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Exploiting inexhaustible free energy from the sun to produce clean and sustainable fuels is an attractive route
toward the heavily polluted earth and energy shortage. Photoelectrochemical cell is strategic energy device
because the generated fuels can be stored and used on-demand. Herein, we present the fabrication of Si pho-
toelectrodes with efficient charge separation and transfer using metal-insulator-semiconductor heterostructures
for energy-rich fuel production via photoelectrochemical water and urea oxidation. With controls of the native
SiOy insulator layer and catalytic NiFe metal layer, Si photoelectrode exhibits a photovoltage of 530 mV and a
photocurrent density of 33.3 mA cm ™2 at 1.23 V versus reversible hydrogen electrode. Further employed Ni(OH)
catalysts allow Si photoanode to achieve fill factor of 25.73% and solar-to-hydrogen conversion efficiency of
10.8% with a perovskite/Si tandem solar cell. The fabricated Ni(OH),/NiFe/n-Si photoanode shows considerable
performances toward urea oxidation. Our work presents new insights into sunlight-assisted hydrogen production
using wastewater.

. Cathode (HER): 2H,O + 2¢” — H, + 20H"
1. Introduction ( ) 2 -

Overall: 2H,O — 2H; + O,

Harnessing the sunlight to convert carbon-free and energy-rich
hydrogen by photoelectrochemical (PEC) water splitting is one of the
solutions to provide clean electricity [1-3]. The semiconductors with
moderate bandgap are used as photoelectrodes for light absorption.
Under solar illumination, photogenerated electron-hole pairs are sepa-
rated and transported to the solid/electrolyte interfaces. The electrons
are consumed for hydrogen evolution reaction (HER), and holes are

The OER, which is a 4-electron-transfer process, is challenging
because of sluggish reaction and the requirement of substantial energy
of 1.23 V [4], and thus determines the overall PEC efficiency. To deal
with it, OER can be conducted with other favorable (photo)electro-
chemical reactions, which can be triggered at a lower potential. In this
regard, urea oxidation reaction (UOR) is a promising reaction since its

employed for oxygen evolution reaction (OER) at the anode. The reac-
tion in alkaline aqueous solution is expressed as the following equation:

Anode (OER): 4OH — O, + 4e” + 2H,0
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thermodynamic potential is 0.37 V and the utility of pollutant urea to
valuable fuels [5,6]. Various electrocatalysts for urea oxidation have
been reported and introduced to photoanodes as cocatalysts to enhance
the photocatalytic activity toward urea oxidation [6,7].

An n-type silicon, 2nd abundant element in the earth crust, has been
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widely utilized in photovoltaics and microelectronics because of its long
carrier lifetime and high crystallinity [8]. Considering the required as-
pects for the photoelectrode material (i.e., absorption of the solar
spectrum, cost-effectiveness, and long carrier diffusion length), Si is a
prime candidate to be employed for PEC devices. However, exploiting Si
as photoanode is challenging because of its instability in aqueous elec-
trolytes and low catalytic activity [9,10]. The valence band position of
silicon is more negative than the oxidation potential (H20/05),
requiring a large applied potential. Also, its theoretical photovoltage is
~750 mV [11], which is insufficient for driving water splitting reaction.
In the past decades, many efforts have been devoted to preventing Si
from being corroded by introducing protection layers with chemical
stability and catalytic activity in alkaline electrolytes [12-15]. Espe-
cially, metal-insulator-semiconductor (MIS) architecture is a promising
candidate for Si photoanodes. Because MIS structure prevents the sur-
face recombination originating from the metal-induced gap states
compared to the direct metal-semiconductor Schottky junction and in-
crease barrier height, leading to the large photovoltage output [16]. To
maximize the barrier height, which is the driving force for generating
photovoltage, interface engineering of MIS photoanodes has been con-
ducted by inserting ultrathin tunneling oxide layer (e.g., HfOy, Al2Os3,
TiOs, SiOy) using high-vacuum types of equipment [17-21]. The intro-
duction of efficient co-catalysts with optical transparency on MIS pho-
toanode can accelerate the PEC activity at low overpotential. Loget et al.
reported the Si/SiOy/Ni MIS structures with Ni-Prussian blue derivative
(NiFePB) [22]. Similar work was done using CoFePB and NiRuPB with
inhomogeneity of metal thin film for OER and UOR [23]. Recently,
amorphous Ni-Mo-O coatings with the optically adaptive property were
introduced on n-Si/SiOx/Ni MIS photoanodes as UOR catalysts [24].
From an integrated point of view, however, studies on the integrated
analysis of MIS photoanodes by engineering each layer, such as the ef-
fects of physical/chemical properties of the insulating layer and metal
composition on OER and UOR performance, are still intriguing.

In this article, we report the tailored MIS photoanodes for water and
urea oxidation and investigate their properties by manipulating the
insulating SiOy layer using chemical etching methods, the composition
of NiyFe;_y metal thin films, and incorporation of additional Ni(OH),
catalyst via electrodeposition. We show that the status of the SiOy layer
has a huge effect on the properties of MIS photoanodes. With the native
SiOy insulating layer, composition control of NiyFe; y metal thin film
improves the photovoltages and exhibits catalytic activity. A systematic
study reveals that introducing additional Ni(OH), catalysts on
Nig.sFe.5/SiOx/n-Si leads to a higher fill factor of over 25% and en-
hances the charge transfer kinetics and stability. With the aids of
perovskite/Si tandem solar cell, wired photovoltaic (PV)-PEC tandem
device generates a photocurrent of 8.8 mA cm ™2, corresponding to the
solar-to-hydrogen (STH) conversion efficiency of 10.8% under zero bias.
We finally demonstrate that optimized Ni(OH),/Nig sFeg 5/SiOx/n-Si
generates high performance toward OER and shows a low onset poten-
tial of 0.83 V vs. RHE for UOR. These results indicate the design of
efficient MIS photoanodes consisting of abundant materials toward
clean Hy production using urea-containing wastewater.

