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Ultrathin Assembles of porous 
Array for enhanced H2 evolution
Aminul islam2*, Siow Hwa teo1,3, Md. Rabiul Awual4 & Yun Hin Taufiq-Yap1,3*

Since the complexity of photocatalyst synthesis process and high cost of noble cocatalyst leftovers 
a major hurdle to producing hydrogen (H2) from water, a noble metal-free Ni-Si/MgO photocatalyst 
was realized for the first time to generate H2 effectively under illumination with visible light. The 
catalyst was produced by means of simple one-pot solid reaction using self-designed metal reactor. 
The physiochemical properties of photocatalyst were identified by XRD, FESEM, HRTEM, EDX, UV-
visible, XPS, GC and PL. The photocatalytic activities of Ni-Si/MgO photocatalyst at different nickel 
concentrations were evaluated without adjusting pH, applied voltage, sacrificial agent or electron 
donor. The ultrathin-nanosheet with hierarchically porous structure of catalyst was found to exhibit 
higher photocatalytic H2 production than hexagonal nanorods structured catalyst, which suggests that 
the randomly branched nanosheets are more active surface to increase the light-harvesting efficiency 
due to its short electron diffusion path. The catalyst exhibited remarkable performance reaching up to 
714 µmolh−1 which is higher among the predominant semiconductor catalyst. The results demonstrated 
that the photocatalytic reaction irradiated under visible light illumination through the production of 
hydrogen and hydroxyl radicals on metals. The outcome indicates an important step forward one-pot 
facile approach to prepare noble ultrathin photocatalyst for hydrogen production from water.

Why do we need to promote hydrogen energy? The scientist lays out about four main reasons-energy-saving, 
minimal ecological impacts, energy security and industrial competitiveness. Industrially, fossil-fuel based hydro-
gen production process emits greenhouse gas to the environment1. The use of solar energy to produce hydrogen 
from water could accelerate the development of high-impact breakthrough clean energy technologies. By devel-
oping an optimal photocatalyst, scientists are searching for the ways of improving clean energy (H2) production 
from water without producing greenhouse gases or having many adverse effects on the atmosphere.

A variety of titanium dioxide (TiO2) phases and nanostructures have been studied extensively for photocata-
lytic hydrogen production because of its earth-abundance, non-toxicity as well as thermal and chemical stability1,2. 
However, photoirradiated electron recombination and wide band gap of bare TiO2 remain challenge on efficient 
hydrogen production. Much work has been directed towards the adaptation of noble Pd, Au metals on the TiO2 
metals3–5 or through the use of sacrificial reagents6. Noble co-catalyst could serve as electron sinks to isolate the pho-
togenerated electron-holes3. Moreover, noble metals assist to boost the reaction process by lowering over-potential 
for proton deduction4. Unfortunately, the state-of-the-art co-catalysts are still noble metals (e.g. Pt, Au, Pd) or 
their oxides that are rare and expensive. As a consequence, the discovery of robust, low-cost and earth-abundant 
co-catalysts as substitutes of noble metals remains a great challenge for photocatalytic hydrogen production.

A layered molybdenum disulfide (MoS2) has been reported for H2 evolution through photoirradiated water 
splitting7,8. However, the scarcity and complex with time-consuming fabrication steps of catalyst void their com-
petitiveness and hamper their widespread use in industry. Therefore, fabricating of simple and reliable procedures 
for efficient water splitting is still desirable. Recently, attention has been paid to progress towards ferroelectrics 
material for hydrogen evolution under solar light illumination because of its nontoxicity and low cost such as Fe/
Ni/BaTiO3

9, HfOx/SiOx10 and WO3/MIL-10111. However, the hydrogen production efficiency of ferroelectrics 
based photocatalyst is still low due to poor electrical conductivity. Many efforts have been focused to develop 
nitride complex (g-C3N4) supported catalyst for H2 generation through water splitting under illumination with 
visible light12–15 Layered graphitic g-C3N4 catalyst was demonstrated by Botari et al.16 for efficient photocatalytic 
H2 production from water. Che et al.17 have elaborated an effective cocatalyst of graphitic carbon ring for g-C3N4 
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owning to its layered structure that facilitates the separation of photoexcited electron–hole efficiently. However, the 
efficiency can be increased by applying PtH2PtCl6 solution and thus the wild use of noble catalyst is restricted by 
its high cost. In addition, the C3N4 catalyst suffers from poisoning by the produced H2O2 during water splitting18.

The groundbreaking research in developing photocatalyst is the synthesis of highly effective catalyst from 
earth abundant materials for the H2 production from water. Efficient earth-abundant nickel-based chalcogenides 
attracted attention for H2 generation through water splitting19. Pioneering works by Indra et al.20 and Luo et al.21 
have reported the semiconductors supported molecular nickel complexes for efficient photocatalytic hydrogen 
production. In addition, CdS/NixSy

22, Ni-hexacyanoferrate23, Ni/SiC24 and Ni/SrTiO3
25 systems with semicon-

ductors have also been reported with moderate activity. To date, although many noble metal-free cocatalysts have 
been focused capable of producing hydrogen from water without adjusting pH, applied voltage, sacrificial agent 
or electron donor, but the efficiency is low enough to equate with the reported state of art noble photocatalyst.

