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Introduction

Direct conversion of sunlight, CO2, and H2O into chemicals can
be achieved in photoelectrochemical cells.[1–5] The functionality

of such cells depends on photoelectrodes containing semicon-

ductors, which absorb light and generate electrons and holes
with sufficient potential to drive conversion of (CO2 and) H2O

into fuel-type molecules such as methane, methanol, and hy-
drogen.[6] Stability of photoelectrodes is improved by deposi-

tion of a metal layer, which protects the semiconductor against
photocorrosion.[7]

Performance is largely determined by the quality of the

metal–semiconductor interfaces. Methods such as physical
vapor deposition (PVD) or chemical vapor deposition (CVD) are
often utilized to achieve optimized interfaces.[8, 9] However,
these processes are quite expensive and require specialized

equipment. An all-wet electrochemical process would be more
desirable.[8] An example of an electrochemical method for the

formation of metals on semiconductors is galvanic displace-
ment.[8, 10, 11] This is a so-called electroless deposition method,
which does not require an external bias to drive electrochemi-

cal reactions. During galvanic displacement, the surface of the
semiconductor in contact with the metal–cation solution is oxi-

dized while the metal layer is simultaneously formed by reduc-

tion of the cations. The method is suitable for functionalization
of, for example, Si or Ge surfaces,[8] after pretreatment with hy-

drogen fluoride-based solutions to remove the native oxide.
Unfortunately, galvanic displacement is typically unsuitable for

formation of metal–metal oxide interfaces.[8, 10]

Electrodeposition, whereby a potential is applied to drive
redox reactions on electrodes, is a suitable alternative for gal-

vanic displacement.[8, 12–16] Anodic electrodeposition on semi-
conductors is already well-established, creating oxide layers on
top of a semiconductor.[17, 18] For a metal layer to be formed,
cathodic electrodeposition is required. One of the big issues

with cathodic electrodeposition on many metal oxide semicon-
ductors is reduction of the metal oxide layer.[8]

To circumvent this issue, ion-exchange and electroless depo-

sition are applied prior to electrodeposition. For example, Sn2 +

ions have been adsorbed on a semiconductor–oxide surface.

The material with adsorbed Sn2+ is immersed in a solution
containing, for example, Ag+ or Pd2 + cations, which react with

the adsorbed Sn2 + to form Sn4 + and metallic Ag or Pd. This
metallic layer then protects the semiconductor metal oxide

during sequential electrodeposition. Pre-metallization can also

be done by using the aforementioned PVD or CVD tech-
niques.[8]

In this study, we investigated the possibility to directly de-
posit metal layers onto the metal oxide semiconductor

NiFe2O4, which shows promising behavior when used as a pho-
tocathode.[19–24] This material can be metallized with Ni@

Photocathodes for hydrogen evolution from water were made

by electrodeposition of Ni@Mo layers on NiFe2O4 substrates,

deposited by spin coating on F:SnO2-glass. Analysis confirmed
the formation of two separate layers, without significant reduc-

tion of NiFe2O4. Bare NiFe2O4 was found to be unstable under
alkaline conditions during (photo)electrochemistry. To improve

the stability significantly, the deposition of a bifunctional Ni@
Mo layer through a facile electrodeposition process was per-
formed and the composite electrodes showed stable operation

for at least 1 h. Moreover, photocurrents up to @2.1 mA cm@2

at @0.3 V vs. RHE were obtained for Ni@Mo/NiFe2O4 under am-

bient conditions, showing that the new combination functions

as both a stabilizing and catalytic layer for the photoelectro-

chemical evolution of hydrogen. The photoelectrochemical re-

sponse of these composite electrodes decreased with increas-
ing NiFe2O4 layer thickness. Transient absorption spectroscopy

showed that the lifetime of excited states is short and on the
ns timescale. An increase in lifetime was observed for NiFe2O4

of large layer thickness, likely explained by decreasing the
defect density in the primary layer(s), as a result of repetitive
annealing at elevated temperature. The photoelectrochemical

and transient absorption spectroscopy results indicated that a
short charge carrier lifetime limits the performance of Ni@Mo/

