker.

m Fe@FeOx@Ru NP, b Fe@FeOx@Ru NP, and Fe@FeOx NP
photoanodes were prepared by depositing 17 μL of the respective
catalyst ink onto a FTO electrode (S = 0.283 cm2, loading density of
1.8 × 10−4 g/cm2) followed by a mild annealing process at 100 °C (a
temperature at which the Ru complex is stable) in an oven for 5 h
before testing their photocatalytic activity.

4.4.1. Preparation of Non-bonded Fe@FeOx//Ru Photoanode for
Control Experiment. A 1/4 (v/v) EtOH/H2O solvent mixture
together with 1 μL of Nafion 5 wt % was used to prepare a stock
solution of [Ru(phen)3]Cl2 with concentration 3.8 × 10−5 M. A
catalyst ink was prepared by the dispersion of Fe@FeOx NPs (3 mg)
in 1 mL of this stock solution. Then, this ink was deposited onto a
FTO electrode with a loading amount of 1.8 × 10−4 g/cm2, followed
by a mild annealing process at 100 °C for 5 h (a temperature at which
the [Ru(phen)3]Cl2 complex is stable).

4.5. Photoelectrochemical Study. The photocatalytic activity
was assayed in NaOH electrolyte solution, pH = 13. A conventional
three electrode configuration was used with the photoanode (as
prepared above) as a working electrode, Ag/AgCl/1 M KCl as a
reference electrode, and a Pt wire as a counter electrode.

Light illumination was provided by a Xe arc lamp (LOT, Germany)
with a 420 nm cutoff filter. The incident intensity was set to 100 mW/
cm2. Back side illumination was conducted, in which the incident light
went through the transparent FTO electrode to the deposited catalyst
on the photoanode. The potential polarization was conducted with a
potential scan rate of 10 mV/s.

Potentials are quoted against the RHE using the following eq 1

E E E0.059 pH AgRHE Ag/AgCl/KCl 3 M /AgCl
0= + × + (1)

where the pH is 13 because the measurements were performed in 0.1
M NaOH, EAg/AgCl

0 is 0.21 V versus RHE.
The current density (j, mA/cm2) was calculated by normalization

to the geometric surface area of the FTO electrode (S = 0.283 cm2).



4.6. Other Characterizations. The NP samples were charac 
terized by different techniques in conventional (TEM) and high 
resolution (HR TEM) modes, atom resolved microscopy (ARM), 
WAXS, EXAFS, XPS, ICP OES, and Mossbauer spectroscopy. 

4.6.1. TEM, HR-TEM, and ARM. These analyses were performed at 
the "Centre de Microcaractérisation Raymond Castaing" in Toulouse. 
The shape, size, and crystallinity of the NPs were exarnined in 
conventional TEM (JEOL, JEM 1011 microscope, operating at 100 
kV, and a point resolution of 0.45 nm) and high resolution HAADF 
STEM (JEM, ARM200F microscope, operating at 200 kV, and a point 
resolution of 0.19 nm). TEM grids were prepared by casting a drop of 
the NP suspension onto a copper grid ( 400 hexagonal meshes, carbon 
coated). Tuen, the grids were further dried under vacuum fur at least 
one night befure introduction into the microscopy chamber. Size 
distributions were acquired by measuring a minimum of 250 objects 
using open source Image) software. Sizes are given as mean ± 
standard deviation according to a Gaussian fit of the corresponding 
size distribution. Fast Fourier transforrn analysis was carried out with 
Digital Micrograph software. 

4.6.2. X-ray Photoe/ectron Spectroscopy. XPS measurements 
were perfurrned at CIRIMAT ENSIACET in Toulouse on a Thermo 
Scientific K Alpha spectrometer equipped with a monochromatized Al 
Ka (h11 = 1486.6 eV) source. The X ray spot size was 400 µm. The 
pass energy was fixed at 30 eV with a step of 0.1 eV for core levels and 
160 eV fur surveys (step 1 eV). The spectrometer energy calibration 
was done using the Au 4f712 ( 83.9 ± 0.1 eV) and Ag 3d512 ( 368.2 ± 
0.1 eV) photoelectron lines. XPS spectra were recorded in direct 
mode N (Ec) and the background signal was removed using the 
Shirley method. XPS high resolution spectra were recorded in order 
to extract the chemical environments of the studied species. 

4.6.3. Inductive/y Coupled Plasma-Optica/ Emission Spectrosco­
py. Fe and Ru contents were determined by ICP OES using a 
PerkinElmer Optima 2100 DV instrument at LCC CNRS Toulouse. 
The sarnples were first digested into a mixture of HC1/HNO3 (3:1 v/ 
v) and then diluted with Milli Q water.

4.6.4. Wide-Angle X-ray Scattering. WAXS measurements were
carried out at CEMES CNRS in Toulouse. The samples were sealed 
in 1.0 mm diarneter Lindemann glass capillaries under an Ar 
atrnosphere. The X ray scattering intensity measurements were 
perforrned using a dedicated two axis diffractometer equipped with 
a high energy resolution solid state detector allowing fur the removal 
of the fluorescence from iron at the measurement step by electronic 
filtering, using the molybdenum Ka [0.071069 nm] radiation 
monochromatized by a flat graphite crystal. Tirne for data collection 
was typically 20 h for a set of 457 measurements collected at room 
temperature in the range 0° < 0 < 65

° for equidistant s values [s = 

4n(sin 0/ 1)]. Radial distribution functions were obtained after 
Fourier transformation of the corrected and reduced data. 

4.6.5. Extended X-ray Absorption Fine Structure. EXAFS spectra 
were recorded at the Fe K edge (7112 eV) at room temperature in a 
transmission mode on a BL8 bearnline at Synchrotron Light Research 
Institute (SLRI, Nakhon Ratchasima, Thailand), using a Ge(220) 
double crystal monochromator. Ali data analysis was perforrned using 
ATHENA and ARTEMIS softwares.66 Reference data from the pure
r F�O3 were imported from the Farrel Lytle database maintained by 
the International X ray Absorption Society. 

4.6.6. Mossbauer Spectroscopy. The Mossbauer spectrum was 
obtained using a spectrometer running in the triangular symmetric 
mode for the velocity and a radioactive source of 1.85 GBq (50 mCi) 
Co57 diffused into a Rh matrix at LCC CNRS Toulouse. The 
temperature was regulated at 80 K in an Oxford cryostat. In the 
figures, dots represent the experimental data and continuous lines 
represent the curves corresponding to the four contributions used to 
fit the experimental data. The global fitting curve is also displayed as a 
solid line. Each contribution is defined by its isomer shift with respect 
to bec iron (<5

0
), quadrupolar splitting (.6. = e0), and a distribution of 

hyperfine fields (µ.Jihyp)- We have considered the sarne width (r) of 
the Lorentzian lines for ail the contributions, r = 0.4 mm/s. The 
height ratios of line -1 to line -3 hifh3 and line -2 to line -3 �/h3 
have been fixed for the elemental sextet to the theoretical values 

expected for randomly oriented systems, that is, h1/h3 � 3 and �/h3 

�2. 
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