Recently, synthesis of ultrathin (<10 nm) metallic assembles has attracted considerable interest due to their 
unique photocatalytic properties26. In particular, the intensive research attention has been paid to fabricate inter-
connected open-pore structured nanosheet owing to their maximum exposure of the active sites and fast mass/
electron transfer ability27. The 2D Ru nanosheet and their 2D oxide derivative found to be robust catalysts for 
photocatalytic water splitting reaction28. Vertically aligned WS2 nanosheet with open and porous framework 
exhibited significantly improved catalytic performance in the water splitting compared with the commercial 
nanostructured WS2

29. Photochemically reduced Pt deposited on TiO2 nanosheet was showed efficient photocat-
alytic activity under irradiation with xenon lamp30. Many noble metal based nanosheet photocatalysts were also 
reported to be efficient towards the water splitting, e.g. Pt/CoP27, CdS nanosheet31, Pt/TiO2

32, Au/MoS2
33, RuOx/

Ca2Nb3O10
34 and so on. Predominantly, noble metals (Pt, Ru, Ge, Se) modified nanosheet photocatalysts were 

used extensively for efficient water splitting reactions. However, the shortage and significant expense of precious 
metals limit their functional application in enormous scale. Additionally, the synthesis of semiconductor based 
nanosheet assembles is very complex owing to the electrostatic attraction force between adjoining nanosheet35. 
Although many progresses have been achieved, it is still highly desirable to develop facile strategies for controlla-
ble and well-defined semiconductor based nanosheet assemblages.

Attempt has been made in this work to develop effective ultrathin structured porous photocatalyst from earth 
abundant metals. A noble ultrathin assembles of Ni-Si/MgO photocatalyst synthesized by a facile one-pot solid 
phase reduction method which could reduce the complexity of fabrication. As far as we could possibly know, 
there is no report on investigating efficient and low-cost nanosheet assemblages for water splitting. The catalyst 
was illuminated under visible light irradiation avoiding any sacrificial reagent. The effect of structure and surface 
function on photocatalytic efficiency was discussed in this study. The catalyst exhibited remarkable performance 
which is higher than the prevailing semiconductor catalyst.

Results and Discussion
Silica powder was obtained by wet acid and thermal treatment at 800 °C for 3 h. The powder was subjected to 
the reaction with hydrochloric acid and hydrofluoric acid to generate hydrogen bond onto the metal surface36. 
Electron-deficient hydrogen bond on metal surface could act as electron sink, leading to improve charge detach-
ment37. Ni was prepared by solvothermally treating sodium borohydride and nickel chlorite in ice water bath at 
5–7 °C for 3 h. MgO supported Ni-Si photocatalyst was prepared by one-pot solid phase reduction process at 
750 °C for 3 h to prepare nanosheet assembled porous structure (Fig. 1A,B). MgO support modifies not only the 
electronic state of the active sites and the chemisorption ability of surface functional group due to its acid-base 
character, but also the morphology of the metal crystallites38. In addition, the active metal components disperse 
highly onto support material which is directly related to the catalytic activity37,38. Hence, MgO supported Ni-Si 
nanosheet assemblages was synthesized by reduction method using a stainless steel reactor capped with two ends, 
as depicted in Fig. 1C.

Morphological evaluation of the synthesized catalyst was performed by FESEM and HRTEM. It can be seen 
(Fig. 2A) that as prepared 0.5Ni-Si/MgO sample consists of three-dimensionally vertical inter grown stacking of 
ultrathin-nanosheet. Notably, the orderly hexagonal nanosheet arrays with much increased coverage of porous 
structure were observed (Fig. 2B,C). The distribution of porous channels in the entire nanosheets may be associ-
ated with the improved transport rate of photocarriers39,40.

Figure 2D shows the HR-TEM image of ultrathin-nanosheet structure which is well consistent with FESEM 
results. The self-assembled nanosheet geometry could be formed by the interaction of conjugated molecules in 
a planar geometry operated by the van der Walls forces41. EDX mapping of 0.5Ni-Si/MgO catalyst demonstrated 
the presence of O, Mg, Si and Ni elements (Fig. 2E–H). The uniform distribution of Ni and Si on MgO support 
in nanosheet structures was further confirmed by EDX mapping, as shown in Fig. 2I. The uniform dispersion 
of co-catalyst in the layered structure which can be explained by the fact that, more catalytically active sites 
were formed on the sample surfaces42. With increasing Ni concentration from 0.5 to 0.7 wt%, the morphology of 
0.7Ni-Si/MgO sample significantly changed to three-dimensional hierarchically rod-like bundle nanostructure, 
as observed in Fig. 3A. The approaches for stability of lamellar and rod structures have been discussed in terms of 
the mechanisms by Jackson and Hunt43. According to Jackson and Hunt43 the motion of lamellar spacing during 
the solid phase reaction causes the termination of lamellar structure. Since the termination absorbs any effective 
radius or any shape, in spite of the lamellar spacing, it perhaps produces rod shape upon cooling. Notably, the 
amplified region in Fig. 3B,C shows the formation of well-defined staking nanorods with hexagonal crystal struc-
ture. The hexagonal nanostructure assembled of nanorods with an average diameter of 30 nm, length of 110 nm 
was confirmed by HR-TEM image (Fig. 3D,E) and thus addressed the elemental mapping across the nanorods by 
means of EDS (Fig. 3F–J). The EDX spectrum in Fig. 3G–J manifests the coexistence of Si, Ni, Mg and O elements. 
The special distributions are depicted in the EDS mapping images (Fig. 3F) of the selected area. It suggests that the 
Si and Ni co-catalysts are uniformly distributed along the length of the nanorod. It is deserving of note that the 
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development of nanorod with well-defined hexagonal structure was reported by other workers by using expensive 
patterning methods44,45.