2. Experimental
2.1. Preparation of substrates

Phosphorous-doped n-Si wafer ((100) oriented, single-side polished,
1-5 Qecm) was cut into 1.5 cm X 1.5 cm pieces. All wafer pieces were
cleaned with acetone, isopropanol alcohol, and ultrapure water by
ultrasonication. The Si wafers without any etching process were denoted
as SiOy/n-Si. To further control the SiOy layer, first, we conducted a
conventional RCA-2 etching process (denoted as SiOxprca/n-Si); Si
pieces were soaked in 3/1 v/v concentrated HySO4/H505 solution for 10
min, immersed in a buffered HF etchant for 30 sec, and cleaned with DI
water. Then wafers were soaked in 5/1/1 (by volume) concentrated
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H50, hydrochloric acid, and hydrogen peroxide at 80 °C for 30 min.
Finally, the Si pieces were rinsed with ultrapure water and dried under a
flow of Ns. Second, n-Si wafers were soaked in buffered oxide etchant
(7:1, J. T. Baker) for 30 s to remove the residual SiOy layer (denoted as
SiOX’BOE/H-Si).

2.2. E-beam deposition of transition metals

Transition metal thin layers were deposited on silicon substrate by
electron beam evaporator (Rocky Mountain Vacuum Tech.). Applied e-
beam voltage was set at 7.5 kV, and a base pressure was maintained in
the range of 10~ Torr. All transition metal thin film layers were
deposited with the rate of 0.1-0.2 A sl Ni (Taewon Scientific Co.,
99.999%) and Fe (Taewon Scientific Co., 99.999%) evaporation targets
were used, and the NiFe alloy targets with various compositions (wt%)
were prepared by using an arc furnace.

2.3. Electrodeposition of Ni(OH),

To conduct electrodeposition of Ni(OH),, back side of silicon was
scratched and InGa eutectic alloy (Sigma Aldrich) was applied to form
an ohmic contact. Then, copper wire was attached on top of the InGa
alloy using conductive silver paste. After the silver paste dried, the Si
surface except for the deposition area (1 cm x 1 cm) was completely
sealed with an adhesive Kapton tape to prevent contact with the elec-
trolyte. Electrodeposition of Ni(OH); was conducted in a standard three-
electrode system; an encapsulated Si electrode as the working electrode,
a Pt mesh as the counter electrode, and a saturated calomel electrode
(SCE) as the reference electrode. Electrolytes were prepared by dis-
solving 0.004 M nickel nitrate hydrate (NiNO3e6 H20, Daejung) and
0.01 M potassium nitrate (KNO3, Daejung) and kept at the temperature
of 40 °C. Electrodeposition of Ni(OH); was conducted by applying
—0.15 mA for 10 s. After electrodeposition, Si pieces were rinsed with
deionized water, dried under nitrogen gases, and Kapton tapes were
removed.

2.4. Fabrication of perovskite/Si tandem solar cell

For the rear side of the Si cell, 80-nm-thick ITO films were deposited
using sputter, and 300-nm-thick Ag electrode was deposited using a
thermal evaporator. For the front side of Si cell, 20-nm-thick ITO films
were formed as the recombination layer. On top of the ITO/silicon
bottom cell, PTAA/perovskite/Cgo layer was deposited sequentially.
PTAA solution (5 mg mL™! in toluene) was spin-coated at 6000 rpm for
25 s, followed by annealing at 100 °C for 10 min. For the preparation of
3D perovskites, solutions were prepared by dissolving formamidinium
(FAI), methylammonium bromide (MABr), Csl, Pbl,, and PbBr;. The
molar ratio was adjusted to form stoichiometric FA 65MAg.20Cs0.15)Pb
(Ip.gBrp.2)3 in mixed solvent system (DMF:NMP = 4:1 (v/v)). 2D additive
perovskite solution was prepared by adding 2 mol% Pb(SCN)5 and 2 mol
% PEAX (=L, SCN) to the 3D perovskite solution. The prepared solution
was spin-coated at 4000 rpm for the 20 s on PTAA film. To fully crys-
tallize the spin-coated films, it was immersed in diethyl ether (DE) for
30 s. After immersing in DE, the color of the film changed to dark brown,
indicating the formation of crystallized perovskite films. The crystallized
film was annealed at 100 °C for 10 min. On top of the perovskite, Cgg
layers (C60, bathocuproine (BCP), Ag electrode) were deposited using a
thermal evaporator. A 0.2 wt% of PEIE (80% ethoxylated solution) in
methyl alcohol was spin-coated at 6000 rpm for 30 s. ITO films were
deposited on the Cg/PEIE layer using sputtering at room temperature. A
150-nm-thick Ag metal grid was deposited using a thermal evaporator
on the ITO film to fabricate final monolithic perovskite/Si tandem cells.