NiFe2O4 photocathodes.
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Mo,[13, 16, 25, 26] by making use of simple aqueous cathodic elec-
trodeposition baths containing the metal precursors, sodium

citrate as a complexing agent, and sodium hydroxide or am-
monia to adjust the pH.[12, 14, 15, 27] UV/Vis spectroscopy, X-ray dif-

fraction (XRD), and focused ion beam scanning electron mi-
croscopy with energy dispersive X-ray spectroscopy (FIB-SEM-

EDX) were used to demonstrate the feasibility of this simple,
one-step metallization of NiFe2O4 through electrodeposition,
resulting in novel Ni@Mo/NiFe2O4 photocathodes with a

NiFe2O4 photoabsorbing layer and a stabilizing and catalytic
Ni@Mo layer.

Results and Discussion

To ensure optimal oxidation of the layers, NiFe2O4 was formed
by spin coating in a layer-by-layer fashion. During spin coating,

a thin layer of precursor nitrates is formed. The formation of

the spinel phase by decomposition of the nitrates requires ef-
fective access to oxygen. Furthermore, nitrogen should be able

to exit the precursor layers. The growth of the NiFe2O4 layer on
F:SnO2/glass substrates is illustrated in Figure 1. Separate sam-

ples were synthesized and, on increasing the number of depo-
sition cycles, the samples become increasingly more orange

(Figure 1 A). SEM images of the cross sections made with FIB
cutting (Figure 1 B) show that the thickness of the NiFe2O4

layer increases with the number of subsequent deposition

cycles and that the surface of the layers is rather smooth. The
Pt layer was deposited on top of the semiconductor layer prior

to FIB cutting to prevent damage to the underlying layers.
Porosity between the F:SnO2 and NiFe2O4, and between sepa-

rate NiFe2O4 layers, can sometimes be observed, owing to ini-
tial roughness and suboptimal wetting of the previous layer,

but is found sparingly when the F:SnO2 layer is rougher. The
chemical identity of each of these layers is confirmed, includ-
ing the underlying conductive substrate layer. By cross-section

EDX mapping (see the Supporting Information, Figure S1), the
Fe/Ni ratio in the NiFe2O4 layer was found to be 1.9:1.

XRD analysis (Figure 1 C) confirmed the growth of the trevor-
ite (spinel) NiFe2O4 phase, since with increasing thickness the

related diffraction lines become more pronounced. UV/Vis
spectroscopy (Figure 1 D) further confirmed the formation of

the desired spinel phase. The band gap for NiFe2O4 is often re-

ported to be 1.56 eV (795 nm); however, as can be seen in the
UV/Vis spectrum, this is a low-intensity band, related to an in-

direct band gap between minority states.[28, 29] More significant
for light absorption is the band starting at 2.1 eV (600 nm),

which is the transition between majority states, constituting a
direct band gap. The valence band maximum (VBM) is located

mainly on Ni and O. The conduction band minimum is mainly

positioned on Fe and O. Due to Fe being in both octahedral
and tetrahedral positions, there are two distinct gaps.[28, 29]

Finally, the band gap of the minority states is found to redshift
with increasing thickness and to decrease in intensi-

ty. The redshift is explained by an increasing amount
of Ni2 + ions occupying tetrahedral sites instead of

the normal octahedral sites in the inverse spinel

structures. This is possible owing to partial inversion
of the spinel structures, whereas in the normal

spinel the bivalent ions are in the tetrahedral posi-
tion.[30, 31] In Figure 1 E, the increase in thickness is

plotted against the number of deposition cycles,
showing linear growth of thickness with a rate of

40 nm/cycle.

A Ni@Mo layer was electrodeposited on NiFe2O4

to act as both a protective and a catalyst layer

for the hydrogen evolution reaction (HER; Fig-
ure 2 A). The composition of the Ni@Mo layer was
found to be 77.3 % Ni and 22.7 % Mo by inductively
coupled plasma atomic emission spectroscopy

(ICP-AES).
The faradaic efficiency of electrodeposition was

found to be 7.5 % in Ni and 6.6 % in Mo. This low
current efficiency can be explained by the fact that
the material formed is a hydrogen evolution catalyst

and that the deposition is carried out at potentials
allowing hydrogen evolution. A significant portion

of the current is thus invested in hydrogen evolu-
tion. Mild pH values and an intermediate deposition
current were chosen to stabilize the NiFe2O4 layer.