X-Ray diffraction was conducted to gain information on the crystal structure of photocatalyst. As shown in 
Fig. 4A, the diffraction peak for 0.5Ni-Si/MgO catalyst at 28.56°, 47.37°, 56.54°, 58.02°, 69.38°, 77.05° attributed to 
the MgO as confirmed by JCPDS file no. 01-089-2749. The crystal planes of Si (JCPDS file no. 01-075-0447) was 
identified as the principal phase (2θ of 36.26° (111), 62.32° (220), 74.79° (311) and 78.64° (222)) for the sample 
showed in Fig. 4A. The weak diffraction peaks at the 2θ of 52.12° (200) in the spectra of sample match well with 
the Ni phase (JCPDS file no. 01-070-1849). The peaks of the Mg2SiO4 (2θ of 22.89°, 24.25°, 24.50°, 29.80°, 31.84°, 
34.45°, 34.94°, 40.11°, and 62.78°, JCPDS file no. 01-076-0851) on catalyst show ten crystal planes, corresponding 
with 021, 101, 111, 002, 130, 131, 121, 122, and 062 facets. The resulting hierarchically ultra-thin 0.5Ni-Si/MgO 
nanosheets were then characterized by XPS. As shown in Fig. 4B, the Mg KLL XPS Auger peaks were formed 
after the magnesiothermic reduction process. The binding energy for metallic magnesium identified at 311.8 eV 
is shifted by about 5.22 eV towards higher binding energies after solid phase reaction associate with the forma-
tion of magnesium oxide46. The deconvolution of the Si2p peak (Fig. 4C) gives peaks at 98.7, 99.3 and 103.1 eV, 
which belong to Sio and Si–H, respectively47. The presence of Si–H bonds on the catalyst surface is beneficial for 
enhancing the separation of photogenerated charge carriers in the nanosheets photocatalyst and act as hydrogen 
production sites18. The photogenerated electron can react quickly with the Si–H group from a semiconductor to 
form H2 and thus the transfer of holes in nanosheet of catalyst could be accelerated18,48.

As shown in Fig. 4D, the deconvoluted O1s peak at ∼533 eV corresponds to Si–OH bond implying the exist-
ence of Si–OH embedded in the nanosheet photocatalyst18,48. The unstable dangling H bonds could be associated 
with the formation of Si–OH due to surface oxidation18,49,50. The formation of Si-H and Si-OH bonds on the Si 
nanosheets is consistent with the recent reports47. The O1s satellite peak at 531.7 eV is due to Si4+, indicating the 
presence of magnesium silicates species while the lower binding energy peak at 529.5 eV attribute to MgO shown 
in Fig. 4D47,51,52. The deconvoluted Ni2p peak at binding energies of 852.5 eV corresponds to Ni metal shown in 
Fig. 4E which agrees well with those reported for Ni metal53.

The bandgap of the photocatalyst was determined using direct semiconductor formula. Upon recognizing 
electron-energy-loss spectroscopic results, Goniakowski et al.54 concluded that the supported or unsupported MgO 
was found to exhibit semiconductive behavior. By using different semiconductors in appropriate proposition, 
Scagnelli et al.55 demonstrated that MgO supported catalyst showed a great flexibility for bandgap due to its semicon-
ductive nature. More recently, Fuku et al.56 was used a direct semiconductor formula to determine the bandgap of 
NiO/MgO nanocomposite. Hence, the method for band gap determination used in this study is consistent with the 
experimental data compiled by other researchers54–56. The results of the absorption spectra of the catalyst was pro-
vided in Fig. 5A,B. The absorption edges of 0.5Ni-Si/MgO and 0.7Ni-Si/MgO catalyst were located at approximately 

Figure 1. (A) Illustration of the preparation of the Si/MgO by the solid phase reaction method; (A) Treatment 
of rice husk; (B) conversion of silica from rice husk; (C) photocatalyst was prepared using solid phase reaction 
in which SiO2 and NiB were used as a precursor. (b) Photo of the homemade reactor design used to perform 
solid phase reaction to produce photocatalyst.
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500 nm and 480 nm respectively which is in agreement with its characteristic absorption in visible spectrum range57. 
Here, the optical band gap energies of 0.5Ni-Si/MgO and 0.7Ni-Si/MgO were calculated from Tauc plots according 
to the relationship αhυ = C(hυ − Eg)2 or (αhυ)2 = C′(hυ − Eg), where α is the coefficient of absorption, hυ is the 
constant and Eg is the band gap energy58, respectively. The evaluation of absorption coefficient was determined by 
α = Kln(Rmax-Rmin/R-Rmin), where, maximum reflectance is the Rmax and the minimum reflectance is Rmin

58. The 
estimation of band gap was performed by the plot (αhυ)2 versus photon energy (hυ) and bandgap values for the 
0.5Ni-Si/MgO and 0.7Ni-Si/MgO measured by the curve fitting were 2.48 eV and 2.58 eV respectively, as shown in 
Fig. 5C,D. The results demonstrated that the band gap of Ni-Si/MgO phocatalyst can be adjusted by tuning the cocat-
alyst concentration, which accordingly leads to their different efficiency in photocatalytic reactions.