2.5. Characterization

The morphologies and microstructures of samples were analyzed by
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field emission scanning microscopy (MERLIN Compact, JEISS) and
transmission electron microscopy (JEM-2100 F, JEOL). GIXRD (X'pert
Pro, PANalytical) analysis was conducted to confirm the phase of
NixFe;_y. X-ray photoelectron spectroscopy (AXIS-His, KRATOS) anal-
ysis was performed to investigate the surface bonding of samples. The
narrow spectrums were analyzed using CASAXPS software. The reflec-
tance of the sample was determined by UV-Vis (V-770, JASCO). ICP-MS
(NexION 350D, Perkin-Elmer) analysis was conducted to confirm the
dissolution of NiyFe;_y films.

2.6. PEC measurements

PEC measurements were carried out in a three-electrode system
using a potentiostat (Ivium nStat, Ivium Technologies) with Pt mesh as a
counter electrode and Ag/AgCl (KCl sat.) as a reference electrode. A
light source was Xe arc lamp (LS 150, Abet Technologies), and the in-
tensity of the light from the solar simulator with AM 1.5 G filter was
calibrated using a reference photodiode (S300, McScience) to be 1 sun
(100 mW cm‘z). The incident photon-to-current conversion efficiency
was measured using a monochromator (MonoRal50) and solar simu-
lator by applying 1.23 V and 1.5 V (vs. RHE). Electrochemical imped-
ance spectroscopy (EIS) was carried out by using the alternating current

(a) (b)

Contactangle: 47°

Contactangle: 20°
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with an amplitude of 10 mV and applying the onset potential of the
samples. The sweeping frequency ranged from 250 kHz to 1 Hz. The
Nyquist plots were fit to the equivalent circuit using the Z plot 2.x
software. According to the Nernst equation, the measured potential (vs.
Ag/AgCl) was converted to the reversible hydrogen electrode (RHE)
scale:

Eriie = Eagjagal + Epgjager + 0.059 x pHwhere Egg is the potential
versus RHE, Epg/aqc is the experimentally measured potential versus Ag/
AgCl (KCl sat.), Eyy ;15 0.198 V at 25 °C, and the pH of the 1 M NaOH
electrolyte is 14.

The charge injection efficiency (®;,;) of the sample was calculated
using LSV curves in 1 M NaOH with or without 0.5 M NaySOs, where
NaySO3 was used as a hole scavenger:

Jpec = Jabs x‘pxep x‘pinj
]Na2503 = Jabs xqs.vep
where Jpgc is the measured photocurrent density and Jg is an ideal

photocurrent density, assuming that all absorbed photons are converted
to current.

(c)
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Fig. 1. Effect of controlling SiOx layer. Contact angles of the silicon substrates; (a) SiOx/n-Si, (b) SiOx rca/n-Si, and (c) SiOx por/n-Si. Cross-sectional TEM images of
the deposited thin films on silicon substrates; (d) Fe/SiOx/n-Si, (e) Fe/SiOx rca/n-Si, and (f) Fe/SiOx por/n-Si. J-V curves of (g) Fe/SiOx/n-Si, (h) Fe/SiOx rca/n-Si and

(i) Fe/SiOy pog/n-Si.
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3. Results and discussion
3.1. SiO, control

We prepared three types of SiOy layers (SiOy, SiOxrca, SiOxgog) to
investigate the effects of controlling SiOx on photoelectrochemical (PEC)
properties of Si photoanodes. Further details of preparing SiOy layers are
provided in the Experimental Section. Contact angle measurements were
conducted to investigate the surface wetting properties of Si substrates
with controlled SiOx. As shown in Fig. 1(a)-(c), contact angles of SiOy/n-
Si, SiOx rca/n-Si, and SiOy por/n-Si were 47°, 20°, and 83°, respectively.
It has been reported that Si completely covered with oxides or -OH
terminated Si is hydrophilic and stable while Si-H surface or Si-CHy is
hydrophobic [25,26]. By using chemical etching methods, we obtained
Si with different surface termination: SiOy has oxide cover, SiOx rca has
—OH terminated surface, and SiOy gor has Si-H surface.

Fe thin films were deposited on n-Si substrates with a distinctive SiOy
layer using an e-beam evaporator to form metal-insulator-
semiconductor (MIS) structured photoanodes. Fig. S1 shows the x-ray
photoelectron spectroscopy (XPS) spectra of Fe thin films on Si, where
Fe 2p3,; peak consists of Fe>* (710.3 eV and 713.2 eV) peaks and Fe>*
satellite peak (718.8 eV). O 1 s peak can be deconvoluted into three
peaks which represent Fe-O (529.6 eV), Fe-O-H (531.4 eV), and H-O-H
(533.2 eV) bonding [27-31]. Fig. 1(d)-(f) shows a high-resolution
cross-sectional transmission electron microscope (HRTEM) images of
Fe/SiOx/n-Si, Fe/SiOx rca/n-Si, and Fe/SiOy por/n-Si interface. Fe thin
films were uniformly deposited on the substrates, having a thickness of
~4 nm. The Fe/SiOx/n-Si and Fe/SiOx rca/n-Si showed a similar SiOy
thickness of 1.5 nm between the Si substrate and Fe film, while Fe/SiOy,
por/n-Si showed damaged interface between Fe layer and Si (orange). It
has been reported that HF-treated Si can have a rough silicon surface
[32], and the obtained cross-sectional HRTEM image of Fe/SiOy
poe/N-Si shows the increase in roughness of the surface and two
distinctive layers compared to SiOy and SiOx rca.

