Journal of

Materials Chemistry A

Accepted Manuscript

Journal of

Materials Chemistry A

ergy and sustainability
o lsh

ROYAL SOCETY
OF CHEMISTRY
4

ROYAL SOCIETY
OF CHEMISTRY

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

www.rsc.org/materialsA


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 12

Journal Name

Cite this: DOI: 10.1039/XXXXXXXXXX

Received Date
Accepted Date

DOI: 10.7T039/XXXXXXXXXX

www.rsc.org/journalname

Journal of Materials Chemistry A .
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Engineering the kinetics and interfacial energetics of
Ni/Ni-Mo catalyzed amorphous silicon carbide
photocathodes in alkaline media’

Ibadillah A. Digdaya,* Paula Perez Rodriguez,” Ming Ma,* Gede W. P. Adhyaksa,*
Erik C. Garnett,© Arno H. M. Smets,” and Wilson A. Smith*“

Photoelectrochemical (PEC) water splitting is a sustainable approach to produce a renewable fuel
by harvesting the energy of the Sun to split water to form hydrogen and oxygen. In order to drive
the water splitting reaction efficiently, substantial chmic losses due to poor ionic conductivity of
the electrolyte should be avoided, and therefore the reaction should be carried out at an extreme
electrolyte pH. Herein we demonstrate the photoelectrochemical activity of an amorphous sili-
con carbide (a-SiC) photocathode for solar hydrogen evolution using an ultrathin nickel (Ni) film
coupled with a nickel molybdenum catalyst (Ni-Mo) in a highly alkaline solution (pH 14). The
incorporation of the Ni film coupled with Ni-Mo nanoparticles increases the number of active sites
and therefore improves the kinetics of the hydrogen evolution reaction. Additionally, we report the
influence of the catalyst configurations on the ohmic and solid liquid junction behavior on semi-
conducting interfacial layers. The a-SiC photocathode coated with the Ni/Ni-Mo dual-catalyst
produces a photocurrent density of —14 mA cm~2 at 0 V vs. RHE using only cheap and abun-
dant materials. This photocurrent is the highest recorded value from an amorphous-Si-based

photocathode, and is achieved with a total film thickness less than 150 nm.

Introduction

The global transition from fossil-based resources to renewable en-
ergy is critically important to address the sharply increasing threat
of global climate change and to ensure long-term energy security.
One attractive candidate to substitute for conventional fossil fuels
is hydrogen. Hydrogen is an excellent energy carrier that can be
directly converted into electricity via fuel cells, or combined with
CO, or CO to form high energy density synthetic fuels. Most of the
current industrial production of hydrogen, however, is via steam
reforming of natural gas, which produces CO, as a by-product,
making it environmentally unsustainable. Photoelectrochemical
(PEC) water splitting, on the other hand, is a carbon-neutral al-
ternative that is capable of converting and storing abundant solar
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energy into hydrogen using only renewable and clean resources.
This process uses semiconductors to capture and convert sunlight
into photogenerated charge carriers (i.e., electrons and holes),
and electrocatalysts to facilitate the multi-charge transfer process
for the oxidation and reduction of water to oxygen and hydrogen,
respectively.

Amorphous silicon (a-Si) has received considerable attention
as a semiconducting photocathode, due to its strong absorption
(up to 103 times stronger than c-Si) in the UV and visible part of
solar spectrum and low temperature processing technique which
allows large area thin film deposition on a wide variety of low-
cost substrates.! Moreover, the optical band gap of a-Si can be
controlled from 1.8 to 2.1 eV by incorporating carbon, forming
amorphous silicon carbide (a-SiC), 23 thus giving extra versatility
to establish a tandem PEC device with larger and/or smaller band
gap photoabsorbers for maximum spectral utilization.

The main challenge of using amorphous Si-based materials as
photoelectrodes is their poor stability in aqueous environments.
However, this issue can be tackled by employing protection lay-
ers, such as titanium dioxide (TiO,), which have been reported to
be effective to stabilize c-Si photoelectrodes. 4® These protection
strategies have also been demonstrated on a-Si and yield pho-
tocurrent onset potentials of > +0.85 Vvs. RHE and photocurrent
densities as high as —11.6 mA cm~2 at 0 V vs. RHE.”-8 Similarly

Journal Name, [year], [vol.], 1-11 |1

18

20



20

25

30

35

40

45

50

55

Journal of Materials Chemistry A

in our previous report we showed a thin film (100 nm absorber
layer) of a-Si with 10% carbon incorporation (a-SiC) protected
by amorphous TiO; producing an onset potential of +0.8 V vs.
RHE with a photocurrent density of —8.3 mA cm 2 at 0 V vs.
RHE at pH 4. Although the lower photocurrent of our a-SiC can
be attributed to its larger band gap (2 €V) than that of a-Si (1.8
eV), a-SiC photocathode has the potential to generate a higher
photocurrent density up to —14 mA cm 2 at 0 V vs. RHE. The
low performance of the previously reported a-SiC is likely due to
the inability of the photocathode to rapidly rise the photocurrent
at the onset potential as a direct consequence of the poor ionic
conductivity of the near-neutral electrolyte at pH 4 that causes a
large voltage drop across the Helmhotz plane. In order to min-
imize these substantial ohmic losses, it is therefore preferred to
evaluate the photoelectrochemical performance of the a-SiC pho-
tocathode at an extreme pH.

