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PHOTOELECTROCHEMICAL PROPERTIES
OF NANOSTRUCTURED SILICON FOR SOLAR WATER SPLITTING

Abstract

Silicon, one of the most abundant and cost-effective materials on Earth, holds significant promise for applications
in water splitting and photovoltaics due to its suitable bandgap energy of approximately 1.12 eV, which allows
absorption of ultraviolet, visible, and infrared light. However, the high reflectivity (~25%) of flat silicon surfaces
limits its conversion efficiency, making it less efficient for photoelectrochemical (PEC) processes. To address
this, nanostructured silicon has emerged as a solution to enhance light absorption, reduce substrate resistance, and
improve hydrogen production efficiency. In this study, we fabricated nanostructured silicon photoelectrodes using
the metal-assisted chemical etching (MACE) method. The resulting black silicon (b-Si) electrodes demonstrated
superior light-harvesting capabilities, leading to significantly enhanced photocurrent densities. Notably, the b-Si
photoelectrodes achieved a photocurrent density of 800 pA/cm? at OV vs RHE (reversible hydrogen electrode),
compared to 200 pA/cm? for planar silicon. Furthermore, the b-Si electrodes exhibited excellent long-term stability
under continuous illumination for 16 hours. These results highlight the potential of nanostructured silicon as an
efficient and stable material for solar-driven PEC water splitting and related renewable energy applications.

Key words: nanostructured silicon, solar water splitting, black silicon, metal-assisted chemical etching.
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Introduction

Water splitting is the process of separating water into hydrogen and oxygen gasses through
electrochemical reactions [ 1, 2]. This process holds great potential for clean and sustainable hydrogen
production, which can be used as a renewable energy source [3, 4]. Currently, the most common
method for water splitting is through electrochemical water splitting using free and inexhaustible
solar radiation. This production route has several advantages, such as the use of abundant water,
no greenhouse gas emissions, high hydrogen production efficiency, and high-purity products [5-7].
However, this technology also faces challenges, particularly in terms of cost and efficiency. To address
these challenges, researchers have been exploring different catalysts and materials to improve the
efficiency of photoelectrochemical water splitting. Recent studies have investigated the utilization of
various materials and photocatalysts in combination with traditional silicon wafer in order to enhance
the efficiency of photoelectrochemical water splitting [8—10].

Silicon is one of the most earth-abundant elements, production cost is not expensive [11]. It
meets specified criteria as a substrate for water-splitting and also demonstrates high potential in
photovoltaics [12, 13]. Moreover, band gap energy of approximately 1.12eV (300-1200 nm), allowing
it to absorb ultraviolet, visible light, and a wide range of IR light make them a prospective for PV-PEC
device. However, flat surface of silicon is that it reflects approximately 25% of incoming photons,
which has a detrimental impact on conversion efficiency. Utilizing nanostructured silicon presents
a solution for enhancing light absorption, reducing substrate resistance, and consequently boosting
hydrogen production [14—16]. Many studies have focused on improving the PEC performance of
black silicon photoelectrodes, including efforts to maximize light absorption, optimize doping, and
surface passivation strategies [17, 18] to enhance photoresponse and conversion efficiency. As a
result, substantial progress has been made in achieving higher photocurrents and improved hydrogen
production efficiency. While significant attention has been given to efficiency, much less emphasis
has been placed on the long-term stability of black silicon under PEC operating conditions.

In this work, we successfully fabricated nanostructured silicon (Si) photoelectrodes using
the metal-assisted chemical etching (MACE) method. The fabricated nanostructured silicon
photoelectrodes demonstrated excellent light-harvesting capability due to the increased surface area
and reduced reflectivity of the black silicon. This enhanced light absorption contributed to higher
photocurrent densities, indicating improved efficiency in the PEC process. A key advancement in
this work was the demonstration of the long-term stability of the nanostructured Si photoelectrodes.