The PEC performances of insulating SiOx-controlled photoanodes
were investigated by measuring linear sweep voltammetry curvesin 1 M
NaOH electrolyte under lsun illumination (100 mW cm—2). All PEC
measurements were conducted under the AM 1.5 G using a solar simu-
lator (ABET Technologies). The spectral irradiances of the solar simu-
lator and AM 1.5 G are shown in Fig. S2. Considering the 100% of
external quantum efficiency of the system, the integrated current den-
sity based on the spectral irradiance of the solar simulator showed a
slightly higher current density than AM 1.5 G system. Fig. 1(g) and 1(h)
show the J-V curves of Fe/SiOx/n-Si and Fe/SiOx rca/n-Si, respectively.
We define the onset potential as a potential which is required to reach
the photocurrent of 1 mA cm™2. Fe/SiOy/n-Si showed an onset potential
of 1.14 V vs. RHE, while that of Fe/SiOxrca/n-Si was 1.26 V vs. RHE,
which shifted to the anodic direction. In the case of Fe/SiOx por/n-Si,
drastic degradation of J-V performance was observed, as shown in Fig. 1
(i), which might have originated from the presence of a defective SiOx
layer as shown in Fig. 1(f). Therefore, it can be observed that the native
SiOy layer can form a proper MIS junction by separating metal and Si,
preventing surface recombination.

3.2. Composition control of NiyFe;_, metal thin film

To evaluate the catalytic effects of the composition of metal thin
films on MIS photoanodes for photoelectrochemical water oxidation, the
Ni/Fe ratio of metal thin films was controlled by an e-beam evaporator.
The performance of MIS photoanode is significantly affected by the
thickness of the insulator and metal film, changing the extent of band
bending [20]. Therefore, the same thickness of the
composition-controlled NixFe;  thin films was introduced to exclude
the thickness-dependent characteristics in MIS photoanodes. The
thickness of native SiOy was fixed to ~ 2 nm, and the metallic NiyFe;_y
thin films were deposited with ~4 nm thickness. As shown in Fig. S3,
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introducing NiyFe; 4 thin layers on silicon substrates increased the light
reflection due to the nature of reflecting light. Targets with Ni/Fe ratio
of 1:0. 9:1, 3:1, 1:1, 1:9, and 0:1 were used to control the composition of
NiFe thin films on SiOx/n-Si photoanodes. Grazing incidence x-ray
diffraction (GIXRD) analysis revealed that e-beam deposited metal thin
films on silicon were an amorphous phase (Fig. S4). An n-type semi-
conductor can form a Schottky junction with high work-function metals
[15]. As shown in Fig. S5, the metal’s work function was derived by
ultraviolet photoelectron spectroscopy (UPS). Ni has a work function of
4.41 eV, NigsFegs of 3.8 €V, and Fe of 3.81 eV. As the metal’s work
function is close to the Fermi level of n-Si, the onset potential shifted to
the cathodic direction. We conducted XPS analysis to figure out the
chemical states of the metal thin films. As shown in Fig. S6, deconvo-
luted narrow Ni 2p spectra revealed the presence of metallic Ni° peak
(852.2 eV) and partial Ni%* peak (854.5 eV) for Ni thin film, and Ni 2p
and Fe 2p spectra showed metallic Ni° peak (852.5 eV) and Ni*" peak
(855 eV) and Fe3* peaks (710.3 eV and 712.4 eV) for Nig sFeg 5 thin film
[33-37].

We prepared NiyFe;_, thin films on metallic p**-Si and semi-
conducting n-Si, respectively, to evaluate electrochemical/photo-
electrochemical characteristics. The overpotential of p**-Si was
calculated using the potential difference between the required potential
to reach 10 mA cm ™2 and water oxidation potential (1.23 V vs. RHE). As
shown in Fig. 2(a), Fe thin films on p**-Si showed a high overpotential
of 420 mV compared to that of 300 mV for Ni/SiOy/p* -Si. Through the
J-V curves, Ni-rich thin films showed more favorable electrochemical
properties for water oxidation than Fe-rich thin films. We converted the
polarization curves to Tafel plots to investigate the catalytic activity of
NiyFe; 4 thin films. Fig. 2(b) shows the Tafel slopes of NiyFe; 4 thin
films, in which the linear portion of the curves was used. NigsFeg s/
SiOy/p**-Si showed the lowest Tafel slope of 42.46 mV dec ™.

Fig. 2(c) shows the J-V curves of composition-controlled NixFe; x/
SiOx/n-Si under 1 sun illumination. Contrary to the J-V curves of
NiyFe;_y/SiOy/p**-Si, the NiyFe;_,/SiOy/n-Si photoanodes showed
different tendency regarding the onset potential (V at 1 mA cm™2). Fe/
SiOy/n-Si showed a lower onset potential of 1.14 V vs. RHE compared to
that of 1.26 V vs. RHE for Ni/SiOx/n-Si. By manipulating the composi-
tion of NiyFe; , the lowest onset potential of 1.02 V vs. RHE was ach-
ieved for NigsFe(s5/SiOx/n-Si. MIS junction photoanodes can offer
sufficient photovoltages by using thin tunnel oxides and appropriate
metal with high work function [38]. Photovoltage is defined as the
difference between the quasi-Fermi level of electrons and holes. We
compared the photovoltages of NiyFe;_/SiOx/n-Si by calculating the
onset potential (V at 1 mA cm?) differences between n-Si and pT-Si.
As shown in Fig. 2(d), the photovoltage of Ni/SiOx/n-Si was 270 mV,
while that of Fe/SiO4/n-Si was 510 mV. By controlling the ratio of Ni
and Fe, photovoltage of 530 mV was achieved for Nig sFeg 5/SiOx/n-Si.