In addition to the pH of the electrolyte, the inherent catalytic
activity of the photocathode surface must be favorable to evolve
hydrogen. While TiO, can effectively passivate the chemically
unstable photocathodes, its surface is not active for the hydro-
gen evolution reaction (HER). Therefore, surface modification in-
volving the incorporation of an active hydrogen evolving catalyst
(HEQ) is crucially required to enhance the kinetics of the surface
reaction and lower the activation overpotential for the HER. Plat-
inum (Pt) has been widely used as a catalyst due to its negligible
thermodynamic and kinetic overpotentials for the HER. However
Pt is scarce and expensive and might be impractical for large-scale
production. 1 New classes of HEC’s made from earth abundant
materials, such as metal sulfides, -5 metal phosphides,16:17
and metal carbides, 18:19 have recently emerged to be strong can-
didates that can act as cheap and efficient alternatives to sub-
stitute for Pt. However, similar to Pt, these catalysts are most
catalytically active and stable only in acidic media.2° When con-
sidering the overall water splitting reaction, both hydrogen and
oxygen evolution need to take place simultaneously, and in many
proposed configurations, in the same (photo)electrochemical cell.
Therefore, considerations of stability and performance of the cat-
alyst materials for water oxidation and reduction in a given elec-
trolyte must be taken into account. Using an acidic electrolyte
will leave noble-metal-based oxygen evolution reaction (OER)
catalysts such as IrO, and RuO, as the only possible options as
the counter electrode to evolve oxygen. However, cheap and
abundant OER catalysts such as NiFeOOH are stable and work
more efficiently in alkaline media.2! Therefore, when envision-
ing a practical solar water splitting device that must operate in
an extreme pH and considering the cost of materials, the most
promising solution may be to operate the system in an alkaline
electrolyte. Fortunately, several HER catalysts made from a wide
selection of binary and ternary mixtures of Ni-alloys have recently
demonstrated high activity and stability in strongly alkaline so-
lutions. 222> Nickel-molybdenum (Ni-Mo) catalysts in particular
have been reported to require less than 40 mV of overpotential
to achieve a current density of —10 mA cm~2 in strong alkaline
media for at least 24 hours. 26

Despite enhancing the kinetics of the photoelectrochemical re-
action, the surface catalyst may have a fundamental role on the

2| Journal Name, [year], [vol.],1—11

semiconductor band-edge energetics and the charge transfer pro-
cesses from the semiconductor to the electrolyte. We have pre-
viously demonstrated the energetics of a-SiC photocathodes cou-
pled with a TiO; front surface layer which significantly influence
the photovoltage of the isolated junction photocathodes.® How-
ever, the affect of the Ni-Mo catalyst on the interfacial electronic
structure of the composite system was not further clarified since
the catalyst was in the form of nanoparticles, thus still exposing
the semiconductor surface to the electrolyte, and therefore was
assumed to have no substantial impact on the energetics at the
solid-liquid interface.

Herein we report the photoelectrochemical activity of a TiO,-
protected a-SiC photocathode coated with Ni-Mo nanoparticle
catalysts in an alkaline solution. To further enhance the activ-
ity of the catalyst and to completely cover the surface, we de-
posited an ultrathin layer of Ni (2 nm) by radio frequency (RF)
magnetron sputtering prior to the electrodeposition of Ni-Mo on
TiO, coated a-SiC photocathodes. The incorporation of the thin
layer of Ni increases the rate of hydrogen evolution, particularly
at high applied cathodic potentials. The energetics between the
TiO, interfacial layer and the catalyst were thoroughly investi-
gated using electrochemical impedance spectroscopy (EIS). Fi-
nally, we demonstrate the functionalization of Ni/Ni-Mo dual cat-
alysts that significantly increases the photoelectrochemical activ-
ity of the TiO, protected a-SiC photocathodes with a Ni counter
electrode, resulting in a benchmark thin film photocurrent den-
sity of —14 mA cm~2 at the hydrogen evolution potential under 1
sun illumination using only cheap earth abundant materials.

Experimental section

Fabrication of a-SiC photocathodes

Hydrogenated amorphous silicon carbide (a-SiC) photocathodes
were deposited onto textured fluorine-doped tin oxide (SnO;:F,
FTO) substrates (Asahi VU-type) using a radio frequency plasma
enhanced chemical vapor deposited (RF-PECVD) multi-chamber
tool. The substrate was kept at 170 °C during the deposition. An
ultrathin (10 nm) boron doped hydrogenated amorphous silicon
carbide (a-SiC(B)) was used as the p-type layer, decomposed from
SiH4 (20 sccm), CHy (45 scem), and ByHg (2 scem) diluted gas
flow under controlled pressure. The thin (100 nm) intrinsic a-SiC
(SiHy4: 20 sccm, CHy: 2.5 scem, Hy: 170 scem) was deposited in a
separate chamber to avoid cross contamination. To complete the
p—i—n structure, a thin (20 nm) n-type layer of phosphorus (P)
doped nc-SiO, (SiHy: 2.5 scem, CO;: 2 scem, PH3: 1.2 scem, Hy:
100 sccm). In our previous work we used an amorphous TiO,
as the n-type layer, but here we found more consistent results
when also depositing the n-type nc-SiOy. An H, treatment in a
low RF power density is followed in the same chamber in order
to passivate the p-i-n interface. After the deposition, the p-i-n
a-SiC is complete and a stripe of 300 nm Al was coated on the
pre-covered FTO substrate area as the metal back contact using
a Provac electron beam evaporator in rotation mode. Electrical
contact was made using a silver wire attached by graphite paste.

This journal is © The Royal Society of Chemistry [year]
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Atomic layer deposition of TiO,

Thin layers of amorphous TiO, (25 nm) were deposited onto
the a-SiC photocathode or FTO glass substrate using a home-
made thermal atomic layer deposition (ALD) system. The TiO,
ALD was carried out at a substrate temperature of 200 °C us-
ing tetrakis(dimethylamino)-titanium (TDMAT) and H,0 as the
Ti and O precursors, respectively. The pulsing times are 5 s and
10 ms for Ti and O, respectively. Each precursor was purged for
30 seconds after each pulse. The thickness of ALD TiO, was mea-
sured using spectroscopic ellipsometer (J.A. Woollam Co., Inc.)
by depositing TiO, onto a Si wafer covered by its native oxide.
The obtained data were fitted with the dieletric TiO, model and
the growth rate per cycle was found to be 0.8 A per cycle at de-
position temperature of 200 °C. All samples were post-annealed
in vacuum at 300 °C.