Insufficient currents result in too much exposure to
the deposition bath (considering the required depo-

sition time), damaging the oxide layer, whereas ex-
cessive currents cause reduction of the oxides.

Figure 1. A) From left to right: a schematic representation of the NiFe2O4 film coated on
F:SnO2/Glass substrates followed by photographs of samples with 1, 2, 3, 4, and 5 layers
of spin -coated NiFe2O4. B) SEM cross section images of (from left to right) 1, 2, 3, 4, and
5 deposition cycles of NiFe2O4. The various layers have been coloured: Pt = pink; Ni-
Fe2O4 = orange; F:SnO2 = cyan; glass = green. C) XRD of the spin-coated NiFe2O4 layers
with increasing thickness. D) UV/Vis spectra of the spin-coated NiFe2O4 samples. E) The
increase in thickness with increasing deposition cycles.
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However, we found that NiFe2O4 can be metallized without
deterioration of the oxide layer (Figure 2). This means that the
stability of the spinel structure against reduction is sufficient
during electrodeposition at the applied current. Electrodeposi-

tion curves for bare F:SnO2 and on NiFe2O4 are shown in Fig-
ure 2 A, indicating little variation in the curves. Slightly higher

potentials are required for the deposition of Ni@Mo on
NiFe2O4, which is ascribed to the additional resistance intro-
duced by NiFe2O4 to the entire system, which is 21–30 W for

the NiFe2O4 layers on fluorine-doped tin oxide (FTO) compared
to 12–15 W for bare FTO glass. The cross section (Figure 2 B)

shows a homogeneous layer of Ni@Mo has indeed formed of
about 200 nm in thickness. The NiFe2O4 is also still 200 nm

thick.

The apparent increase in porosity in the NiFe2O4 is not a
result of the electrodeposition, but rather due to inhomogenei-

ties in the film structure of NiFe2O4 after spin-coating (Fig-
ure S2). XRD analysis confirmed that the electrodeposition pro-

cess did not affect the crystallinity of the spinel structure. Elec-
trodeposition was successful for all thicknesses of the NiFe2O4

films. UV/Vis spectroscopy data could not be reproduced,
owing to the reflective metal layer. The synthesis technique

can also be extended to other metal coatings (Cu, Co@Mo; Fig-
ure S3), indicating that electrodeposition is a rather versatile

method for functionalization of NiFe2O4.

To test the catalytic activity and stability towards the HER,

the samples were suspended in 1 m KOH and cyclic voltamme-
try (CV) was measured in absence and presence of illumination
(Figure 3 A). Two reversible electrochemical peaks are observed

for a single layer of NiFe2O4. Firstly, at @0.02 V a reductive peak
is observed, which is explained by reduction of Fe3 + to Fe2 + .

When sweeping towards the oxidative side, the oxidation of

Fe2 + to Fe3 + is first observed at approximately 0.15 V. A sharp-
er irreversible peak is then observed at 0.34 V, which is typical

for hydroxide adsorption.[32] Since the CVs for bare NiFe2O4 are
identical in the absence and presence of illumination, reduc-

tion of NiFe2O4 is the main contribution to the observed cur-
rent within this timescale.

The combined Ni@Mo/NiFe2O4 system (Figure 3 B) is quite

different in its redox chemistry and photoresponse compared
to bare NiFe2O4. In the dark cycle, the Fe reduction and Fe oxi-

dation peaks are absent. Furthermore, the hydroxide adsorp-
tion peak is more broadened than that for pure NiFe2O4. Also
notable is the increase in hydrogen evolution current, indicat-
ing a reduction in overpotential for the formation of hydrogen.

Finally, for the combined system, a distinct photocurrent is de-
tected, reaching @2.1 mA cm@2 at @0.3 V. Clearly, the Ni@Mo
layer largely protects the NiFe2O4 layer against oxidation/reduc-

tion cycles and shows a strong positive effect with regard to
the photoresponse. The CV of Ni@Mo deposited directly on

F:SnO2 (Figure 3 C) shows a small, broad hydroxide adsorption
peak, while, as expected, the material shows neither the Fe

redox couple nor a photoresponse.