The charge injection efficiency, representing the efficiency of pho-
togenerated holes at the semiconductor-electrolyte interfaces consumed
for water oxidation, was derived by the ratio of photocurrent density in
1M NaOH with and without 0.5 M NaySOs. As shown in Fig. S7,
Nig sFeq.5/SiOx/n-Si showed the highest charge injection efficiency over
90% at 1.23 V vs. RHE. The stability of MIS-structured Si photoanodes
was investigated by conducting chronoamperometry measurements at a
potential of 1.5V versus RHE in 1 M NaOH electrolyte in AM 1.5 G
condition. As shown in Fig. S8, Ni/SiOx/n-Si was able to stand 80 h
without any remarkable decay of photocurrent density, while Fe/SiOy/
n-Si became drastically degraded within 1-hour measurement.
Nig sFeq.5/SiOx/n-Si withstood for 1 h and showed continuous photo-
current decay. Chung et al. reported the activity-stability trend of Fe-M
hydr(oxy)oxides and showed the quick dissolution of Fe from the elec-
trolytes, which is well-matched with our results [39]. We performed
inductively coupled plasma mass spectroscopy (ICP-MS) analysis to
figure out the changes in the NiyFe; y layer before and after stability
measurements. We used diluted 1 M NaOH electrolytes before and after
stability tests. As shown in Table S1, compared to Ni/SiOx/n-Si with the
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Fig. 2. Electrochemical and photoelectrochemical performances of the NixFe;  thin film/Si electrodes. (a) Electrochemical performances of the deposited NixFe;
thin films on p*"-Si. (b) Tafel plots of Ni,Fe; y thin films obtained from the curves in (a). (c) Linear sweep voltammetry curves of Si photoanodes with Ni,Fe; _, thin
film catalysts. (d) Comparison of onset potential and photovoltage between NiyFe; ,/SiOx/n-Si photoanodes.

negligible change of Ni content, the Fe amount of electrolytes were
increased after the stability test of Fe/SiOx/n-Si. Through the stability
test and ICP-MS results, it was turned out that Fe itself cannot endure in
high alkaline electrolytes. Integrated results showed a trade-off between
the onset potential and the stability as adjusting the NisFe;
composition.

3.3. Electrodeposition of Ni(OH), catalysts for water oxidation

Additional Ni(OH), catalysts were introduced on Nij sFeg 5/SiOx/n-
Si via cathodic electrodeposition method to expedite water oxidation
reaction. We denote the photoanodes as x-Ni(OH)y/Nig sFeg 5/SiOx/n-
Si, where x is the deposition time (seconds). As shown in the photo-
graphs of the MIS photoanodes with/without catalysts, the difference
was indistinguishable by the naked eyes (Fig. 3(a)). The surface
morphology of Ni(OH), was analyzed by field emission scanning elec-
tron microscopy (FESEM). The faint morphology of 10-Ni(OH); was
confirmed as shown in Fig. 3(b). As the deposition time increases, the
shape of the Ni(OH), becomes distinct (Fig. S9). To further characterize
the structure of MIS samples, cross-section TEM analysis was conducted.
As shown in Fig. 3(c), conformal Nig sFeg 5 thin film was formed on top
of the SiOy/Si. The thickness of Nig sFeq 5 thin film and SiOy were 3.5 nm
and 1.5 nm, respectively. After the electrodeposition, 3 nm-thick Ni
(OH), was formed uniformly on Nig sFeq 5/Si0x/n-Si, and the thickness
of the SiOy layer was slightly increased up to 1.8 nm (Fig. 3(d)). A TEM
equipped with an energy dispersive spectroscopy (EDS) was conducted
to discriminate the elemental distributions of MIS photoanodes. The
cross-sectional TEM images and EDS mappings show uniform thin film
and Ni, Fe, and O distributions (Fig. S10). The increase of Ni and O
signals of 10-Ni(OH)2/Nig sFeq 5/SiOx/n-Si indicates the presence of Ni
(OH)3. The formation of Ni(OH); on Nig sFe( 5/SiOx/n-Si was confirmed
by XPS analysis, as shown in Fig. S11(a-c). Compared to the XPS spectra
of NigsFeg 5/SiOx/n-Si, the metallic Ni 2p peak disappeared, and only

the Ni2* peak was observed at 855.5 eV. In the case of O 1 s spectra, a
significant M-OH peak was found at 530.9 eV.