Catalyst depositions

An ultrathin Ni film was deposited using radio frequency (RF)
magnetron sputter deposition in a Prevac sputter machine from a
pure Ni target (99.95%). The Ar flow rate was 15 sccm and the
power was 100 W. The Ni deposition time was 100 s, resulting
in an approximately 2 nm think Ni film. The Ni-Mo catalyst was
deposited using an electrodeposition technique using the recipe
that has been described previously in another report,2’ except
nickel sulfate was used instead of nickel sulfamate. The electrode-
position bath consisted of 1.3 M nickel(II) sulfate hexahydrate
(Sigma-Aldrich, 99%), 0.5 M boric acid (Sigma-Aldrich, 99.5%)
and 20 mM sodium molybdate dihydrate (Sigma-Aldrich, 99%).
The pH of the solution was 5 and no pH adjustment was carried
out. The Ni-Mo catalysts were potentiostatiocally deposited on
the TiO, and the Ni coated TiO; at a fixed potential of —1.2 V
vs. Ag/AgCl using a potentiostat (Parstat MC, Princeton Applied
Research) until 1.0 C cm~2 of charge passed. The electrodeposi-
tion of Ni-Mo on the photocathodes was performed potentiostat-
ically at —1.0 V vs. Ag/AgCl. During the deposition, the photo-
cathodes were illuminated from the back side (i.e., light hits the
glass substrate first and then the photocathode) with the stan-
dard AM1.5 (1 sun) illumination (100 mW cm™2) using a New-
port Sol3A Class AAA solar simulator (type 94023A-SR3) with
450 Watt Xenon short arc lamp. Finally, the photocathodes were
rinsed with milli-Q water before the photoelectrochemical mea-
surements.

Photoelectrochemical measurements

The photoelectrochemical activity of a-SiC photocathodes was
tested using a potentiostat (Parstat MC, Princeton Applied Re-
search) in a three-electrode system, where the a-SiC photocath-
ode with an exposed surface area of 0.28 cm 2 acts as the work-
ing electrode, a Ni coil acts as the counter electrode and an
Ag/AgCl electrode (XR300, saturated KCL and AgCl solution, Ra-
diometer Analytical) is used as the reference electrode. The po-
tentials versus Ag/AgCl were converted to the reversible hydrogen
electrode (RHE) using the following relationship:

VRHE = Vag/agcl T Vag/agal vs N +0-059pH )

This journal is © The Royal Society of Chemistry [year]
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where Vgg /AgCl vs NHE is 0.199 V at 25 °C. The electrolyte used was
1 M potassium hydroxide (KOH) (Alfa Aesar, 85%) solution to ob-
tain pH 14. Cyclic voltammetries were performed at a scan rate of
50 mV s~! with 10 mV incremental steps. Photocurrents of a-SiC
photocathodes were characterized under simulated AM1.5 solar
irradiation (100 mW cm~2) using a Newport Sol3A Class AAA so-
lar simulator (type 94023A-SR3) with 450 Watt Xenon short arc
lamp. The overall photoelectrochemical setup is sketched in Fig.
1. Gas product measurements of the samples were performed
in a gas-tight electrochemical cell with an exposed active area of
0.785 cm~2, using a gas chromatograph (GC, Interscience). The
cell was continuously purged with a constant N, flow rate (20
sccm) and vented directly into the gas-sampling loop of the GC to
enable periodic quantification of the gas-phase products. A ther-
mal conductivity detector (TCD) was utilized to quantify hydro-
gen concentration. The Faradaic efficiency was determined by:
2np, F/Q, where ny, is the total amount of produced hydrogen
(mol), F is the Faraday constant (96485 C mol~!) and Q is the
electric charge. The data were collected every 18 minutes and the
current was integrated over the data collection time to calculate
the Faradaic efficiency.

Electrochemical impedance spectroscopy

Electrochemical Impedance spectroscopy (EIS) measurements
were performed on the bare TiO, (100 nm) substrates and with
the catalyst coated TiO, substrates in a 1 M KOH electrolyte so-
lution at pH 14 using a PARSTAT 4000 (Princeton Applied Re-
search) potentiostat. During EIS measurements, the potential
was scanned in the cathodic direction from +0.8 V to O V vs.
RHE. The frequency range of measurement was 100 kHz to 0.1
Hz at a DC potential amplitude of 10 mV. The EIS data were fit-
ted to equivalent electronic cicuits using the zView® software
(Scribner Associates). Mott-Schottky plots were obtained from
the real capacitance values obtained by fitting the semicircles in
the Nyquist plot, using a constant phase element instead of a per-
fect capacitor to account for non-ideal capacitive behaviors of the
electrodes.

J SR

FTo (P () ) Ag/AgCl Ni coil
a-SiC a-SiC nc-Si0, TiO, alactrode

Fig. 1 Schematic photoelectrochemical setup used in this work including
the a-SiC/TiO, working electrode and a Ni coil counter electrode in an
alkaline (pH 14) electrolyte.
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Material characterization

The morphology of the samples were characterized using a high-
resolution scanning electron microscope (SEM, FEI Verios 460)
with a through the lens detector (TLD) for secondary electrons.
SEM images were recorded using an accelerating voltage of 10 kV.
The material composition was characterized using an X-ray photo-
electron spectroscopy (XPS, Thermo Scientific K-alpha) equipped
with an Al K-alpha X-ray source and a flood gun. The crystal
structure of the samples were characterized using a Bruker D8
Advance X-ray diffractometer equipped with LynxEye linear de-
tector in a Bragg-Brentano configuration, with a cobalt source
(Co—Koy A = 1.788965 A).