To explore the stability of the samples over time, chronoam-
perometry was performed first for 5 min in the dark (Figure 4),

and then for 1 h cycling of light on/off every 5 min (Figure 5).
In the first 100 s the samples without Ni@Mo behave similarly

(Figure 4). A strong increase in reductive current and a delay in
active gas production (saw-tooth pattern) are observed during

Figure 2. A) Ni@Mo electrodeposition (at @20 mA) curves on bare F:SnO2/
glass (black) and on NiFe2O4/F:SnO2/glass with 5 spin-coating cycles (gray).
Photographs show the NiFe2O4 sample before (i) and after (i’) Ni@Mo electro-
deposition. B) SEM cross-section image of the Ni@Mo/NiFe2O4/F:SnO2/glass
sample. The various layers have been colored: Pt = pink; NiFe2O4 = orange;
F:SnO2 = cyan; glass = green. C) XRD of NiFe2O4 with 5 spin-coating cycles
before (i, orange) and after (i’, gray) Ni@Mo electrodeposition.

Figure 3. A) Cyclic voltammograms of 1 layer thick NiFe2O4. The dashed red
lines show the dark current after 10 cycles in the dark. The solid lines show
the light current after 10 cycles in the light. The cycles in the light were per-
formed after the cycles in the dark. B) Cyclic voltammogram of Ni@Mo elec-
trodeposited on 1 layer of NiFe2O4. C) Cyclic voltammogram of Ni@Mo elec-
trodeposited directly on bare F:SnO2/glass.
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this period. This is due to the initial reduction of the exposed

NiFe2O4 surface, after which hydrogen starts to evolve from
the reduced electrode. In contrast, a slight decrease in current

is observed for the Ni@Mo coated samples in the first 5 min.
This is attributed to the HER, which introduces mass transport

limitations on and near the electrode surface in the form of hy-

drogen gas bubbles.
The 1 hour chronoamperometry experiments are shown in

Figure 5. Clear photocurrents are observed for several samples.
The apparent increase in current seen for bare NiFe2O4, as a

function of increasing layer thickness, is explained by an in-
creased microporosity, as seen in SEM, and thus an increase of

the electrochemical surface area. Furthermore, the samples of

larger thicknesses (5 layers) do not show any significant photo-
current (black curve). This suggests that the top layers of

NiFe2O4 are reduced at the applied potential, limiting photoac-
tivity. After the chronoamperometric measurements, ICP-AES

was performed on the electrolyte, showing that Ni leaches into
the electrolyte in the absence of a Ni@Mo catalyst layer

(Table S4).

All samples with the Ni@Mo catalyst layer showed compara-
ble currents (Figure 5). The small variation is ascribed to differ-
ences in the electrochemical surface areas of the samples. The

highest photocurrent is reached for the thinnest sample, which
is @2.1 mA cm@2 at @0.3 V, similar to the observed photocur-

rent in Figure 3. With increasing thickness of NiFe2O4, the pho-
tocurrent decreases. This suggests that charge carrier dynamics

are a limiting factor.
Assuming that the diffusion length of charge carriers is com-

parable between samples, recombination of the photogenerat-
ed charges becomes more prevalent as the distance to be trav-

eled increases. Furthermore, since samples are illuminated

from the back and the amount of photogenerated charges is
directly related to the light intensity, it follows that the relative

amount of charge carriers is less close to the electrochemical
interface for a thicker NiFe2O4 layer. Thus the addition of light

absorber layers effectively lowers the photoresponse for these
photoelectrodes.[32] Finally, incident photon to current efficien-

cies (IPCE) were determined at 420 nm (Figure S5).