The PEC performances of the MIS photoanodes with or without
catalysts were evaluated in 1 M NaOH electrolyte under simulated 1 sun
illumination in the three-electrode system. Fig. 4(a) shows the J-V
characteristics of the NigsFeq5/SiOx/n-Si photoanode with/without
catalysts. The onset potential of NigsFeg 5/SiOx/n-Si photoanode was
1.02 V vs. RHE, and photocurrent density of 33.3 mA cm ™2 was recor-
ded at 1.23 V vs. RHE. After introducing 10-Ni(OH), catalysts on
Nig sFeg.5/SiOx/n-Si photoanode, the 10-Ni(OH)2/Nig sFeq 5/SiOx/n-Si
showed 220 mV negative onset potential than the water oxidation po-
tential and the saturated current density of 41 mA cm™2, which reveals
that thickness of the Ni(OH), is adequate to display the catalytic prop-
erty without disturbing light absorption of silicon. After the LSV mea-
surements, Ni(OH)y/NigsFegs catalysts on SiOyx/n-Si maintained the
same chemical status as shown in Fig. S11(d-f). We calculated the half-
cell solar-to-hydrogen conversion efficiencies (HC-STH) of photoanodes
from their LSV curves. As shown in Fig. S12(a), the maximum HC-STH of
10-Ni(OH)2/Nig sFeq 5/SiOx/n-Si photoanode reaches 2.5% at 1.13 V vs.
RHE without buried junction, which exceeds the MIS photoanode
without Ni(OH); catalysts (1.5% at 1.14 V vs. RHE). As the thickness of
Ni(OH); increased, the height of the oxidation peak increased (Fig. S12
(b)). Since the thick Ni(OH); layer disturbs the light absorption of Si, the
saturated current density of x-Ni(OH)y/Nig sFeg 5/SiOx/n-Si decreased
from 40 mA cm ™2 to 27 mA cm™2 while a slight change of onset po-
tential was observed.

A factor indicating the cell’s power efficiency is represented as a fill
factor (FF). Fill factor is a concept used in photovoltaic and refers to the
ratio of the product of current and voltage at the maximum output point
to the product of short circuit current and open circuit voltage. From the
rectangularity at the maximum power point, we calculated the FF of the
photoanodes by deriving the rectangularity of the J-V property, followed
by the equation:
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Fig. 3. Morphology of the Si photoanodes. (a) Optical image of Nig sFeg 5/SiOx/n-Si and 10-Ni(OH),/Nig sFeq 5/Si0x/n-Si photoanodes. (b) FESEM image of 10-Ni
(OH)4/Nig sFeo 5/SiOx/n-Si. TEM images of (c) Nig sFeo 5/SiOx/n-Si and (d) 10-Ni(OH)»/Nig sFeg 5/SiOx/n-Si photoanodes.

FF — Typ X (123 — VMP)

Isc x (1.23 = Voy)
where the Iyp and Vyp are the current density and potential at the
maximum power point, Isc is the photocurrent density at 1.23 V vs RHE
and Eoy is the onset potential. The power efficiency of the photoanode
produced by applying FF to the photoelectrode was calculated. When
the Ni(OH), catalysts were introduced on Nig sFeq 5/Si0x/n-Si, FF was
about 25.73%, showing an increase in efficiency by about 8% compared
to the Nig sFe( 5/SiOx/n-Si. The increase of FF is advantageous in view of
shifting the working potential toward a cathodic direction, leading to
the construction of efficient pn PEC cells [40].

To investigate the electrochemical activity of the catalysts, we pre-
pared the same catalysts on metallic p™*-Si, as shown in Fig. 4(b).
Prepared Ni(OH)2/Nig sFeq 5/SiOy/p* *-Si showed the overpotential (at
10 mA cm %) of 320 mV, which was 60 mV lower than that of
Nig sFeq.5/SiOyx/p''-Si, expediting the OER activity. To investigate
charge transport properties, electrochemical impedance spectroscopy
(EIS) measurement was conducted near the onset potential of each
photoanode (Fig. 4(c)). In the Nyquist plot, small semicircles represent
the fast charge transfer kinetics of the photoanodes at the interface. The
equivalent circuit which was used to fit the measured EIS spectra is
shown in the inset. The equivalent circuit components are charge
transfer resistance (R¢y) and capacitance element (C). The R repre-
sents the contact resistance of silicon, Ry 2 the resistance between silicon
and catalysts, and R 3 the resistance between catalysts and electrolytes.

The fitted values of resistance and capacitance of MIS photoanodes
with/without catalysts are summarized in Table S2. By introducing
catalysts, the smaller charge transfer resistance (Rc;3) of the 10-Ni
(OH)2/NipsFeo5/SiOx/n-Si resulted in enhanced interfacial charge
transfer.

Incident photon-to-current conversion efficiencies (IPCE) of MIS
photoanodes with/without catalysts were conducted to investigate the
effect of introducing Ni(OH); catalysts. The IPCEs of the Si photoanodes
were measured in 1 M NaOH electrolyte at an applied bias of 1.5 V vs.
RHE, where photoanodes reach the saturated current density. As shown
in Fig. 4(d), both Si photoanodes showed the photo-response over the
visible wavelength, which is well matched to the bandgap of silicon. By
introducing Ni(OH), catalysts, 10-Ni(OH)2/Nig sFe( 5/SiOx/n-Si photo-
anode reached a value up to 90%, indicating high responsivity to the
visible lights. The stability of the 10-Ni(OH)y/Nig sFeg 5/SiOx/n-Si
photoanode was evaluated under 1 sun illumination (100 mW cm’z) in
1 M NaOH (pH 14) and 1 M K-borate (pH 9.5) electrolytes. Compared to
the stability of MIS photoanode without Ni(OH), catalysts (Fig. S8(b)),
10-Ni(OH)2/Nig sFe.5/SiOx/n-Si photoanode showed improved stabil-
ity up to 5 h (Fig. S13(a)). However, the rapid photocurrent drop was
observed after 5h, which is attributed to the instability of Fe in the
alkaline electrolytes (Fig. S8(c)). The fast photocurrent decay of 10-Ni
(OH)2/Nig sFe(.5/SiOx/n-Si photoanode was significantly alleviated in
mild alkaline 1 M K-borate electrolyte. As shown in Fig. 4(e), the
decrease in photocurrent was not observed for 100 h operation at a
constant potential of 1.8V vs. RHE. After a continuous 100 h
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Fig. 4. Water oxidation performances. LSV curves of (a) n-Si photoanodes and (b) p*"-Si anodes for water oxidation. (c) Nyquist plots of photoanodes. Inset shows
the equivalent circuit. (d) IPCEs of Si photoanodes. (e) Stability test of 10-Ni(OH)2/Nig sFeq 5/SiOx/n-Si in 1 M K-borate. (f) Faradaic efficiency and O, evolution of