Materials and methodology

Electrode preparation

Nanotextured Si (NSi) surfaces were obtained using the selective chemical etching method
initiated by metallic silver nanoclusters. The polished p-type semiconductor Si wafers with a resistance
of 10 Q*cm were chosen as a starting material. The heated to 80°C solution of NH,OH:H,0,:H,O
with a volume ratio (1:1:4) was used for cleaning procedure of substrates. A two-step chemical
treatment was used to create the textured surface. At the first stage, the plates were immersed in
an aqueous solution of AgNO,:HF:H,O for 10 seconds, while a layer of silver nanoparticles was
deposited on the substrate. Experiments were carried out with HF:H,O solutions in a ratio of 1:4 and
AgNO, concentrations of 4 mM. Then Si wafers were etched in a solution of H,O,:HF:H,O with a
volume ratio of 1:2:10 for 30 sec, after which the wafers were thoroughly washed in deionized water.
At the final stage, to obtain a clean textured surface, residual silver nanoparticles were removed
by boiling for 10 minutes in a solution of NH,OH:H,O,:H,O in a volume ratio of 1:1, followed by
washing in deionized water.

Photoelectrochemical measurements

The photoelectrochemical measurements were carried out in quartz cell using three electrode con-
figurations on an electrochemical workstation (Corrtest CS310, China). The prepared nanostructures
silicon, Pt mesh and Ag/AgCl electrode were used as working, counter and reference respectively. The
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Nernst eqqation is qsed to convert potentials: V=Y (agiage +0.0591xpH+ V(1 ocrp Where Vo
is the applied potential, V , is the standard potential of the Ag/AgCl reference efectrode and pEH

is basicity or acidity of thegg\lggé:trolyte. The pH of the electrolyte is 1.2. A linear voltammetry was
provided at a scan rate of 10mV/sec in 0.5M H,SO, electrolyte. The xenon lamp (PLS-SXE300+,
Perfect light, China) with AM 1.5G filter was used as a light source. A 50 nm Al layer was deposited
onto the front side of silicon to get ohmic contact, subsequently, electrode was annealed in the Ar
atmosphere at 500°C for 5 min. Then Cu wire was connected to the Al layer using an ultrasonic
soldering machine (OPVSO600, OPVTech, China). The working electrode was illuminated with a
light intensity of 100mW/cm? (PL-MW2000 Optical Power Meter) chopped each 2 sec.

Hydrogen evolution testing

Hydrogen evolution test was provided using three electrode configuration quarts hermetic cell,
Pt mesh and Ag/AgCl electrode were used as counter and reference respectively. Th hermetic Teflon
cell with quartz window was connected to the gas chromatography (Fuli instrument GC979011) and
purged with argon gas to remove dissolved oxygen and air from the cell. Amperometry technique
was used to test hydrogen evolution onto the photoelectrode, scanning at 0V vs RHE potential. After
irradiation, every 30 minutes the valve from the cell was opened so that the gas from the cell could
enter to the gas chromatograph.

Material characterization

The film morphology was studied using scanning electron microscopy scanning electron
microscope (SEM, ZEISS Crossbeam 540) equipped with an energy dispersive X-ray spectroscopy
(EDX) system. The crystal structure of the films was studied using a MiniFlex X-ray diffractometer
(Rigaku, Tokyo, Japan). Raman spectra were obtained using Ntegra Spectra (NT-MDT) spectrometer
with 473 nm excitation. The UV-Vis spectroscopy (Cary 5000 UV-Vis-NIR) was used to study optical
properties.

Results and discussion

The SEM image was obtained using a scanning electron microscope. Figure 1 presents a typical
top and cross-sectional SEM image of nanostructured Si. It is obvious that Si nanowires are formed
vertically oriented to the surface. The length of nanowires is 520 nm, while diameter ranged from 10
to 20 nm.

Figure 1 — SEM image of nanostructured Si top (a) and cross view (b)

Energy dispersive spectroscopy (EDS) results confirmed the silicon peak as shown in Fig.2.
The structure of Si was studied using Raman spectroscopy. The Figure 3a demonstrates the Raman
spectra for nanostructured Si (b-Si) and planar Si for comparison. As we can see, a strong peak
located at 520 cm™ and 960 cm™! are in good agreement with other works. If we compare black and
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planar silicon, the peaks are identical, there is a difference in intensity of the peaks. After etching
the Raman signal is increased tenfold due to the nanostructured surface and geometry [19]. In our
previous work [20] and in other works, a strong Raman scattering, enhanced by the surface (SERS
effect) effect was found for nanostructured silicon [21].