Results and discussion

Electrohemical activities of dual-catalysts

To examine the electrochemical activity of the hydrogen evolu-
tion catalysts (Ni, Ni-Mo, and Ni/Ni-Mo), each catalyst was de-
posited onto TiO, to measure the current-potential (j—V) charac-
teristics in the dark. The Ni-Mo catalyst was first electrodeposited
potentiostatically onto TiO, at an applied potential of —1.2 V
vs. Ag/AgCl, resulting in the formation of uniformly dispersed
nanoparticles with a mean size of 10 nm, and with an interparticle
spacing distance of a few nanometers that, in some regions, form
agglomerates (shown by scanning electron microscopy (SEM) im-
ages in Fig. 2 and more detailed images are shown in ESL Fig.
S1). Fig. 3 shows that Ni-Mo has a negligible overpotential to
generate current for the HER. However, the incomplete coverage
of Ni-Mo on the TiO, surface leads to a low number of catalyt-
ically active sites, which reduces the rate of the reaction, shown
by the low slope of current as more negative potentials are ap-
plied. This slow reaction is ascribed to the limited pathway of
electron transfer that is restricted through only the surface region
covered by the Ni-Mo particles, as illustrated in Fig. 3b. At very
negative potentials, the low number of active sites causes a large
number of electrons to accumulate at the interface between the
TiO; layer and the Ni-Mo nanoparticles, and thus lowers the rate
of charge transfer from the semiconductor to the electrolyte since
TiO, itself has very low activity to drive the HER (Fig. 2, black
curve).

To try to overcome the poor kinetics of the Ni-Mo catalyst, a
thin Ni film (2 nm) was sputter-deposited on the TiO, layer be-
fore the electrodeposition of Ni-Mo. Pure Ni is known to be an
active and stable electrode material for the HER in an alkaline
environment, and is thus also investigated as a catalyst layer on
top of TiO, in our study. Although Ni alone shows a relatively
large thermodynamic overpotential (0.2 V), it has an immedi-
ate increase of current near the onset potential (defined as the
potential required to achieve —100 pA/cm~2) as a result of the
homogeneous coverage of the sputtered Ni film on TiO,. The ac-
tivity of the catalyst was enhanced further by depositing Ni-Mo
onto Ni. SEM images show that the deposition of Ni-Mo onto
Ni results in compact agglomerates with a larger spacing distance
and a nonuniform distribution of larger particles over the surface
(ESL ¥ Fig. S1). However, the insertion of a thin Ni can fill the in-
terparticle gap of Ni-Mo particles that will subsequently increase

4| Journal Name, [year], [vol.],1-11

Fig. 2 Top-view SEM images of (a) FTO/TiO,, (b) FTO/TiO,/Ni, (c)
FTO/TiO,/Ni-Mo, (d) FTO/TiO,/Ni/Ni-Mo.

(@ of o]
2b 4
5 -4t 1
g 6l TiO,/Ni ]
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= 10l TiO,/Ni/Ni-Mo ]
-12F Tio/Ni-Mo H 14 ]
14t P 1
-05 04 -03 -02 -01 0.0 0.1
V (V vs. RHE)
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H, Ni-Mo Ni-Mo H,
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ESw * L ] LR} >
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Fig. 3 (a) Linear sweep voltammetry of Ni, Ni-Mo, and Ni/Ni-Mo on
TiO,. All samples were measured in 1 M KOH at pH 14.(b) Schematic
illustration of electron pathways through the catalytically active sites of
Ni—Mo particles and (c) Ni/Ni-Mo dual-catalysts.

the number of HER active sites, and therefore allow electrons to
transfer across the entire surface, as illustrated in Fig. 3c. Addi-
tionally, the Ni/Ni-Mo composite indirectly creates a synergistic
effect that drives the reaction at a low overpotential while still
maintaining the fast rate of the reaction. This is evidenced by the
ability of Ni/Ni-Mo to rapidly increase the cathodic current near
the same onset potential as that of only Ni-Mo, and produces
higher current at more negative potentials. To give an illustra-
tion, the Ni-Mo requires an extra potential of 130 mV to achieve
the same current density of —10 mA cm 2 that the Ni/Ni-Mo
dual-catalyst needs.

This journal is © The Royal Society of Chemistry [year]
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Band-edge energetics of the interfacial layers
To understand the interfacial energetics between the TiO, layer,
the catalyst and/or the electrolyte, electrochemical impedance
spectroscopy (EIS) was performed in the dark in 1 M KOH elec-
trolyte at pH 14. Representative Nyquist plots of each configu-
ration are shown in Fig. 4a. Although the EIS of the bare TiO,
was recorded over a frequency range from 100 kHz to 0.1 Hz, the
analysis was only performed in the high-frequency region (i.e.,
between 100 kHz and 50 Hz) where capacitive response in this
region was prominent. Therefore impedance data can be mod-
elled using a simple Randles circuit consisting of a series resis-
tance of the electrolyte and electrical back contact (Rgeries), and
a bulk resistance of TiO, that is related to exchange of electrons
between the conduction band and electronic states on the sur-
face (in this case the surface states) (Rp,y) >$2? in parallel with a
space-charge capacitance of TiO; (Csc), as shown in Fig. 4b. The
complete data scan can be found in ESI,t Fig. S2. Adding extra
components and using a more complex electronic circuit would
allow for more accurate fittings of the impedance data, partic-
ularly in the low frequency region to account for processes oc-
curring at the semiconductor/electrolyte interface, arisen by the
Helmholtz layer. However, we noticed that the high-frequency
response was somewhat overlapping with the low-frequency re-
sponse in the Nyquist plot, corresponding to the space-charge
layer and Helmholtz layer, respectively. Consequently, no dis-
tinct semicircles could be observed to discriminate each contri-
bution. Taking all these individual processes into account in the
equivalent circuit would inevitably lead to ambiguous interpre-
tation, and therefore separating non-relevant contributions from
the space-charge layer becomes even more complicated. To avoid
this complexity, fitting impedance data was restricted to only re-
gion dominated by the space-charge layer (i.e., typically between
100 kHz and 100 Hz) using a simple Randles circuit, thus allow-
ing identification and determination of solely the Cs¢ of TiO,.
Besides the Nyquist plot, additional valuable information of the
EIS results can be obtained from the Bode phase plot shown in
Fig. 5b. In this Bode phase plot, the TiO,/electrolyte system
exhibits phase angles lower than —90°, which is typically ascribed
to a non-ideal capacitive behavior. Therefore, a constant phase
element of the space-charge layer (CPEgc) is used instead of the
perfect Csc element in the equivalent electronic circuit to fit the
impedance data. The equivalent capacitance of a CPE is given
by30