10-Ni(OH),/Nig sFe.5/SiOx/n-Si.

chronoamperometric measurement, slight degradation in PEC perfor-
mance was confirmed (Fig. S13(b)). By comparing the stability in
alkaline electrolytes with different pH, it can be derived that corrosion
of Ni(OH)2/Nig sFeg 5 can be largely suppressed in the mild electrolyte.
To further investigate whether photogenerated charge carriers are
consumed for oxygen evolution reaction, the oxygen evolution of 10-Ni
(OH)2/Nig sFeq 5/SiOx/n-Si photoanode was measured by gas chroma-
tography at 1.8 V vs. RHE. As shown in Fig. 4(f), the Faradaic efficiency
value was close to 100% during the measurements, which indicates that
all photogenerated holes are consumed for water oxidation without any
side reactions. A few points showed higher than 100%, attributed to the
generated O, bubbles attached to the photoanode surface. The measured
amount of oxygen increased in proportion to time, consistent with the
calculated theoretical amount of oxygen generation.

The photovoltage is a driving force to induce spontaneous PEC water
splitting without an external bias. Through a series of experiments,
optimized MIS photoanodes with oxygen evolving catalysts, generating

a photovoltage of 500 mV. However, still, the generated photovoltage is
not ample for spontaneous water splitting reaction. The design of de-
vices such as PV-electrolyzer (EC), PV-PEC, and PEC-PEC tandem cells
has been considered as a promising approach to achieve clean hydrogen
without applying bias [41-45]. To make up for insufficient photovoltage
output of Si photoanodes, we fabricated wired perovskite/Si tandem
solar cell with the photoanode to supply ample photo-induced voltage.
The schematic shown in Fig. 5(a) demonstrated that both solar cell and
photoanode were in parallel light illumination with an area ratio of 1:1.
The structure of the monolithic perovskite/Si tandem solar cell is illus-
trated in Fig. S14(a). By designing an optimal bandgap configuration of
1.7 eV/1.12 eV as light absorbers, perovskite/Si tandem solar cell
showed the open circuit voltage (Vo.) of 1.8 V and the short circuit
current of 19.3 mA cm 2 (Fig. S14(b)) [46]. Under the two-electrode
system, J-V curves of perovskite/Si tandem solar cell and 10-Ni
(OH)2/Nip sFe 5/SiOx/n-Si photoanode are shown in Fig. 5(b). The
intersection of J-V curves indicates achievable photocurrent (operating
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Fig. 5. PV-PEC tandem cell configuration and PEC performance. (a) Schematic of wire-connected tandem cell. (b) 2-electrode J-V curves of the 10-Ni(OH),/
Nig sFe.5/Si0x/n-Si photoanode and perovskite/Si tandem solar cell under AM 1.5G irradiation. (c¢) Chronoamperometry of unassisted water splitting under 1 sun
illumination.
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current, Jo,) without applying external bias. We can estimate the
solar-to-hydrogen (STH) conversion efficiency (nsrg) of the PV-PEC
tandem device using this point by the following equation:

123 V. x J, (mA
100 mW cm?

cm™?)

Nerw =

The expected nsry of PV-PEC tandem device is 10.77% by using Jop of
8.75 mA cm 2. The actual unassisted water splitting performance of the
PV-PEC tandem device was characterized by chronoamperometry
measurements at zero bias with chopped light. As shown in Fig. 5(c), the
current density of 8.8 mA cm ™2 is achieved without external bias and
practical ngyy matches to 10.8% during operation for 80 min.

3.4. Catalysts of urea oxidation reaction

Urea oxidation reaction (UOR) is one of the promising reactions in
the view of hydrogen production and pollutant treatment [47]. Similar
to the water electrolysis, urea electrolysis produces H; at the cathode
using the electrical current. At the anode side, the urea oxidation reac-
tion produces CO; and Ny instead of O, evolution. The overall urea
electrolysis reaction is presented as the following equation:

Anode: CO(NH;), + 60H — CO; + N, + 5H,0 + 6¢
Cathode: 6H,0 + 6e- — 3H, + 60H"
Overall: CO(NH), + HO — CO; + N; + 3H;

The theoretically required voltage for urea splitting is 0.37 V which
is quite lower than that of water splitting (1.23 V) [48]. Urea is a
naturally abundant source, originating from fertilizers, urines, industrial
production wastes, and so on. The oxidation of urea is advantageous for
its relatively low volatility, high energy density (16.9 mJ L) in liquid
fuels, and high solubility [49]. Although UOR is a complicated