The identified Si and Ni metals (M) of photocatalyst and their M-H and M–OH bonds on ultrathin layers of 
catalyst could be associated with the oxidation/reduction reaction during hydrogen production. The efficiency 
of semiconductors modified photocatalyst can greatly be affected by their states of surface radicals47. After sim-
ulation of adsorption and dissociation of water molecules on Si-H, Si-OH and Si surface, a conclusion has been 
reached by Zhang et al.57 that the dissociation of water would take place preferentially on Si surface when irradiate 
in water. The holes on metals surface (Si or Ni) (M-h+) could act as oxidation center (Eq. 1) where H+ would trap 
by Si-H bonds to provide proton reduction sites for H2 production18 (Eq. 2).

Figure 2. Morphological characterization of ultrathin 0.5Ni-Si/MgO nanosheets. (A–C) Scanning electron 
micrograph of 0.5Ni-Si/MgO catalyst. Inset: magnified SEM image of catalyst. (D)Transmission electron 
micrograph of 0.5Ni-Si/MgO catalyst. Inset: magnified TEM image of nanosheet catalyst. (E–I) SEM-EDX 
elemental mapping images showing Si distribution (E), Ni distribution (F), Mg distribution (G) and O 
distribution (H) and SEM.
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Oxidation: h M H O M OH H (1)2+ + → − ++ +

+ − + → +− +Reduction: e M H H M H (2)2

Figure 3. Morphological characterizations of 0.7Ni-Si/MgO nanorods. (A–C) Scanning electron micrograph 
of 0.7Ni-Si/MgO catalyst. Inset: magnified SEM image of catalyst. (D,E)Transmission electron micrograph 
of 0.7Ni-Si/MgO catalyst. Inset: magnified TEM image of nanorods catalyst. (F–J) SEM-EDX elemental 
mapping images showing an SEM image (F), Si distribution (G), Ni distribution (H), Mg distribution (I) and O 
distribution (J).
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Other workers47 have discussed a similar phenomenon and have suggested that the released H+ cations are 
supposed to pick up photoexcited electrons on the surface of M-OH and M-H for the reduction through the 
reaction (Eq. 2). Examining the mechanism of surface charge behavior and reaction mechanism of hydroxide on 
semiconductor metals, Liu et al.18 concluded that the formation of OH group onto the metal surface may prefer 
to form a new H2O molecule by consuming photoexcited electron as shown in Eq. 3, resulting in low probability 
of generating oxygen. It may be mentioned that the suppression of H2 production could be attributed to proceed 
by reaction (Eq. 3).

+ − + → +− +Reduction: e M OH H M H O (3)2

Likewise, the formation of OH group onto the Ni surface may prefer to form a new H2O molecule by hosting 
the reaction (Eq. 3), resulting in low probability of generating oxygen. The oxidation/reduction reaction on cat-
alyst is shown in Fig. 6.

Figure 4. Structural and chemical characterization of catalyst. (A) X-diffraction of 0.5Ni-Si/MgO catalyst. (B) 
XPS spectra of Mg KLL (C) XPS spectra of Si 2p. (D) XPS spectra of O 1 S. and (E) XPS spectra of Ni 2p for 
0.5Ni-Si/MgO catalyst.
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The catalytic reactions indeed produce only H2 gas from water in the present study as shown in Fig. S1. This 
observation is consistent with the results demonstrated previously by Liu and coworkers who reported silicon 
nanowires as the starting materials for photocatalytic water splitting18. Therefore, the results indicate that the pro-
duction of H2 may not take place along a conventional water-splitting process. The data for H2 production agree 
quite well with the results reported by other researchers18,58.

Figure 7A shows the time-dependent photacatalytic H2 generation through water splitting obtained from 
0.5Ni-Si/MgO and 0.7Ni-Si/MgO samples. As shown in Fig. 7A, higher photocatalytic H2 evolution rate of 
0.5Ni-Si/MgO (714 µmolh−1) was observed compared to the 0.7Ni-Si/MgO (611 μmolh−1). The structural and 
morphological characteristics of photocatalyst may attribute to compare the differences of catalytic efficiency. 
Evidently, the dominance of Si phase in the 0.5Ni-Si/MgO sample might be associated with the higher activity 
compared to Mg2SiO4 phase for 0.7Ni-Si/MgO sample (Fig. 4A). This is in agreement with the difference in 

Figure 5. Optical absorption analysis of the photocatalyst: (A) 0.5Ni-Si/MgO catalyst, (B) 0.7Ni-Si/MgO 
catalyst and Tauc plots and band gap determination of (C) 0.5 Ni-Si/MgO catalyst, (D) 0.7 Ni-Si/MgO catalyst.