Degradation of bare NiFe2O4 during the photoelectrochemi-
cal tests can be seen by eye (Figure 6 A and Figure S6). The

NiFe2O4 samples show a lighter, grayish circle where the mate-
rial was exposed to the electrolyte during photoelectrochemis-

try (PEC), which is not observed for the Ni@Mo coated samples.
This loss of absorber material is further supported by UV/Vis

spectroscopy measurements (Figure 6 B). When comparing the

samples from before and after the catalytic tests, the absorp-
tion of each material is lower after the test. Finally, it can be

observed by XRD (Figure 6 C) that the NiFe2O4 diffraction lines
of bare NiFe2O4 were slightly decreased after PEC. On the other

hand, the Ni@Mo/NiFe2O4 photocathode retained its crystallini-
ty.

Thus, we find that bare NiFe2O4 is an unstable material for

light-driven hydrogen evolution from water splitting in alkaline
conditions. Coating with Ni@Mo, however, stabilizes the system

and furthermore improves the activity of the photoelectrode, if
the NiFe2O4 is of limited thickness. A possible explanation for

the instability under illumination is limited charge carrier mobi-
lity, making the material more prone to corrosion, as support-
ed by the observation that Ni leaches into solution if the Ni@
Mo layer is absent.

To explore the charge carrier dynamics of the NiFe2O4 sam-

ples in more detail, we used transient absorption spectroscopy

Figure 4. A) Chronoamperometry for 5 min on 1 layer thick NiFe2O4 samples
without (brown) and with (red) Ni@Mo at a constant potential of @0.3 V vs.
RHE in the dark, prior to the 1 h long measurement (Figure 5). B) Chronoam-
perometry on 3 layer thick NiFe2O4 samples. C) Chronoamperometry on
5 layer thick NiFe2O4 samples.

Figure 5. A) Chronoamperometry for 1 h on 1 layer thick NiFe2O4 samples without (brown) and with (red) Ni@Mo at a constant potential of @0.3 V vs. RHE
while cycling light on and off every 300 s. B) Chronoamperometry on 3 layer thick NiFe2O4 samples. C) Chronoamperometry on 5 layer thick NiFe2O4 samples.
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(TAS). The results are given in Figure 7, where the data are

given for samples without Ni@Mo coating, and were measured
in transmission mode. Only lifetimes and relative peak intensi-

ties can be compared. TAS data for samples including the Ni@

Mo layer are shown in in the Supporting Information (Fig-
ure S7).

Several transient signals are observed for each sample, each
having similar decay times per sample, after pumping with
355 nm light (thus the O2@!Fe2 + transition). The reader is
kindly referred to the Supporting Information, Section S8, for

the exact fitting results. In the kinetic traces the most intense
signal around 511 nm (Figure 7), a slight shift in the maximized
wavelength was found, which indicates that the electronic

structure is slightly different for each material.
Transient absorption is observed at 511 nm, but also at 460

and 596 nm (Figure 7 A). Two decay components are found,
with a short (t1, 2–50 ns) and a longer lifetime (t2, 500–1100 ns).

Most notably, both the short (t1) and the long (t2) lifetime-type
transients increase as a function of NiFe2O4 layer thickness (Fig-

ure 7 B). Since these measurements are performed ex situ in air,

the dominant decay pathway in bare NiFe2O4 samples is via re-
combination of charges. The short lifetimes of charge carriers

indicate slow diffusion and high likely hood of recombination.
However, in the samples with a thicker NiFe2O4 layer the crys-

tallinity is improved for the earlier deposited layers, through
exposure to multiple heating steps. The increased crystallinity

results in a material with fewer defect sites, thus extending the

lifetime of the photogenerated charges.[33, 34] Although at first
glance the increased lifetime of the probed states seems to

contradict the PEC results (Figure 5), it is important to point
out that the entire light absorber layer is probed. This entails

that even though on average the lifetime of photogenerated
states has increased, this increase is mainly due to the en-

hanced performance of the layers underneath the last spin

coated NiFe2O4 layer.
As reported by Meinert and Reiss[28] it is not straightforward

to describe complex band structures, such as that of NiFe2O4.
Nevertheless, based on our UV/Vis and TAS data as well as the

results of Meinert,[28] we have derived a schematic representa-
tion of the electronic behavior of NiFe2O4 (Figure 8). First of all,

