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Article history: Simultaneously improving the efficiency and stability on a large scale is significant for the develop-
Received 21 June 2019 ment of photoelectrochemical (PEC) water splitting systems. Here, we demonstrated a novel design
Accepted 18 July 2019 of GaP/GaPN core/shell nanowire (NW) decorated p-Si photocathode for improved PEC hydrogen
Published 5 January 2020 production performance compared to that of bare p-Si photocathode. The formation of the p-n junc-
tion between p-Si and GaP NW promotes charge separation, and the lower conduction band posi-
Keywords: tion of GaPN relative to that of GaP further facilitates the transfer of photogenerated electrons to the
Core/shell nanowire electrode surface. In addition, the NW morphology both shortens the carrier collection distance and
GaP increases the specific surface area, which result in superior reaction kinetics. Moreover, introduc-
GaPN tion of N in GaP is beneficial for enhancing the light absorption as well as stability. Our efficient and
Hydrogen production facile strategy can be applied to other solar energy conversion systems as well.
si © 2020, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.

Solar water splitting Published by Elsevier B.V. All rights reserved.

Tandem structure

Solar energy can be effectively utilized to alleviate the global
energy and environmental crisis. Among the various solar en-
ergy harvesting technologies, hydrogen production through
photoelectrochemical (PEC) water splitting is a promising way
of realizing solar energy conversion and storage and remains
the center of attraction for the scientific community [1-6]. One
of the key requirements for the PEC system is an efficient and
stable photocathode [7,8]. In the past few decades, researchers

have been searching for better materials for PEC water splitting
[5,9-13]. Si, an earth abundant and matured industrial materi-
al, has been widely used for the PEC hydrogen evolution reac-
tion (HER) because of its bandgap (Eg = 1.1 eV), which matches
well with the solar spectrum and is suitable for reducing water
to produce hydrogen [14-19]. However, the sluggish surface
reaction and instability in electrolytes limit its practical appli-
cation in solar hydrogen production [4,20-23]. Tremendous
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efforts have been devoted to improving the Si performance by
coating metals [24,25], despite the issue of parasitic light ab-
sorption [26]. Some oxide overlayers (such as Fe203[22], TiO2
[27-29], and ZnO [30]) have been used to protect the Si photo-
cathode, which compromises the maximum achievable photo-
current efficiency, and the poor HER catalytic performance of
these oxide overlayers is often compensated by coupling with
expensive electrocatalysts like Pt and Ru [26]. Additionally,
associated problems such as low conductivity, poor chemical
stability, and large lattice mismatch, which result in sluggish
interfacial charge transfer and poor film quality, limit the PEC
performance [30-32]. Therefore, a more efficient overlayer is
urgently needed to obtain a high performance with Si photo-
cathode.

[II-V materials, which show excellent charge -carrier
transport properties, have been widely used in the optoelec-
tronic field. Among them, GaP, which exhibits a direct bandgap
of 2.78 eV and an indirect bandgap of 2.26 eV [33], satisfies the
requirement of a large bandgap absorber that can produce an
optimal tandem structure with Si, which can serve as the lower
bandgap material [34]. Owing to the existence of P vacancies,
the GaP nanowires (NWs) grown by chemical vapor deposition
(CVD) method are inherently n-type [35,36]. Therefore, the
growth of GaP on Si through CVD method will lead to the for-
mation of a p-n junction between the p-Si and the n-GaP NWs
that improves the efficiency of charge separation. Otherwise,
the small lattice mismatch between Si and GaP (only 0.36%)
ensures that the high-quality GaP can grow epitaxially on the Si
substrate, which results in a better passivation effect and more
efficient charge transfer. Moreover, the fabrication of GaP/Si
heterojunction is a cost-effective strategy compared to the
widely used expensive native substrate [37]. Considering the
short minority carrier diffusion lengths (L4) of GaP, which are
small (6 pm-100 nm) [34] relative to its absorption depths
(500 um near bandgap, 10 um at 486 nm) [33,34], nanostruc-
turing can facilitate the rapid diffusion of the photogenerated
charge carriers [38]. In this context, one-dimensional (1D) NWs
can afford a promising nanostructure. The highly anisotropic
1D geometry can decouple the long axis necessary for complete
absorption of light from the orthogonal short axis, thereby al-
lowing effective charge transport and collection over short
distances [3]. However, the photodecomposition potentials of
GaP are in-between the conduction and covalent band edge
energy levels, therefore, this material usually undergoes deg-
radation under operating conditions when employed as a pho-
toelectrode [20,33,37,39]. Since it is known that GaP is more
unstable than CdS, the protection layer is always directly added
onto GaP for solar water splitting [37,39,40]. Furthermore, GaP
exhibits poor light absorption, specifically in the
long-wavelength range [33].