Figure 6. The oxidation/reduction reaction on the catalyst surface.
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photogenerated carriers of the reactive metal/metal-compound59. As shown in Fig. S2A–D, there was no observ-
able change in the structure of 0.7-Ni-Si/MgO catalyst. However, the Ni(OH)2 phase noticed from the Fig. S2E 
could be ascribed to the lower activity of 0.7-Ni-Si/MgO catalyst. Examining the mechanism of surface charge 
behavior and reaction mechanism of hydroxide on semiconductor metals, Liu et al.18 concluded that the forma-
tion of OH group onto the metal surface may prefer to form a new H2O molecule by consuming photoexcited 
electron as shown in Eq. 3, resulting the suppression of H2 production rate. A similar observation was made by 
other researchers60,61 who studied extensively on the H2 generation over semiconductor photocatalyst.

In addition, the synthesised nanosheet assemble structures (Fig. 2) could be attributed to the higher photo-
catalytic activity than the nanorods (Fig. 3). Thus, the question may arise: why do ultrathin 0.5Ni-Si/MgO nano-
sheets exhibit a much higher activity than 0.7Ni-Si/MgO nanorods? Many studies have demonstrated that the 
photoexcited electrons and holes may be increased by multiple reflections of light in the nanosheet assemblages 
and thus enhancing the photocatalytic reactions62. The light-harvesting of nanosheets superstructure could be 
enhanced by multiple reflections of light and thus, increases the photoexcited electrons and holes to contribute 
the photocatalytic raections62. The lower photocatalytic H2 production in 0.7Ni-Si/MgO nanorods could be a 
consequence of poor intralayer charge transport. Further, the drastic enhancement of photocatalytic activity for 
ultra-thin nanosheets is attributed to the following factors:17,63,64 i) The holey 2D ultrathin structure of 0.5Ni-Si/
MgO nanosheets can provide more exposed new catalytic active sites which maximizes the cross-plane diffusion 
of photogenerated carriers; ii) Short migration path of ultrathin nanosheets for photogenerated electron may 
results in high activity; iii) a dense network of crystalline nanosheets may decrease the electron diffusion length 
and provides enhanced photon absorption to the catalyst; (iv) the randomly branched nanosheets may increase 
light-harvesting efficiency by scattering enhancement and trapping. As is well-known, the photocatalytic activity 
is closely related to photoexcited electrons-hole generation. The 0.7Ni-Si/MgO nanorods exhibited a strong pho-
toluminescence (PL) peak, suggesting the fast carrier recombination (Fig. 7B)65. In contrast, the lower peak for 
the 0.5Ni-Si/MgO indicating the high separation of photo-excited electrons, which was likely to be resulted from 
the hierarchically ultrathin nanosheets of catalyst.

Stability of the phocatalyst was carried out by recycling test. No noticeable loss of hydrogen production after 
progressively reuse was observed under the visible light irradiation (Fig. 8A). Through the reaction condition 
for the different research experiments was not same, the ultra-thin nanosheet photocatalyst observed in this 
experiment displayed relatively higher compared with the noble-metal-free photocatalyst18,36,37,47. Such high per-
formance of hydrogen production from noble metal free photocatalyst has not been reported to the best of our 
knowledge. The lower decaying rate of PL signals as evident from Fig. 8B for ultrathin nanosheets, greatly retain 
their photocatalytic activity stable65. This noble metal-free efficient photocatalyst with remarkable photostability 
is highly desirable for industrial application. To gain further insight into the difference either in the morphology 
or in the chemical structure of catalyst after 5th cycle, characterizations of the used catalyst were performed by 
using XRD, XPS, FESEM, HRTEM. No observable difference in the chemical structure of photocatalyst after suc-
cessive reuse was identified by XRD (Fig. 8C) and XPS (Fig. 9A–D). However, the presence of additional peak is 
confirmed by fitting the high energy shoulders on the metallic line at energy of about 857.5 eV (Fig. 9E). The peak 
evidenced by XPS studies can be assigned to the formation of Ni(OH)2 in the catalyst after 5th consecutive cycles66. 
It is important to point out that XPS only detects at the top 5–10 atomic layers of the sample67. However, Ni(OH)2 
phase was not detected by XRD analysis in the sample after the 5th consecutive cycles (Fig. 8C). Behr-Andres et al.68 
reported that the XRD cannot detect any phase if the phase is either amorphous in nature or not enough volume to 
produce peaks of considerable intensity in XRD. A related observation has been reached by Chen et al.69 that the 
phase contents either less than 5% or extremely thin cannot detect in XRD analysis. In addition, the incorporation 
of small crystallites with randomly oriented phase of the sample into the bulk lattice might not contribute to show 
XRD peaks, as suggested by Köferstein et al.70. The results demonstrated that the Ni(OH)2 phase identified by XPS 
might not detect by XRD due to it’s presence of either amorphous or extremely thin phase in the reused sample.