excitation by 355 nm laser pump light excites electrons from

Figure 6. A) Photographs of fresh samples and spent samples (indicated by “
for samples after conducting the PEC experiments). Ni@Mo/NiFe2O4 (i’), and
NiFe2O4 with 5 (ii), 3 (iii), and 1 (iv) spin-coating cycles are shown. The color
difference between the bulk of each photograph is due to different incident
light from the surroundings when the pictures were taken. B) UV/Vis spectra
of the NiFe2O4 samples before (dashed) and after (solid) photoelectrochemi-
cal tests. C) XRD of fresh 5 cycle NiFe2O4 (ii), spent 5 cycle NiFe2O4 (ii’’), and
spent Ni@Mo/NiFe2O4 (i’’).

Figure 7. A) TAS spectra of fresh bare NiFe2O4 samples with increasing layer
thickness, collected in transmission mode at a decay time of 1 ns. B) Aver-
aged lifetimes obtained for the kinetic traces.

Figure 8. Schematic representation of the electronic structure of NiFe2O4.
The valence band is positioned at 0 eV on the Ni2 + and O2@ species. The
conduction band contains both Oh Fe2 + /3+ minority species and Td Fe3 + ma-
jority species. Finally, the higher positioned conduction band is again Ni2 + .
Light transitions of 355 nm as pump light (blue arrows) and 460, 511, and
596 nm are shown as probe light (black arrows). Several decay pathways of
charge carriers are shown with the relevant lifetimes (dashed arrows).
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the valence band (VB), positioned on Ni Oh and O, to the con-
duction bands positioned on both Oh (minority) and Td (majori-

ty) Fe. From the Oh Fe species, transitions of 511 nm (2.43 eV)
and 460 nm (2.69 eV) are possible. The Oh Fe species relax

back to the VB following a slow decay (t2) in the order of 1 ms.
This decay is slow because this is a transition between minority

states, also observable from the fact that DA is 5–10 times
smaller for this t2 component than it is for t1. From the Td Fe
species, transitions of 511, 460, and 596 nm (2.08 eV) are possi-

ble. The Td Fe species decays much faster, according to t1 in
the order of 10 ns, because here majority states are consid-
ered. The energy scales of the observed optical transitions
agree with the described density of states reported by Meinert

and Reiss.[28]

Although this strongly indicates that the assignment of tran-

sitions is correct, it is not possible from this data to be conclu-

sive about the exact origins of the decay components. To as-
certain this, more experiments, such as transient X-ray absorp-

tion spectroscopy, would be required to observe the electronic
states. This is, however, outside the scope of this work and will

be the subject of a separate work. To summarize, the data ob-
tained indicate that charge carrier dynamics are observable on

ns timescales, which suggests fast recombination and a short

diffusion length. This is in agreement with the photoelectro-
chemical measurements and explains why a bias is necessary

to observe any significant photocurrent.

Conclusions

NiFe2O4 can be formed homogeneously by spin coating on
FTO-functionalized glass substrates. Thickness control down to

40 nm was achieved. Cathodic electrodeposition was success-
fully applied to deposit a film of Ni@Mo on top of NiFe2O4. The

NiFe2O4 semiconducting layers were found to be stable during
the synthesis process. Bare NiFe2O4, nor Ni@Mo showed photo-

activity for hydrogen evolution. However, the studied Ni@Mo/

NiFe2O4 photocathodes clearly performed better, and photo-
currents up to @2.1 mA cm@2 were observed at @0.3 V vs. RHE,

showing strong synergistic effects. We found that thinner
light-absorbing layers yielded the highest photocurrents. This

is ascribed to the photoinduced charge carrier diffusion length
being a limiting factor for NiFe2O4. This observation is comple-

mented by the TAS experiments, which indicate the photogen-
erated charge lifetimes to be on the order of ns. During contin-
uous operation at @0.3 V vs. RHE under cycled light, we found

that without Ni@Mo layers the samples are unstable, whereas
with Ni@Mo the material is stabilized over the course of at

least 1 h. The instability during photoelectrochemistry was
found to be related to Fe and Ni reduction and oxidation. In

summary, new semiconductor–metal constructs can be formed

by a facile electrodeposition process without reduction of the
semiconductor phase, enhancing the performance of NiFe2O4

in cathodic photoelectrochemical hydrogen production, both
in terms of stability and activity.