Here, we design a novel GaP/GaPN core/shell NW decorated
p-Si photocathode (p-Si-cs-NW) for PEC hydrogen production
that shows a greatly improved performance compared to that
of the bare p-Si photocathode. GaPN displays a higher stability
because of the existence of stronger ionic bonds, compared to
GaP [41]. In addition, incorporation of a small amount (usually
several percentages) of N atoms into the GaP host lattice not

only significantly reduces the bandgap via the giant bowing
effect but also transforms it from an indirect bandgap semi-
conductor (in the case of GaP) to a quasi-direct bandgap mate-
rial (in the case of GaNP), which enhances the light absorption
[41,42]. The alignment of energy levels at the p-Si-cs-NW in-
terface will favor the charge transfer. In addition, the NW
nanostructure [3,31,38] can both shorten the carrier collection
distance and increase the specific surface area, which promote
the reaction kinetics and improve the anti-reflection property
of the photoelectrode [43,44]. This efficient and scalable strat-
egy is expected to yield higher PEC water-splitting perfor-
mances.

The p-Si-cs-NW photocathode was fabricated by synthesiz-
ing GaP/GaPN cs-NWs on a p-Si(100) substrate through the
facile CVD method. After the GaP NW growth, the Au catalyst
nanoparticles (NPs) were removed, which was followed by
annealing of the as-grown NWs in NHsz atmosphere at 750 °C to
form a GaPN shell as a protection layer (Scheme 1, Figs. S1-5).

Representative scanning electron microscope (SEM) images
(Fig. 1(a) and 1(b)) show that the as-synthesized free-standing
straight GaP NWs exhibit diameters that are nearly 100 nm and
lengths of the order of several micrometers. The
high-resolution transmission electron microscopy (HRTEM)
image (Fig. 1(c)) of the NW with a lattice distance of 0.31 nm
confirms that it is GaP [45]. The inset of the fast Fourier trans-
form (FFT) image suggests that the GaP NW grows along the
[111] direction and adopts the zinc-blende structure [39,46].
Energy-dispersive spectroscopy (EDS) mapping was utilized to
analyze the elemental distribution in the catalyst NPs, and Ga,
P, and Au can be seen clearly on the top of each NW (Fig.
1(d)-(g)), which confirm that the NWs grow through the vapor
liquid solid mechanism [47-49]. After removing the Au NPs
and annealing in NHs, the morphology of the cs-NW displays
negligible differences (Fig. 1(h)-(i)) when compared with that
of GaP, whereas an amorphous shell with the thickness of ~2.7
nm was observed in the HRTEM image shown in Fig. 1(j). The
thickness of the amorphous shell can be tuned by varying the
annealing time (Fig. S6). The elemental maps of the cs-NW
show concentration of Ga, P, and dilute N, which is due to the
presence of an extremely thin shell (Fig. 1(k)-(n)). The EDS line
scan profile (in the radial direction of the NW) was also ob-
tained to observe the distribution of N; the very low N signal,

Grow GaP NW
/

p-Si X’/

Au NP layer

GaP/GaPN cs-NW

Scheme 1. Illustration of the fabrication of p-Si-cs-NW photocathode.
The zoomed-in area shows the cross-section of GaP/GaPN cs-NW.
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Fig. 1. Low-(a) and high-(b) magnification SEM images of GaP NWs. (c) HRTEM image of GaP NW, inset: FFT image of the GaP NW body. (d)
High-angle annular dark field scanning transmission electron microscopy (HAADF-STEM) image of the GaP NWs (scale bars: 50 nm). (e-g) TEM EDS
mapping data of the GaP NWs (scale bars: 50 nm). Low-(h) and high-(i) magnification SEM images of cs-NW. (j) HRTEM image of the cs-NW. (k)
HAADF-STEM image of the cs-NW. (1-n) TEM EDS maps of the cs-NW (scale bars: 25 nm).

compared to the signals of Ga and P, further confirms the for-
mation of the thin shell on the surface of the GaP NW (Fig. S7).
The atomic ratio of Ga/P/N in the as-synthesized nanowires is
47.5:41.8:6.6 (Fig. S8).