The photography of hydrogen evolution in photocatalytic vessel is shown in Fig. 10A. A significant differ-
ence in the morphology of used catalyst was observed (Fig. 10B,C). After few cycle of successive reuse, stack-
ing of ultrathin nanosheets structured morphology were broken into some small nanoplates, producing novel 
flower-like hierarchically nanostructures assembled by large number of nanosheets with high uniformity 

Figure 7. (A) Comparative photocatalytic activity of photocatalyst, 0.5Ni-Si/MgO and 0.7Ni-Si/MgO. The 
system was irradiated by visible light without using any sacrificial reagent. (B) PL spectra of the photocatalyst.
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(Fig. 10B). The intersection of nanosheets structures produced flower-like porous structure, as evident from 
TEM (Fig. 10C). The internal field at the interface of nanosheets facilitates the spatial separation of the photo-
generated carriers, as widely reported in the literature71. Based on the results and discussion above, a probable 
mechanism for the improved photocatalytic activity of hierarchically ultrathin Ni-Si/MgO nanosheets can be 
proposed (Fig. 10D). It is usually known that absorption of solar light, photoexcitation, departure of electrons are 
main stages of photo-irradiated reaction. The excited electrons transmit to the surface species (Si-OH and Si-H) 
of conduction band and leaving behind the holes in the valance band. Part of these electrons would access to 
the conduction band of Ni and these electrons participate immediately in the photocatalytic reaction, leading to 
hole-electron separation. As previously reported72 H2 evolution could be facilitated by the nickel supported pho-
tocatalyst. Hence, the incorporation of Ni particle in the interlayer of catalyst may serve as reduction sites for the 
formation of H2. An opposite flow of holes (h + ) from the valence band to the Si-h + is expected. Recombination 
of major photoexcited electrons and holes and participation only a portion of electrons in the photocatalytic reac-
tion causes in lower activity. The photogenerated electrons and holes from porous ultrathin layer of catalyst can 
be spatially distributed at the more active sites of co-catalysts (Ni, Si-OH and Si-H species) which promote to the 
accumulation of more electrons and holes on porous nanosheets. It has been shown by the several researchers47,73 
that low possibilities of oxygen generation on Si could be associated with the surface bonds of Si-H and Si-OH 
on Si catalyst. These results provide substantial arguments to explain the mechanisms that occur at Si surface for 
the photoassisted water splitting. Optimizing and stabilizing the surface functions of catalyst could be a further 
step of research to improve the catalyst efficiency. Finally, we anticipate that the work presented here may open 
up new insights for the utilization of hierarchically porous ultrathin Ni-Si/MgO nanosheets photocatalyst as an 
alternative to noble metals supported catalyst for effective photocatalytic hydrogen production.

conclusions
In summary, a visible-light-driven Ni-Si/MgO catalyst system has been developed using a straightforward 
method based on a solid phase reaction strategy to make nanostructured ultrathin catalyst for efficient H2 evo-
lution without adjusting pH, applied voltage, sacrificial agent or electron donor. It could be mentioned that the 
surface properties of photocatalyst is the one of the influencing factor to increase the H2 evolution for Ni-Si/MgO 

Figure 8. (A) Cycling test of photocatalytic stability of the ultrathin 0.5Ni-Si/MgO nanosheets. (B) PL spectra 
of the ultrathin 0.5Ni-Si/MgO nanosheets after five consecutive recycling test. (C) XRD pattern of 0.5Ni-Si/
MgO for successive reuse of 5th cycle.
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catalyst system. The demonstration of maximum hydrogen evolution from this precious-metal-free system is 
714 µmol h−1, which can be compared to the previously reported for any noble-metal-free water-splitting pho-
tocatalyst. Exhibiting exceptional activity and the long-term stability of photocatalyst thus promote for practical 
implementation. Considering the ultrathin nanosheet morphology and high photocatalytic activity of Ni-Si/MgO 
catalyst, we believe that combining the other semiconducting materials with smaller band gaps will enable further 
improvements of photocatalytic H2 evolution. More prominently, the facile fabrication process for the nanosheet 
assembly of photocatalyst developed here may be a key advancement for the improvement of solar light driven 
clean fuel conversion technologies.

Experimental sections. Synthesis of Ni and Si precursor. Semiconductor based photocatalyst was fabri-
cated using solid combustion method in a self-customized reactor. High crystallite silica powder at nanoscale 
was obtained by wet acid and thermal treatments. Firstly, the rice husk (collected from sekinjang, Malaysia) was 
purified using 20% hydrochloric acid (pH = 2) at 90 °C for 1 h. The collected samples were washed with water 

Figure 9. Chemical characterization of reused 0.5Ni-Si/MgO catalyst after 5th cycle. (A) XPS spectra of Mg 2p 
(B,C) XPS spectra of Si 2p. (D) XPS spectra of O 1 S. and (E) XPS spectra of Ni 2p for 0.5Ni-Si/MgO catalyst.
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and dried in an oven for 4 h. Calcination of the sample was performed at 800 °C in an air for 3 h under ramping 
5 °C min−1. Silica powder was collected after calcination steps. Sodium borohydride and nickel salts were used to 
prepare NixB catalyst. Typically, 5 wt%NaBH4 (98%, Fisher Scientific) solution cooled in ice water bath (5–7 oC) 
and adjusted pH 12 of the solution under stirring. The 6 wt%NiCl2 (99%, Fisher Scientific) solution added slowly 
to the NaBH4 (Fisher Scientific) solution slowly for 3 h to avoid violent hydrogen evolution. The filtration of black 
color precipitates was performed and washed with water to remove remaining chloride ions. Finally the sample 
was dried in an oven at 150 °C.