Experimental Section

Materials

All materials were used as received without further purification.
NiSO4·6 H2O (ReagentPlus, >99 % pure), NaMoO4·2 H2O (ACS re-
agent, >99 % pure), NaOH (99.99 % trace metals, semiconductor
grade), KOH (ACS reagent, >85 % pure), Na3C6H5O7·2 H2O (sodium
citrate, ACS reagent, >99 % pure), and Fe(NO3)3·9 H2O (ACS re-
agent, >98 % pure) were obtained from Sigma Aldrich.
Ni(NO3)2·6 H2O (99 %), citric acid (RNase/protease free, anhydrous),
and ethanol (anhydrous, extra dry, 99.5 %) were obtained from
Acros. Ethylene glycol (P.a. reag., Ph. Eur. >99.5 %) was obtained
from Fluka. NH3 28–30 % (ACS reagent, ph. Eur. for analysis) was
obtained from Emsure. Fluorine-doped tin oxide glass (FTO, grade
TEC 15) was obtained from Pilkington.

Spin coating of NiFe2O4

3 V 3 cm2 F:SnO2 coated glass slides were cleaned by first washing
them with detergent (Eurobac hygienic soap 406 307) followed by
subsequently sonicating them for 15 min in a 1:1:1 mixture of ace-
tone, ethanol, and demineralized water, then in a 1 m HCl solution,
and finally in demineralized water. As a last step, the slides were
treated in a UV ozone cleaner for 15 min. Fe(NO3)3 (2 mmol),
Ni(NO3)2 (1 mmol), and citric acid (3 mmol), were dissolved in anhy-
drous ethanol (10 mL). This solution was stirred for at least 2 h. Eth-
ylene glycol (0.2 mL) was then added and the solution was stirred
overnight. Prior to spin coating, the solution was filtered and a
300 mL sample was dropped onto the FTO slides. This was then
spun at 3000 rpm for 60 s on an Electronic Microsystems Ltd.
Model 4000 photoresist spinner. Part of the resulting thin layer of
solution was removed by using an ethanol-wetted cotton tip to
keep a part of the FTO slide free for electrical connections. It was
then dried under ambient conditions for about 10 min, then
heated on a hotplate at 100 8C for 10 min and finally heated to
450 8C for 30 min. This spin coating–oxidation procedure is referred
to as one cycle.

Metallization of the metal oxide layers

The NiFe2O4 samples were fixed in a custom-made cell, as shown
in Figure S9, for electrodeposition. Note that the FTO slides ob-
tained through spin coating had to be cut into 3 x1.5 cm2 pieces
before performing electrodeposition. Electrodeposition was per-
formed galvanostatically at a current of @20 mA for 60 s. A Pt
mesh (Mateck, 99.9 %+) was used as a counter electrode and 3 m
Ag/AgCl (BASi) was used as a reference electrode. The plating bath
contained 0.3 m NiSO4, 0.2 m Na2MoO4, and 0.3 m Na3C6H5O7 in
demineralized water (100 mL). To this, NH3 solution (20 mL) was
added to obtain a pH of 9.2. First the metals were dissolved in
water through stirring, then NH3 was added to adjust the pH. Prior
to the syntheses, the baths were purged with Ar for 15 min, and a
gentle Ar flow was kept over the solution during electrodeposi-
tion.