C = CPE(@max)" " 2

where ®mayx is the frequency at which the imaginary value of the
impedance has the maximum, and » is the empirical constant that
describes the electrical behavior of CPE, and can range between
0 (purely resistive) and 1 (purely capacitive). In a circuit model
where the CPE is in parallel with R, the true capacitance can be
estimated using the following relationship: 3!

c = rU-n/m)cpg(1/n) 3)

The origin of this CPE behavior is most likely due to the presence
of multiple surface states and/or deep impurity states with energy

This journal is © The Royal Society of Chemistry [year]
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Fig. 4 (a) Nyquist plots of TiO, with and without the catalysts at +0.3 V
vs. RHE. The horizontal axis is the real part of impedance (Z;e) and the
vertical axis is the imaginary part of impedance (Zi,). The inset shows
the magnification of the impedance response in the high-frequency re-
gion. The symbols represent the impedance data points from the EIS
measurements and the solid lines represent the fit results using the
equivalent electronic circuits. (b) Randles circuit used when one semi-
circle in the Nyquist plot is observed. (c) Equivalent circuit used when
two semicircles are apparent, involving the contribution from the Ni-Mo
catalyst.

levels distributed within the band gap. 32

When the Ni-Mo catalyst is deposited onto TiO,, two-
semicircle features in the Nyquist plot are apparent. The first
semicircle (shown in the inset of Fig. 4a) in the high-frequency
region is related to the contribution from the space-charge layer
of TiO; and the low-frequency semicircle is associated with the
contribution from the Ni-Mo catalyst. Consequently, extra com-
ponents the constant phase element of Ni-Mo (CPEy;_p,) and the
charge transfer resistance of Ni-Mo (R, ni_mo) are added to the
equivalent circuit to interpret the impedance data, as shown in
Fig 4c. The validity of this circuit was verified by independent in-
vestigation of the high-frequency response of the impedance data
(i.e., low semicircle); the obtained capacitances of the TiO,/Ni-
Mo from the fitted high-frequency impedance reveal identical val-
ues (in the same order of magnitude) as that of the bare TiO,
throughout the whole potential range of measurement, as shown
in Fig. 6a. Since the high-frequency impedance of a semicon-
ductor is generally attributed to the contribution of the Csc, this
implies that the space-charge layer of the TiO, is not affected by
the presence of Ni-Mo particles, and therefore the TiO, still forms
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Fig. 5 Bode plots of (a) total impedance (|Z|) and (b) phase angle of TiO,
with and without and the catalysts collected during EIS measurements at
different applied potentials.

a solid/liquid junction with the electrolyte. The existence of the
Csc of the TiO; is also evidenced by the distinguishable peaks of
phase angle in the high-frequency region (i.e., 1 kHz) in the Bode
phase plot (Fig. 5b), in addition to the broad phase-angle peaks
in the low-frequency regime (10 Hz to 0.1 Hz). Another reason
that allowed us to use this equivalent circuit was the fitting results
of Ryyik of the TiO,/Ni-Mo having lower values than that of the
bare TiO, (Fig. 6b). This means that the exchange of electrons
occur predominantly between the TiO, conduction band and the
metallic Ni-Mo that have higher electron density than the TiO,
surface state, and therefore lowering the resistance. To account
for this process, the Ry, element is in parallel association with
CPEyi_mo and R, Ni-mo- This equivalent circuit allowed us to ac-
curately fit the impedance data throughout the whole frequency
range of measurement (ESI,{ Fig. S3).

When a thin Ni film (2 nm) is introduced between the TiO,
and Ni-Mo nanoparticles, the EIS data reveal only one semicir-
cle in the Nyquist plot (Fig. 4a). Although the TiO,/Ni/Ni-Mo
exhibits a seemingly identical semicircle as that of the bare TiO5,
a careful examination in the Bode plot shows a clear shift of the
onset of the total impedance (|Z|) from 2 kHz in for the bare TiO,
to 200 Hz for the TiO,/Ni/Ni-Mo (Fig. 5a). This means that
the TiO,/Ni/Ni-Mo has a nearly constant impedance in the high-
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Fig. 6 (a) Csg and (b) Rpuik of the TiO, in the bare TiO, (black circles)
and TiO,/Ni-Mo (blue circles) configurations. Values are obtained by
fitting the impedance data with the equivalent circuits.