. Map Sum Spectrum

Powered by Tru-Of

Figure 2 — EDS spectrum of black-Si

The UV-Vis spectroscopy (Cary 5000 UV-Vis-NIR) was performed to determine the optical
reflectance of the silicon electrodes, and PTFE was used as a reference standard. The optical
reflectance spectrum is presented in Fig.3b for planar and nanostructured silicon. As displayed in
fig.3b the nanostructured surface of silicon decreased reflectance of light to 5%. This graph highlights
how black silicon, due to its micro/nanostructures, absorbs more light than planar silicon, making it
a more effective material for applications like solar water splitting or photovoltaics.
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Figure 3 — Raman and reflectance spectra of black silicon and planar silicon

PEC water splitting properties of NSi are tested in three electrode configuration where the
black silicon was used as a photocathode material. The figure 4a shows current-potential I-V curves
chopped illumination each 2 sec are demonstrated. As can be seen, the negligible current is observed
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in the dark. Under illumination the sharp rise of photocurrent beyond the potential indicates charge
transfer and enhanced efficiency. The photocurrent density is increased by potential in case of black
silicon, while planar silicon shows stable photoresponse at the entire potential region. The black
silicon exhibits photocurrent density of 800 A/cm? while planar silicon shows 200 pA/cm? at OV vs
RHE. The enhancement of photoelectrochemical performances might be due to increasing surface
area which provides more sides for water reduction at the electrode-electrolyte interface.

Stability is a critical parameter for practical applications, as photoelectrodes in PEC cells
are exposed to harsh environments, including strong acidic or alkaline electrolytes. In this work,
stability test was provided using chronoamperometry technique at 0 V vs RHE during 16 hours under
continuous illumination (AM 1.5G) for nanostructured silicon (Fig 4b). It is seen that the SINW
electrode demonstrates good stability. The hydrogen evolution was tested using gas chromatography
method as seen in Fig.5a. As can be seen from the figure, the first 30 minutes of the spectra contain
three peaks corresponding to hydrogen, oxygen and nitrogen. At first oxygen and nitrogen are
residual gases from the air, over time we see that the residual gas is gradually replaced by hydrogen,
which is intensively released on the surface of working electrode. The hydrogen bubbles onto the
nanostructured silicon under illumination was also demonstrated in figure 5b.
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Figure 4 — I-V curves of black-Si and planar-Si photoelectrode under chopped illumination each 2 sec
in 0.5M H_,SO, electrolyte (a), I-t curves of black-Si photoelectrode at 0V
vs RHE during 60000 sec (16 h) in 0.5M H_SO, electrolyte
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Figure 5 — Gas evolution onto the black-Si photoelectrode at -0.2V RHE in three
electrode system in 0.5M H_SO, electrolyte
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Conclusion

In conclusion, our study demonstrates the superior performance of nanostructured silicon
(b-Si) compared to planar silicon in terms of optical and photoelectrochemical properties. In
photoelectrochemical water splitting experiments, black silicon exhibited a substantial improvement
in photocurrent density, achieving 800 pA/cm? at OV vs RHE, compared to 200 pA/cm? for planar
silicon. Additionally, the nanostructured silicon electrode demonstrated excellent stability over 16
hours of continuous illumination. The enhanced performance of black silicon can be attributed to its
increased surface area and effective light absorption, making it a promising material for solar-driven
water splitting and related renewable energy applications.
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'Konman06asbl FEUTBIMAAP JKOHE aKIMapaTThIK TEXHOIOTUsIAp MHCTUTYThI, AlMaThl K., Ka3akcran
2on-Mdapabu ateiHAarel Kasak YITThIK yHUBEpCHTETI, AJMaThI K., Kasakcran
‘HazapbaeB yHuBepcHuTeTi, AcTaHa K., Kasakcran
*Conrycrik-baTeic moauTexHUKAIbIK yHUBEpcUTeTi, Cuans K., Kpitaii