Synthesis of photocatalyst. Nickel-Silicon/magnesium oxide photocatalyst was prepared by one-pot fac-
ile magnetothermic reduction process in a closed reactor. In a typical procedure, grounding of 1 g silica powder 
with different amount of NiB ranging from (0.5–0.7 g) and 1.1 mg of Mg powder (Sigma-Aldrich Co, LLC., nan-
opowder). The heat generated by exothermic reaction was avoided by spreading the catalyst at the bottom of the 
reactor. Tube furnace was used to heat the reactor (carbolite G, model 12/1200) to 750 °C for 3 h with 5 °C min−1 
increasing rate. The reactor was collected from the furnace after solid phase reaction at temperature below 100 
°C. The resultant catalyst was used in water for reaction without adjusting pH, applied voltage, sacrificial agent 
or electron donor.

Measurement of H2 evolution. Photocatalytic reaction was performed without using any sacrificial rea-
gent (Fig. 11) equipped with a vessel for reaction, vacuum line and a port for gas sampling connected directly to 
an online gas chromatography (GC, Agilent technologies 7890 A). Thermal conductivity detector and molecular 
sieve (Part number 19095P-MSO, Agilent US) were connected with the GC. Argon gas was used as a carrier gas.

In a typical run, 1.0 g of resultant Ni-Si/MgO catalyst was dispersed in pure water (380 mL) without adjusting 
pH, applied voltage, sacrificial agent or any electron donor. The dead volume of the pyrex reactor used for reac-
tion was 500 mL. A tape water bath was applied to keep the reaction vessel cool. Evacuation process was applied 
for degassing the reaction system before irradiation. The light irradiation was a 450 W xenon lamp (l > 400 nm) 
through a quartz cooling jacket. Two μl of sample was injected with carrier gas N2. The comparison was made 
with standard retention time of H2 to calculate generation quantity of H2. To calculate the H2 yield, a calibration 
curve was generated by injecting known amount of H2 and integrating signal intensities. The measurement details 
were given in Table S1. To evaluate the cycling test, photocatalytic hydrogen evolution of the ultrathin 0.5Ni-Si/
MgO nanosheets were performed under visible light (>400 nm) for five cycles. The H2 production rate (Eq. 4) 
was calculated from the ratio between the moles of H2 generated in the reaction and the duration of reaction time.

=Hydrogen production rate Hydrogen generation
Reaction time (4)

Figure 10. (A) Photography of photocatalytic reaction performed in a vessel under visible light illumination. 
(B) SEM image of the used 0.5Ni-Si/MgO photocatalyst. Inset: magnified image of used 0.5Ni-Si/MgO 
catalyst. (C) Transmission electron micrograph of used 0.5Ni-Si/MgO catalyst after 5th cycle. (D) Proposed 
photocatalytic mechanism of Ni-Si/MgO photocatalyst under visible light irritation.
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Sample characterization. Detection of crystal structure of the sample was performed XRD (Model: 
Shimadzu, XRD6000 with a PIXcel 1D detector with Cu Kα radiation). The current 30 mA and operating voltage 
2.7 kV were maintained. A range of 2θ value was scanned from 10–80° with scan rate of 2° min−1. Peak elucida-
tion was performed by matching the JCPDS library.

UV-Vis-NIR absorption spectra (UV-vis) were obtained by the diffuse reflection method using a Perkin spec-
trometer and BaSO4 as a reflectance standard. Conversion of absorbance was performed using reduced reflec-
tance technique. The surface structure of the catalyst was measured by FESEM (Model SU8000). The voltage 
was maintained 12 kV and distance for measuring maintained ~4 mm. To determine the chemical composition 
existence, EDX was performed on ThermoscientificNoran System 7 with Nanotrace detector.

HRTEM (HT-7700) was used to observe the structure of photocatalyst. The point resolution and accelerating 
voltage were used 0.09 nm and 200 kV respectively under high vacuum mode. The oxidation states of catalyst 
were examines by XPS (Quantera II) radiated 1486 eV using Al Kα. A monochromator X-ray light source was 
used operating at 25.6 W. The system was calibrated by the 284.8 eV of the binding energy for carbon. The meas-
urement of electron-hole recombination property was carried out by photoluminescence (PL, Elmer LS55, xenon 
(Xe) lamp with 383 nm wavelength).

Received: 24 October 2019; Accepted: 27 January 2020;
Published: xx xx xxxx

References
 1. Teo, S. H., Yap, D. K. Y., Mansir, N., Islam, A. & Taufiq-Yap, Y. H. Facile Recoverable and Reusable Macroscopic Alumina Supported 

Ni-based Catalyst for Efficient Hydrogen Production. Sci. Rep. 9, 1–14 (2019).
 2. Ghouri, Z. K., Elsaid, K., Abdala, A., Al-Meer, S., & Barakat, N. A. Surfactant/organic solvent free single-step engineering of hybrid 

graphene-Pt/TiO2 nanostructure: Efficient photocatalytic system for the treatment of wastewater coming from textile industries. Sci. 
Rep. 8, 14656.

 3. Jia, Z. et al. Pt nanoparticles decorated heterostructured gC3N4/Bi2 MoO6 microplates with highly enhanced photocatalytic 
activities under visible light. Sci. Rep. 9, 7636 (2019).

 4. Nguyen, N. T., Altomare, M., Yoo, J. E., Taccardi, N. & Schmuki, P. Noble Metals on Anodic TiO2 Nanotube Mouths: Thermal 
Dewetting of Minimal Pt Co‐Catalyst Loading Leads to Significantly Enhanced Photocatalytic H2 Generation. Energy Mater. 6, 
1501926 (2016).