frequency region (100 kHz to 200 Hz). In this frequency range,
the |Z| is almost equal to the real impedance (Z, i.e., resistance,
R) because the imaginary impedance (Z;,, i.e., 1/@C) is too in-
significant such that its contribution to the |Z| is negligible (ESI,
Fig. S4). This is also consistent with the zero or small phase an-
gle observed from the TiO,/Ni/Ni-Mo within the frequency range
between 100 kHz and 200 Hz, contrary to the bare TiO, of which
the phase angle peak is already observed at 100 Hz (Fig. 5b). This
implies that the capacitive behavior of the TiO,/Ni/Ni-Mo in the
high frequency region is not present. Since the high-frequency
impedance is generally attributed to the contribution from the
electrical characteristic of the space-charge layer of the semicon-
ductor, the constant response of impedance in the high-frequency
region, thus the absence of Cs¢, explicitly suggests that the elec-
trical junction between TiO, and Ni is entirely dominated by the
resistive behavior. This situation is likely due to the formation of
an ohmic contact between TiO, and Ni whose work functions are
nearly identical (5.1 eV for TiO, 33 and 5.04-5.35 eV for Ni34). A
previous investigation using operando X-ray photoelectron spec-
troscopy (XPS) in a photoelectrochemical cell has also revealed
that an ultrathin film of Ni is sufficient to effectively maintain a
constant electronic band structure of the TiO, closer to the flat-
band potential across a wide potential range, thus providing an
ohmic behavior instead of a rectifying junction. 3> This ohmic con-
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tact across the whole surface can be evidently true as confirmed
by the nearly uniform coverage of Ni (ESL Fig. S4). In a strongly
alkaline electrolyte, the thin Ni will oxidize to form nickel hy-
droxide, but will transform back to Ni at reductive potentials and
is stable in the metallic form under cathodic conditions (ESI,{
Fig. S5). These electrochemical processes where the TiO;, has an
ohmic contact with the catalyst can be modelled using a Randles
circuit consisting of a Rgerjes that already includes the resistance
of the bulk of the TiO, (i.e., Rgeries = Reontact + Relectrolyte J"Rbulk)’
the charge transfer from the Ni/Ni-Mo (R, Ni/Ni-Mo) and the ca-
pacitance or CPE of the Ni/Ni-Mo (CPEy;/ni-mo)- The fit results
of the impedance data using this equivalent circuit can be found
in ESL T Fig. S6.

The fit results of the Csc of the TiO, from the EIS data were
then used to construct Mott—Schottky plots in order to analyze
the influence of the HER catalysts on the flat-band potential of
TiO, (shown in Fig. 7). The intercept between the extrapolated
inverse square capacitance of the TiO, space-charge layer with
the x-axis indicates the flat-band potential of TiO,. The TiO, with
and without Ni-Mo particles exhibits nearly the same flat-band
potential as the bare TiO, (—0.2 Vvs. RHE) with a slight deviation
which is still in the acceptable margin of error. This band pinning
is expected as the Ni-Mo particles do not completely cover the
TiO; film, thus still allowing the underlying TiO; to be in contact
with electrolyte, and forming a rectifying solid/liquid junction.
In the case of TiO; coated with Ni/Ni-Mo, the high-frequency
impedance is not present, and therefore the flat-band potential
cannot be determined. Fitting the low-frequency impedance with
a Randles circuit results in a very distinct slope of the Mott—
Schotky plot compared to the other two configurations. Since
the low-frequency impedance is mainly attributed to the capaci-
tance of the catalyst, the Mott—Schottky result obtained by fitting
the impedance data with the equivalent circuit does not reflect
the flat-band potential of TiO,.

Following the electrochemical characterization of the different
catalyst layers on TiO,, the composite layers were deposited in

TiO,/Ni-Mo

Cqs ” (x10° F? cm’)
[y
(6]

%2 02 00 02 04 06 08
V (V vs. RHE)

Fig. 7 Mott—Schottky plots of TiO, (100 nm) with (blue) and without Ni—
Mo (black). The intercept between the extrapolated linear lines with the x-
axis indicate the flat-band potentials. All measurements were performed
in 1 M KOH pH 14.
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the same conditions on the a-SiC photocathodes to observe their
ability to transfer photogenerated charges to drive the HER. The
influence of the catalysts on the interfacial energetics of TiO,-
protected a-SiC photocathodes at the solid-liquid interface was
investigated by performing open-circuit voltage (OCV) measure-
ments in the dark and under illumination, and is shown in Fig. 8.
The presence of the TiO, front layer is important to maintain the
stability of the a-SiC photocathode during OCV measurements,
since without TiO, the a-SiC photocathode undergoes rapid cor-
rosion even under open-circuit conditions. The OCV in the dark
represents the pinning of the Fermi level of the photocathode with
an electronic state of the front layer and the change in OCV under
illumination represents the quasi-Fermi level splitting that trans-
lates into the built-in photovoltage of the photocathode. Without
any catalyst and without illumination, the Fermi level of the a-
SiC photocathode equilibriates with the surface electronic state
of the TiO, at +0.46 V vs. RHE. This dark OCV value measured at
pH 14 turns out to be close to the previously reported OCV mea-
surement of a-SiC/TiO, measured at pH 4 (+0.5 V vs. RHE),®
implying that the energy level of the our amorphous TiO, surface
state is almost independent of the electrolyte pH, with respect
to water redox potentials. The addition of the Ni-Mo catalyst
onto the a-SiC/TiO, does not lead to a noticable change of the
dark OCV. This is mainly due to the fact that the TiO, interfacial
layer still forms a solid/liquid junction with the electrolyte and
therefore the equilibriation of the Fermi level is not substantially
affected by the Ni-Mo nanoparticles on the surface. In the case
of the Ni/Ni-Mo dual-catalyst on the a-SiC/TiO, photocathode,
a new thermal equilibrium is established and the Fermi level of
the photocathode is pinned to the new equilibrium surface po-
tential of the outermost layer ,i.e., Ni at +0.7 V vs. RHE in the
dark. At this dark open-circuit condition, no solid/liquid junction
is expected because the electrical behavior between TiO; and Ni
is dictated by an ohmic contact. During the dark and illuminated
OCV measurements, all the photocathodes show a photovoltage
of 0.8 V, confirming that the addition of the catalysts does not

illuminated
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a-SiC/TiO,/Ni-Mo
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Fig. 8 Open-circuit voltage (OCV )measurements of the a-SiC/TiO, pho-
tocathode with and without the catalyst layers. The change in open-circuit
voltage in the dark and under illumination represents the photovoltage of
the composite systems.
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affect the electronic equilibriation of the (p-i-n) structure of the
a-SiC with the TiO», i.e., that the buried junction photovoltage is
maintained.