KYH COVJIECIMEH CY/ibl BIIBIPATYFA APHAJIFAH HAHOKYPbLJIBIM/IbI
KPEMHHUUIAIH ®OTOIJEKTPOXUMMUAJIBIK KACHUETI

Anjgarna

Kpemuuii — xep OeTiHAeri KeH TapajfaH »oHE CalbICThIPMalbl TYPJE ap3aH mMarepuaiaapbiH 0ipi. OHbIH
SHEPreTUKaNbIK JKOJIaK apaibiFbl 1,12 5B OonFaHIbIKTaH, OJ YJBTPAKYJIiH, KOPIHETIH >XKoHE HH(QPaKbI3bLI
coynenepai THiMi KyTanbl. bys kacweri KpeMHHMII KYH SHEPrUsiChIH 0acka PHEprHs Ke3/epiHe TYpIIeHIIpy
CaJlachIHIA TEPCIICKTUBTI Marepwan ereli. Amnaima Teric KpeMHHH OCTTepiHIH KAapBIKTHI MIAFBUTBICY KaOineTi
(~25%) oHbBIH TYpIEHAIPY THIMAIIITIH IeKTelal, Oy1 oHbI poTornekTpoxumusiibiK (PEC) nponecrep yurin Tnimcis
eteni. OCBI MoceNIeHi IIenTy, aTan alTKaH/Aa JKapbIK KYTYBIH KaKCapTy, TOCEHII KeAePTiCiH a3aiTy JKoHe CyTeTi
OHJIIPICIHIH THIMJIUIITIH apTTHIPY YIIIH KPeMHHUIAIH OCTiH OHJIeY apKbUIbl HAHOKYPBUIBIM/IBI KDEMHHUH ayra Oosa-
Il byt 3eprreyne 0i3 merat kemeriMen xuMusiibiK oHeY (MACE) onicid KoJiZiaHa OTHIPBII, HAHOKYPBLIBIMIBI
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KpeMHHI (POTORJIEKTPOATAPBIH KacaablK. AJbIHFaH Kapa KpeMHHH (b-Si) aiekTponarapbl *KoOrapbl KapblK KYTY
KabineTiH kepcerTi, Oy (POTOTOK THIFBI3IBIFBIHBIH aHTapJIbIKTall KOFapblUlayblHa oKemai. Atan aiftkannaa, b-Si
¢doroanexrpoarapsl 0 B (RHE) xepueyne 800 MKA/cM? pOTOTOK THIFBI3BIFBIHA JKETTi, OYIT Ka3bIK KPEMHHUH YIIiH
200 MKA/cM? MOHIMEH CaJBICTBIPFaH/Ia alTapiIbIKTal xorapsl. COHBIMEH Katap b-Si anmexTponaraps! 16 carat 00ibl
Y3AiKCi3 KapBIKTaHABIPY KEe3iHAE Y3aK Mep3iMIi TYpPaKTBUIBIFBIH CaKTaAbl. Byi HOTIXenep HaHOKYPBIIBIMIBI
KpEMHUIIIH KYH SHEPTUIACHIMEH KOMETIMeH CyIbl 00Ty TporiecTepi YIIiH THIM/II )KOHE TYPAKThl MaTepual peTiHe
aneyeTiH kepcereai. HaHOKYpBIIBIMIIBI KDEMHHH KOJIIaHY KaHAPTHUIATBIH SHEPTUs KO3JEPIH TaMbITY JKOHE CYbI
0oty mpoLiecTepiHie MaHbI3bI POJI aTKAPYbl MYMKIH.