Measurements and characterization

X-ray diffraction (XRD) was measured by using a Bruker D2 Phaser
instrument. Most scans were taken at 2q= 34–438 with 0.028 steps
at a rate of 10 s per step while rotating at 15 Hz. UV/Vis spectros-
copy was performed by using a Varian Cary 50 spectrometer. The
spectra were obtained in transmission mode, in the range of 300–
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1000 nm using clean FTO as a reference. Inductively coupled
plasma atomic emission spectroscopy (ICP-AES) was performed on
an Optima 8300 instrument from PerkinElmer and an average of
three samples was used. Electrodeposited samples were dissolved
in 2 % HNO3 (10 mL) before oxidation. It was then diluted further
by adding 2 mL of the reaction mixture sample to 8 mL of 2 %
HNO3. Ni (231.604 and 341.476 nm), Fe (238.204 and 259.939 nm),
Co (228.616 and 236.380 nm), Cu (327.393 and 324.752 nm) and
Mo (202.031 and 204.597 nm) were then measured. Calibration
curves of 0, 0.2, 0.4, 0.6, 0.8, and 1.0 mg L@1 were prepared of all
the metals. Focused ion beam scanning electron microscopy with
energy-dispersive X-ray spectroscopy (FIB-SEM-EDX) was performed
on a FEI Helios nanolab 600 DualBeam with an Oxford Instruments
Silicon Drift Detector X-Max energy-dispersive spectroscope. EDX
mapping was performed with an electron beam of 5 kV and 0.2 nA.
The beam used to obtain several images is described in the cap-
tions. All SEM imaging was done by using secondary electrons at
2 kV and 0.1 nA. FIB cuts for cross sectional images were made by
covering an area of 5 V 2 mm2 of the substrate with 500 nm of Pt
by sputtering at 30 kV and 0.08 nA. Then a cut of 7 V 5 mm2 and
5 mm deep was made with the ion beam at 30 kV and 2.5 nA. Final-
ly, the cross section was cleaned with an ion beam at 30 kV and
0.23 nA in an area of 6 V 0.5 mm2 and 5 mm deep near the edge. An
image was then taken from the sample at a 528 tilt. Transient ab-
sorption spectroscopy (TAS) was performed on an EOS spectropho-
tometer. The pump laser was generated by using a Nd:YAG crystal
(1064 nm light) and transformed into 355 nm by using harmonic
crystals. This laser was operated at a repetition rate of 1 kHz and
the intensity was kept at 1.5 mW by using a neutral density filter.
The probe pulse was generated by using a Leukos supercontinuum
light source generating a wide spectrum detected between
350 nm and 900 nm with a spectral resolution of 1.5 nm. The repe-
tition rate of the source was 2 kHz. The pulse duration of the lasers
was below 1.2 ns, allowing for a temporal resolution below 1 ns.
The probe light was split by using a beam splitter into dual beam
mode so that unfiltered light could be used to correct for fluctua-
tions in the light source. The samples were measured in transmis-
sion mode and were probed for 1 h under ambient air conditions.
The samples coated with Ni@Mo were measured in reflectance
mode and were probed for 2 h under ambient air conditions.

Photoelectrochemical tests

Photoelectrochemical tests were performed in 1 m KOH purged
with N2 for at least 15 min. The samples are mounted against a
window with a diameter of 6 mm, exposing 0.28 cm2. The refer-
ence electrode is a Hg/HgO electrode (0.956 V vs. RHE at pH 14)
and the counter electrode is a Pt mesh. Chronoamperometry
measurements are performed at a potential of @0.3 V vs. RHE for
1 h where light is cycled between dark and light every 300 s, start-
ing in the dark. Prior to these measurements each sample was sub-
jected to 5 min of chronoamperometry in the dark at @0.3 V vs.
RHE. During the cyclic voltammetry experiments the potential is
cycled from 0.956 V to @0.294 V vs. RHE for 10 cycles at
100 mV s@1. All these photoelectrochemical tests were performed
on a VersaSTAT 4 potentiostat from Princeton Applied Research. Di-
rectly afterwards, 10 more cycles were performed while the sample
was back-illuminated with a Newport AM 1.5 solar simulator
(100 mW cm@2) consisting of a 300 W Xe lamp filtered with an air
mass 1.5G filter. Calibration was performed with a standard refer-
ence Si solar cell prior to the measurements. IPCE measurements
were taken by using a 420 nm LED light (380–460 nm spread,
1.5 mW cm@2) at 20 mm distance on Ni@Mo coated samples with

the VersaSTAT 4 potentiostat from Princeton Applied Research.
Prior to the IPCE measurements, the first three measurements
were done in the dark for 5 minutes each, then one measurement
was done in the light for 5 min. Bubble formation resulted in the
data being averaged over these 5 min intervals.
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