Photoelectrochemical activities of a-SiC photocathodes

The catalytic activities of Ni-Mo and Ni/Ni-Mo were further eval-
uated on a-SiC photocathodes by cyclic voltammetry under 1 sun
illumination in a 1 M KOH electrolyte at pH 14, and the results are
shown in Fig. 9. Without the catalysts, the TiO, protected a-SiC
shows a late photocurrent onset potential (+0.2 V vs. RHE) due
to the poor reaction kinetics on the bare TiO, surface. The ad-
dition of a Ni-Mo catalyst significantly shifts the onset potential,
which can be closely seen from the intercept between the anodic
and cathodic photocurrent at +0.8 V vs. RHE, shown in the inset
of Fig. 9. This result is expected since at this onset potential, the
constant photovoltage (0.8 V) of the buried junction a-SiC pho-
tocathode should allow the potential at the surface/electrolyte
interface to be positioned at the hydrogen evolution potential (0
V vs. RHE), as illustrated in Fig. 10a. However, the photocurrent
does not rise steeply at the onset potential, which is primarily due
to the low number of active sites for hydrogen evolution of Ni—
Mo on the photocathode. Accordingly, the maximum photocur-
rent density of the a-SiC photocathode with only a Ni-Mo HEC is
limited to only —10 mA cm~2 at 0 V vs. RHE.

Cyclic voltammetry data in Fig. 9 also indicates that the photo-
electrochemical activity of the a-SiC photocathode with Ni/Ni-Mo
dual-catalyst is noticeably higher than that with only the Ni-Mo
catalyst. A closer inspection in the inset of Fig. 9 reveals that both
a-SiC photocathodes with Ni-Mo and Ni/Ni-Mo catalysts have
the same onset potential of +0.8 V vs. RHE. Nevertheless, the in-
stantaneous increase of photocurrent onset by the more efficient
Ni/Ni-Mo dual-catalyst improves the photocurrent significantly
throughout the whole potential range of measurement. Despite
the increase of cathodic photocurrent, the anodic current of the
a-SiC with Ni/Ni-Mo is also more profound at potentials more
positive than +0.8 V vs. RHE. This anodic current is related to

V (V vs. RHE)
00 04 038

j (MA cm™)

asf , .
20.6-04-02 0.0 02 04 0.6 0.8 1.0 1.2
V (V vs. RHE)

Fig. 9 Cyclic voltammetries of a-SiC/TiO, with Ni-Mo and Ni/Ni-Mo un-
der 1 sun illumination. The inset shows the photocurrent onset potential
of the photocathodes at +0.8 V vs. RHE. The measurements were per-
formed in 1 M KOH at pH 14.
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the oxidation of the exposed Ni catalyst to Ni(OH); and the ca-
thodic current at +0.9 V vs. RHE is associated with its reduction
back to Ni. It is generally known from the Pourbaix diagram that
the redox-phase transformation between Ni and Ni(OH); in an
extremely alkaline environment occurs at near the hydrogen evo-
lution potential (ESI,{ Fig. S7). The reduction and oxidation of
Ni near the photocurrent onset potential at +0.8 V vs. RHE is
also consistent with the constant photovoltage of a-SiC (0.8 V)
that brings the surface potential of Ni to near the hydrogen evo-
lution potential, thus allowing Ni to oxidize or reduce depending
on the direction of the potential scan during cyclic voltammetry,
as illustrated in Fig. 10b. At potentials more negative than +0.8
V vs. RHE, Ni is stable in the metallic form and performs the
catalytic reaction of hydrogen evolution (Fig. 10c). The enhance-
ment of the photoelectrochemical activity of a-SiC by an efficient
Ni/Ni-Mo dual-catalyst leads to an increased photocurrent den-
sity of —14 mA cm 2 at 0 V vs. RHE. This is the highest reported
photocurrent from amorphous-Si-based photoelectrodes for pho-
toelectrochemical hydrogen evolution. This result is made even
more impressive that the entire structure (a-SiC/TiO,/Ni/Ni-Mo)
is less than 150 nm, and composed entirely of earth abundant ma-
terials.

Stability of a-SiC photocathodes

The stability of our a-SiC photocathode under photoelectrocat-
alytic conditions was evaluated by performing chronoamperom-
etry measurements at a fixed applied potential of 0 V vs. RHE,
and the result is shown in Fig. 11. The a-SiC photocathode only
shows a stable photocurrent for 40 minutes, followed by a rapid
deactivation and sharp decrease of photocurrent, which leaves
only 35% of the initial value after 1 hour. To confirm that the
photocurrent was related to the hydrogen evolution reaction, the
hydrogen was measured during the illuminated chronoamperom-
etry experiment using a gas chromatography (GC). The time res-
olution of data collection of our GC is 18 minutes (the lowest
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T (=)
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Fig. 10 (a) Energy band diagram at applied potential +0.8 V vs. RHE.
Schematic illustration of (b) Ni oxidation and reduction at an applied po-
tential on a-SiC of ~ +0.8 V vs. RHE and (c) the position of surface
potential at applied potentials on a-SiC of < +0.8 V vs. RHE.
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time limit for our particular device). In order to accurately calcu-
late the Faradaic efficiency, the current was integrated every 18
minutes to determine the total number of charge generated over
the data collection time. This measurement allowed for quantifi-
cation of evolved hydrogen gas and the rate of corrosion of the
photocathode by photogenerated electrons. During the measure-
ment, the Faradaic efficiency remained nearly 100% in the first
40 minutes, and exceeded unity (117%) when the photocurrent
dropped steeply. The overestimated Faradaic efficiency is proba-
bly due to the dissolution of our hydrogenated a-SiC during the
chronoamperomety measurements that released hydrogen, and
was detected by the GC. The origin of the decay of photocurrent
may be caused by the instability of the TiO, protection layer un-
der very cathodic applied bias or the presence of pinholes in TiO,
that exposes a-SiC to the highly corrosive electrolyte (1 M KOH),
and subsequently etches the a-SiC. As the thickness of the pho-
tocathode is reduced, the number of photogenerated electron de-
creases, causing the photocurrent to drop. Without the TiO, layer,
the a-SiC dissolves faster even in the dark, in the same electrolyte
solution and without applied bias (no net current flow), leaving
only the FTO after 1 hour (ESLt Fig. S8). This confirms that a-
SiC is intrinsically unstable when exposed to a strongly alkaline
environment.