To investigate the crystal structure and the effect of N dop-
ing on the as-grown GaP NWs, the X-ray diffraction (XRD) (Fig.
2(a)) patterns of p-Si-cs-NW were collected, along with that of
the GaP NWs as a control sample, by using grazing incidence
mode to avoid the effect of the reflections from the underlying

Si substrate [5]. Both the samples show sharp diffraction peaks
that are associated with zinc-blende GaP (PDF card no.
32-0397), which suggest an excellent crystallinity [50]. A slight
shift in the major peak position was observed after the NH3
annealing, which clarifies that GaP is the main component even
after the incorporation of N.

Raman spectroscopy (Fig. 2(b)) was performed to better
understand the structural changes induced by N incorporation
in p-Si-cs-NW. For a comparison, the p-Si-GaP NW sample was
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Fig. 2. XRD pattern (a), Raman spectra (b), and X-ray photoelectron spectroscopy (XPS) N 1s patterns (c) of p-Si-cs-NW and p-Si-GaP NW.
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also analyzed. For both the samples, two peaks at 365 and 401
cm-! are observed that correspond to the transverse (TO) and
longitudinal (LO) phonon modes of GaP, respectively [47]. The
appearance of the surface optical (SO) peak for p-Si-cs-NW
[51], which is located between 390 and 400 cm-}, is in accord-
ance with the Raman results of the cs-NW reported previously,
where the SO mode is a signature of the incorporation of N
[52]. Its occurrence is usually interpreted by a break in the
translational symmetry, which, in our case, can be caused by
the insertion of N into the GaP matrix [48]. XPS was employed
to examine the chemical environment [46] of the GaP NWs
before and after the annealing in NHs. The N 1s XPS peak at
~397.5 eV for the samples annealed in NH3 indicates that the N
atom is bound to the Ga atom [46] (Fig. 2(c)), whereas the ob-
servance of no peaks at 400 eV or higher binding energies sug-
gests the absence of other N species (N2 or NOxgroups) [46]. In
summary, HRTEM, Raman, and XPS together prove that the
thin GaPN shell developed on the surface of GaP NWs after an-
nealing in NH3 forms the GaP/GaPN core-shell NW structure on
the p-Si substrate.

The photocurrent density-applied potential (J-V) character-
istics of the p-Si-cs-NW photocathode (Fig. 3(a)) were recorded
under the irradiation of standard simulated AM 1.5G sunlight
(100 mW cm-2) to evaluate the PEC HER performance, along
with that of p-Si as a comparison. The dark responses of both
the electrodes are very small compared to their corresponding
photoresponses. The bare p-Si shows a large negative onset
potential (-0.77 V, blue line) and displays no photocurrent at
the water reduction potential. In contrast, the p-Si-cs-NW pho-
tocathode reveals a larger photocurrent with a significant posi-
tive shift in the onset potential to ~0.14 V. The photocurrent
density at the water reduction potential is -0.3 mA cm-2and the
saturated photocurrent density reaches -8.8 mA cm-2 at -0.76
V. The incident photon-to-current conversion efficiency (IPCE)
of p-Si-cs-NW (Fig. 3(b)) is lower than 15% in the wavelength
range below 450 nm and increases rapidly with increasing
wavelength, reaching the highest value of 50% at 800 nm. The
PEC activity shows no obvious decrease over 10 h, which con-
firms the dramatically improved stability, thanks to the protec-
tion of GaPN (Fig. S9).

To explore the fundamental reason behind the improve-

Current density (mA cm ?)

T
1.2 0.8 04 0.0 0.4
Potential (Vgye)

ment in the performance of the p-Si-cs-NW photocathode
compared to that of the bare p-Si, UV-vis absorption and elec-
trochemical impedance spectroscopy (EIS) were employed to
investigate the light absorption and charge transfer properties
of the photocathodes. The absorption spectra (Fig. 4(a)) reveal
that both p-Si-GaP NW and p-Si-cs-NW structures on the Si
substrate increase the light absorption at wavelengths shorter
than ~500 nm, and N doping increases the light absorption at
longer wavelengths owing to the decrease in the bandgap and
the formation of the quasi-direct bandgap material GaPN [41].
This tandem heterostructure ensures efficient light absorption
over the entire wavelength range, which contributes to the
activity enhancement. In addition, this heterostructure is bene-
ficial to the charge transfer at the two interfaces. First, the p-n
junction formed between p-Si and GaP improves the charge
separation and, second, the conduction band of the GaPN shell
is slightly lower than that of the GaP core [53] (Fig. 4(b)). Con-
sequently, the photogenerated electrons prefer to move from Si
and GaP to GaPN, while holes migrate in the reverse direction,
which increases the charge separation efficiency. Furthermore,
owing to the nanostructure morphology, both the shortened
carrier collection distance and the significantly increased spe-
cific surface area [3,31,38,44] of the p-Si-cs-NW photocathode
promote the reaction kinetics in the form of a smaller overpo-
tential, compared to that of the planar p-Si. As evidenced from
the EIS data (Fig. 4(c) and 4(d)), the diameter of the p-Si-cs-NW
semicircle is very small compared to that of p-Si semicircle,
which is indicative of a smaller charge transfer resistance at the
electrode/electrolyte interface, which further confirms the
occurrence of faster charge transfer at the interface of
p-Si-cs-NW.