—_
Q
~

(b)
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6-electron transfer process [6], urea can be used as sacrificial agents
and more easily oxidized species in the water electrolysis electrolytes to
overcome sluggish water oxidation reaction [5]. The inclusion of urea in
the electrolytes can be considered as natural electrolytes. We investi-
gated the EC/PEC UOR performance of fabricated MIS photoanodes.
Fig. 6(a) shows J-V curves of pt*-Si electrodes for UOR in 1 M NaOH
+ 0.33 M urea, where 0.33 M of urea is approximately the average
molar concentration of urea in human urine [5]. Similar to the activity
of OER, Ni/SiOx/p"*-Si showed a large urea oxidation peak, while
Fe/SiOy/p™"-Si didn’t show any UOR property. The CV curves of p**-Si
demonstrated the (Fig. 6(b)). Fig. 6(c) shows the LSV curves of n-Si
photoanodes in the same electrolytes (1 M NaOH + 0.33 M urea).
Compared to the electrochemical UOR properties of p*'-Si, 10-Ni
(OH)2/Nig sFeg 5/Si0x/n-Si showed the lowest onset potential of 0.83 V
vs RHE, which indicates that additional Ni(OH), catalyst is efficient not
only for OER but also for UOR. Fe/SiOx/n-Si showed the onset potential
of 1.13 V vs. RHE, similar to that of water oxidation (1.14 V vs. RHE).
From the results, it can be estimated that Fe is not the appropriate
catalyst for UOR. HC-STH conversion efficiencies for UOR were calcu-
lated based on the J-V curves of Si photoanodes. As shown in Fig. 6(d),
the stability of 10-Ni(OH)2/Nig sFeo5/SiOx/n-Si gradually decreased
within 30 min, while 5 h stability was recorded in 1 M NaOH electro-
lytes as shown in Fig. S13(a). We compared the chronoamperometric
curves of UOR (at1 Vvs. RHE in 1 M NaOH + 0.33 M urea) and OER (at
1.23 V vs. RHE in 1 M NaOH) of Si photoanodes to evaluate transient
photocurrent decay. When the light was switched on, Si photoanodes
showed a photocurrent spike and exponentially decayed to the
steady-state during UOR, while the overshoots were not observed during
OER (Fig. 6(e)). The presence of a photocurrent spike was the result of
photogenerated electron-hole recombination. From the results, the UOR
activity of Si photoanodes was hindered by charge recombination,
which accelerates the degradation of the stability. We calculated the
transient decay time from a logarithmic plot of parameter D, following
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Fig. 6. Electrochemical and photoelectrochemical urea oxidation performances. (a) J-V curves and (b) CV curves of p**-Si anodes for urea oxidation in 1 M NaOH
+ 0.33 M urea. (c) LSV curves of n-Si photoanodes and (d) Chronoamperometry curve of 10-Ni(OH)»/Nig sFeq 5/SiOx/n-Si measured at 1 V vs RHE in 0.33 M urea
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by the equation:

po =1
(Im - Is)

where [ is the photocurrent at a time (t), I, and I are the photocurrent
spike and steady-state photocurrent, respectively. The transient decay
time is defined when InD = —1. Fig. 6(f) shows that both Si photoanodes
showed similar transient decay times for water oxidation reaction.
However, in the case of UOR, the transient decay time decreased
compared to that of OER, and introducing Ni(OH), contributes to the
charge recombination, although it shifted the onset potential of 90 mV
compared to the Nig sFeq 5/SiOx/n-Si.

By integrating the OER and UOR performances of Si photoanodes in
the view of photovoltages and onset potentials, composition controlled
Nig sFeg 5 and electrodeposited Ni(OH), catalysts are active toward both
reactions, as shown in Fig. S15.

4. Conclusion

We demonstrated the interface engineering of MIS photoanodes and
investigated their PEC water and urea oxidation performances. First, we
prepared different insulating SiOyx layers by chemical etching method
(SiOx,rca, SiOxpor) and showed that control of SiOy layer between a
metal layer and semiconducting n-Si affected the surface status and
interface properties, influencing the PEC performances. Second, we
showed that composition control of metallic NiyFe; _ thin films shows
opposite properties with electrochemical properties and photo-
electrochemical properties, where Ni-rich films showed lower over-
potentials for EC water oxidation. However, Fe-rich films showed lower
onset potentials for PEC water oxidation. There was a trade-off between
the stability and the onset potentials depending on the presence of Fe.
The optimized Nig sFeg 5/SiOx/n-Si photoanodes showed a high photo-
current density of 33.3 mA cm™2 at 1.23 V vs. RHE. By introducing
additional Ni(OH), catalysts on NigsFep5/SiOx/n-Si photoanodes,
enhanced fill factor over 25% and external quantum efficiency of 90%
was achieved. By introducing perovskite/Si tandem solar cell as a
voltage supplier, wired tandem cell device generated an operating
photocurrent density of 8.8 mA cm™2, corresponding to the STH con-
version efficiency of 10.8%. Lastly, we also investigated PEC urea
oxidation properties of Si photoanodes. The heterogeneous Ni(OH)y/
Nig sFeg.5/SiOx/n-Si photoanode showed a highly active urea oxidation
property, showing the potential of Si photoanodes for an additional
utility of anodic reactions. Although some issues such as stability that
must be solved still remain in view of adjusting for industrial applica-
tions, these findings suggest the design of efficient MIS photoanodes to
produce hydrogen in polluted water.
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