In order to confirm the durability of our TiO, protection layer,
a separate stability experiment was performed using only TiO,
on FTO (without the a-SiC photocathode) and using the different
catalyst configurations. From the chronopotentiometry measure-
ment in the dark at a fixed current of —10 mA cm~2, all catalyzed
FTO/TiO, samples demonstrate a good stability for 24 hours and
were able to maintain a potential more positive than —0.5 V vs.
RHE (ESL Fig. S9). To confirm the stability of the TiO,, an XPS
analysis was performed on the Ni-catalyzed TiO, before and af-
ter the stability test. The thin Ni film was chosen instead of the
Ni/Ni-Mo dual-catalyst because the 2 nm of Ni should allow the
photoelectron from TiO; to escape and be detected by the XPS,
since the escape depth is typically in the range of 3 and 4 nm.
Before the stability measurement, the Ti 2p signal from TiO, was
weak because it was covered by Ni (ESL Fig. S10). XPS data re-
veal that the Ti 2p signal is still detectable after 24 hours, which
means that TiO, was not dissolved, and remained present after
the test. Interestingly, the Ti 2p signal becomes stronger after 24-
hour measurement. This is probably because of the detachment
of Ni from TiO, during the long chronoamperometry test. The
removal of Ni is also observed from the reduced intensity of Ni
2p signals in the XPS data and the increased intensity of Ti 2p
signal after prolonged testing, which indicates TiO, became un-
covered and more detectable due to the disappearance of the Ni
film (ESL7 Fig. S11).

In the case of TiO; as a protection layer for the a-SiC photocath-
ode, degradation of the photocurrent still occurs even at lower
applied potential (+0.3 V vs. RHE, ESL{ Fig. S12). Many re-
ports have attributed the failure of a TiO, protection layer to elec-
tron trapping in TiO, that reduces Ti*t to Ti’" states along with
proton intercalation that affects the compositional, structural and
physical changes of TiO, which subsequently results in deactiva-
tion of TiO, as an electron transporting layer. 3037 However in the
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Fig. 11 Chronoamperometry measurement of TiO, coated a-SiC photo-
cathodes with Ni/Ni—-Mo catalyst at a fixed potential of 0 V vs. RHE.

highly alkaline solution (1 M KOH), the concentration of protons
is too insignificant for intercalation to occur. Visual examination
reveals that the rapid decay of photocurrent is mainly due to the
dissolution of a-SiC. Since in our experiment the catalyzed TiO,
alone is stable under moderate potential bias (more positive than
—0.5 Vvs. RHE, shown in ESI,{ Fig. S9), we therefore speculate
that the corrosion of a-SiC takes place because of the diffusion
of hydroxide ions through TiO, that can reach further to the un-
protected a-SiC, and results in corrosion. This ionic diffusion in
TiO, most likely occurs due to the open structure and/or the pres-
ence of pinholes of the thin amorphous oxide produced by low-
temperature ALD. In the case of our stability measurement using
TiO, film on FTO, hydroxide ions can still diffuse. However, since
the FTO underneath is more chemically stable, the ionic diffu-
sion does not affect the durability of the whole composite system
and thus we do not observe any substantial degradation. Very
recently, Bae et. al. reported that the pinholes within TiO, could
result in the permeation of the highly concentrated KOH, which
causes corrosion in the underlying Si photocathode. 38

Several efforts have been attempted to use amorphous TiO; as
the protection layer for photocathodes in a strongly alkaline envi-
ronment, yet similar failures were obtained after a few hours. 839
This likely implies that although amorphous TiO, may be an ex-
cellent passivation material in a near neutral environment, 0 it
may be unsuitable as a protection layer for photocathodes in
a strongly alkaline electrolyte. Numerous studies suggest that
TiO, is useful as a protection layer in the compact crystalline
form. %3738 Transforming the amorphous structure of TiO, to a
crystalline phase may require in-situ or post-annealing at tem-
peratures of at least 400 °C. However our a-SiC cannot survive
at this extreme temperature (ESI,} Fig. S13), and therefore the
post-annealing procedure was limited to only 300 °C. This tem-
perature is evidently insufficient to improve the amorphous TiO,
to its crystalline form, as suggested by the absence of TiO, peaks
in the X-ray diffraction pattern (ESI,¥ Fig. S14). Several re-
ports have demonstrated that deposition of crystalline TiO, by
low-temperature ALD is indeed possible even without annealing
treatement. 4142 In our future work, a similar approach will be
tried to maintain the high performance and improve the stability
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of a-SiC photocathodes in an alkaline solution.

Conclusions

In summary, we have demonstrated a significant improvement of
the activity of a Ni-Mo catalyst by incorporating a thin Ni film
on TiO, coated a-SiC photocathodes prior to Ni-Mo electrodepo-
sition, which results in a dramatic increase of photocurrent up
to —14 mA cm~2 at 0 V vs. RHE in an alkaline solution. The
dual-catalyst enhances the photocurrent by increasing the num-
ber of active site for catalysis, thus allowing electron to transfer in
a large area and preventing charge accumulation on the surface.
Additionally, using EIS and Mott-Schottky analysis, we investi-
gated the rectifying junction behavior between TiO, and elec-
trolyte in the presence of Ni-Mo nanoparticles and the removal
of the solid/liquid junction to form an ohmic contact when thin
Ni film is added using magnetron sputtering before the electrode-
position of Ni-Mo. This work shows the potential of a Ni/Ni—
Mo dual-catalyst as an efficient electrocatalyst for photocathodes
and reveals the importance of high surface coverage of catalysts
on the photoelectrochemical activity of the photoelectrodes. The
high activity of the Ni/Ni-Mo dual-catalyst should motivate the
utilization of dual-catalysts on photoelectrodes to maximize the
photocurrent output for hydrogen evolution.
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