Tipek ce3aep: HAHOKYPBUIBIMIBI KPEMHHH, CYAbl KYH JHEPTHSCHIHBIH KOMETiMeH 0oy, Kapa KpeMHHH,
METaIIBIH KOMETIMEH XUMIUTBIK OHJICY O/iCi.
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"MHCTUTYT MPUKIAHBIX HAYK U MHPOPMAIIMOHHBIX TEXHOJIOTHIA, T. AnMatsl, Kazaxcran
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SHazapbaeB YHuuBepcurer, r. Acrana, Kazaxcran
“CeBepo-3amna/IHblii TOJIUTEXHUYECKUN yHUBepcuTeT, I. Cuanb, Kuraii

®OTODJEKTPOXUMHUYECKHUE CBOMCTBA HAHOCTPYKTYPUPOBAHHOT O
KPEMHUA JJSA COTHEYHOTI'O PA3JIOKEHU S BObI

AHHOTAIHUA
Kpemunii, oguH W3 caMBIX PacIpOCTPAHCHHBIX W 3KOHOMHUYECCKH Y(PPEKTHBHBIX MAaTEPHUAIOB Ha 3emiie,
UMeeT 3HAYUTEIbHBIC MEPCICKTUBH! TSI TPUMEHECHUS B PACHICIICHUH BOABI W (POTOIICKTPHUESCTBE OIaromaps
CBOCH TIOAXOMAMICH IMMpPUHE 3alpEUIeHHOW 30HBI NpuOmm3uTensHo 1,12 5B, dWro mo3Boiser moriomarhb
yIbTpaduOIeTOBBINA, BUANMBIN M MH(pakpacHbd cBeT. OMHAKO BBICOKAs OTpakaTelIbHAs CIIOCOOHOCTDH (~25%)
TUIOCKUX KPEMHHEBBIX IUIACTHH OrPaHUYMBAET €ro 3(PQeKTUBHOCTh MpeoOpa3oBaHus, YTO JEJaeT ero MeHee
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a¢ppextuBHbIM 1151 poToanekrpoxumnueckux (I19K) nponecco. HanocTpyKkTyprpoBaHHe MIOBEPXHOCTH KPEMHHUS
MO3BOJISIET YITYUIINTh KO3()(DUIIMEHT ITOTIIOIEHNMS CBETA, CHU)KAET €ro CONPOTUBIICHUE U MTOBBIIIAET 3P (HEKTHBHOCTH
MIPOM3BOJCTBA BOJOpO/AA. B 3TOM wHcCiieoBaHMM MBI HM3TOTOBWIM HAHOCTPYKTYPHUPOBAHHBIE KpPEMHHEBBIC
(hOTOIIEKTPOBI C HCHONB30BAHUEM METOIAa XHMHYECKOTO TPaBJICHHUS C ucronb3zoBaHueM Metamna (MACE).
[Momyuennsie yepHble KpeMHUEBBIE (b-Si) 3MEKTPOABI MPOASMOHCTPUPOBAIN PEBOCXOTHBIE BOSMOXKHOCTH TIO-
IJIOLIEHHS CBETA, YTO IPHBEJIO K 3HAYMTEIBHOMY IMOBBIICHUIO IUIOTHOCTH (oToTOKa. IIprmedarensHo, uTo b-Si
(doroanexTposl JocTurau miotTHocty pororoka 800 mxA/cm? ipu 0 B mporus RHE 1o cpaBrenuto ¢ 200 MkA/cm?
Juisl TUIockoro kpemHus. Kpome Toro, b-Si aJeKTpobl MpoIeMOHCTPUPOBAIH [TPEBOCXOIHYIO J0JITOBPEMEHHYIO
CTaOMIIBHOCTH ITPU HENPEPHIBHOM OCBEIICHUH B TedeHHE 16 4acoB. DTH pe3yibTaThl IMOTYEPKUBAIOT MOTEHIINAT
HaHOCTPYKTYPUPOBAHHOTO KPeMHUs Kak 3()(EKTHBHOTO W CTAOWJIBHOTO MaTepHasia Uil paclICIUICHHUs BOIBI C
TTOMOIIBIO COTHEYHON SHEPTUH U CBA3aHHBIX C ’TUM BO300HOBIISIEMbIX HCTOYHHKOB 3HEPTHH.

KuroueBble cj10Ba: HAHOCTPYKTYPHUPOBAHHBIN KPEMHUH, paclieNIieHHe BOJBI C MTOMOIIBIO COJIHEUHON 3HEp-
THH, YEPHBII KpEeMHUH, XUMHUECKOE TPABJIEHUE C UCIIOJIb30BAHUEM MeTalIa.

Article submission date: 04.12.2024

253