In summary, we demonstrated the design of p-Si-cs-NW
decorated p-Si photocathode for improved PEC hydrogen pro-
duction performance compared to that of bare p-Si. The for-
mation of the p-n junction between p-Si and GaP NW favors
charge separation, and the lower conduction band position of
GaPN relative to that of GaP further facilitates the transfer of
photogenerated electrons to the electrode surface. In addition,
the NW morphology both shortens the carrier collection dis-
tance and increases the specific surface area, which promote
the reaction kinetics. Moreover, the introduction of N in GaP is
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Fig. 3. (a) J-V curves of p-Si and p-Si-cs-NW photocathodes. (b) Result of IPCE test performed on the p-Si-cs-NW photocathode.
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Fig. 4. (a) UV-vis absorption spectra of p-Si, p-Si-GaP NW, and p-Si-cs-NW. (b) Energy band scheme of p-Si-cs-NW photocathode. Nyquist curves (c)
and enlarge views (d) of the EIS plots for p-Si and p-Si-cs-NW photocathodes. In the equivalent circuits, Rs, Rsict, Rsi, and Reapn e represent the solution
resistance and the charge transfer resistances at the Si-electrolyte interface, Si-GaPN interface, and GaPN-electrolyte interface, respectively. Csi and
Caarn, represent the capacitances of the space charge regions in Si and GaPN, respectively.

beneficial for enhancing the light absorption, as well as for im-
proving the stability. Further improvement in the PEC perfor-
mance is expected by optimizing the structural parameters and
loading suitable electrocatalysts into this structure. Our effi-
cient and facile strategy can also be applied to other solar en-
ergy conversion systems.

Supporting Information

p-Si-GaP NW, p-Si-cs-NW growth experimental details,
AFM, SEM, EDX, XRD patterns, stability test, fabrication of pho-
toelectrode, electrochemical measurements, characterizations
details of samples.
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GaP/GaPNiZ TR LB FIZ IRV AE S BRIR AV E B AL FHI SR 2

# % 41, Saad Ullah Jan *>f, % #4°° & T %°°, Rajender Boddula ®, # E4™°, #& 8°°,
E O THEC ARES T2 Ha Y, gantt
CERARFEE S, PHEAKRLL S RHKEREBRE, PRIRAORAFE RO P, HFK100190
O E A A, AL 3100049
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FEE: BENE AR [R] I H2 T B 1 8 Ak 0% e e PE X e Fa A 22 K RGN TE R B BB S R — P Bk fig
& H A T AR, B AE AR eV)RIIL S0 T b, O 2 T A H EUR BL. SR, S8 1 2 THI i
A B FITE BRI R A AR e M PR A1) T LR K B RE ) 20 O S BRSLH . TT-TVR e T A b AR 2 A 88 v R 3 7 A% s
PEH) 2 TR R, b, GaP ) BB BRI 32 47 B 20 53l 92,78 F12.26 eV, AT 5 hek 20 i A 16 2 e F b FH ol Ak
SRR, BRI, GaP R T HL AL AL T 284 o, IR 25 50 75 ' ML A0 2 R A 6 8 b i 5 S5 1k e KR T B, AR SColE 17—
Tt 97 21X GaP/GaPNAZ /5T 4N K L AB 1 (1) p LA (p-Si) A B AR 6 B AR, IR A 1) p-SiAH L, Hoot Mk 2 Hl A PERe 3 . X AT
BT LLF LA (1) p-SifGaPIK L Z A JE B p-ngS ek T HLf 73 255 (2) GaPNARXS T-GaPH A AR i &, g —
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K GaPA KL SR )5, LBRAufEALH], HTER S H IR KAE T T GaP/GaPNAZ 59K k. i 7 HEd G LT B, iz
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