 5. Qin, L., Wang, G. & Tan, Y. Plasmonic Pt nanoparticles TiO2 hierarchical nano-architecture as a visible light photocatalyst for water 
splitting. Sci. Rep. 8, 16198 (2018).

 6. Li, X. et al. Light illuminated α−Fe2O3/Pt nanoparticles as water activation agent for photoelectrochemical water splitting. Sci. Rep. 
5, 9130 (2015).

 7. Britto, R. J. et al. Molybdenum disulfide as a protection layer and catalyst for gallium indium phosphide solar water splitting 
photocathodes. J. Phys. Chem. Let. 7, 2044–2049 (2016).

 8. Xing, Z., Yang, X., Asiri, A. M. & Sun, X. Three-dimensional structures of MoS2@ Ni core/shell nanosheets array toward synergetic 
electrocatalytic water splitting. ACS Appl. Mater. Interf. 8, 14521–14526 (2016).

 9. Artrith, N., Sailuam, W., Limpijumnong, S. & Kolpak, A. M. Reduced overpotentials for electrocatalytic water splitting over Fe-and 
Ni-modified BaTiO3. Phys. Chem. Chem. Phys. 18, 29561–29570 (2016).

 10. Jung, J. Y. et al. Seebeck-voltage-triggered self-biased photoelectrochemical water splitting using HfO x/SiO x bi-layer protected Si 
photocathodes. Sci. Rep. 9, 9132 (2019).

 11. Wang, L. & Zan, L. WO3 in suit embed into MIL-101 for enhancement charge carrier separation of photocatalyst. Sci. Rep. 9, 4860 
(2019).

 12. She, X. et al. High Efficiency Photocatalytic Water Splitting Using 2D α‐Fe2O3/g‐C3N4 Z‐Scheme Catalysts. Adv. Energy Mater. 7, 
1700025 (2017).

 13. Ong, W. J. 2D/2D graphitic carbon nitride (g-C3N4) heterojunction nanocomposites for photocatalysis: why does face-to-face 
interface matter? Front. Mater. 4, 1–10 (2017).

 14. Ong, W. J. et al. Unravelling charge carrier dynamics in protonated gC3N4 interfaced with carbon nanodots as co-catalysts toward 
enhanced photocatalytic CO2 reduction: a combined experimental and first-principles DFT study. Nano Res. 10, 1673–1696 (2017).

Figure 11. A schematic of photochemical water splitting reaction for hydrogen production. Argon gas (a), flow 
controller (10 ml min−1) (b), thermostatic bath (c), magnetic stirrer (d), reactor vessel (e), light source (f), lamp 
jacket (g), magnetic bar (h), flow controller (20 ml min−1) (i), power generator (j), nitrogen gas (k), column 
oven (l), column (m), oven controller system (n), thermal conductivity detector (o), data acquisition system (p), 
recorder (q), air inlet (I), air outlet/ sample gate (II), cooling water inlet (III,V), cooling water outlet (IV,VI).

https://doi.org/10.1038/s41598-020-59325-4


13Scientific RepoRtS |         (2020) 10:2324  | https://doi.org/10.1038/s41598-020-59325-4

www.nature.com/scientificreportswww.nature.com/scientificreports/

 15. Zheng, Y. et al. Molecule-level g-C3N4 coordinated transition metals as a new class of electrocatalysts for oxygen electrode reactions. 
J. Am. Chem. Soc. 139, 3336–3339 (2017).

 16. Botari, T., Huhn, W. P., Lau, V. W. H., Lotsch, B. V. & Blum, V. Thermodynamic equilibria in carbon nitride photocatalyst materials 
and conditions for the existence of graphitic carbon nitride g-C3N4. Chem. Mater. 29, 4445–4453 (2017).

 17. Che, W. et al. Fast photoelectron transfer in (Cring)–C3N4 plane heterostructural nanosheets for overall water splitting. J. Am. 
Chem. Soc. 139, 3021–3026 (2017).

 18. Liu, D. et al. The nature of photocatalytic “water splitting” on silicon nanowires. Angew. Chem. Int. Ed. 54, 2980–2985 (2015).
 19. Roger, I., Shipman, M. A. & Symes, M. D. Earth-abundant catalysts for electrochemical and photoelectrochemical water splitting. 

Nat. Rev. Chem. 1, 0003 (2017).
 20. Indra, A. et al. Boosting Visible‐Light‐Driven Photocatalytic Hydrogen Evolution with an Integrated Nickel Phosphide–Carbon 

Nitride System. Angew. Chem. Int. Ed. 56, 1653–1657 (2017).
 21. Luo, P. et al. Targeted synthesis of unique nickel sulfide (NiS, NiS2) microarchitectures and the applications for the enhanced water 

splitting system. ACS Appl. Mater. Interf. 9, 2500–2508 (2017).
 22. Zhang, D. et al. An anti-photocorrosive photoanode based on a CdS/NixSy@ NF heterostructure for visible-light-driven water 

splitting. Appl. Surf. Sci. 420, 161–166 (2017).
 23. Bui, H. T. et al. Anodically grown binder-free nickel hexacyanoferrate film: toward efficient water reduction and hexacyanoferrate 

film based full device for overall water splitting. ACS Appl. Mater. Interf. 9, 18015–18021 (2017).
 24. Jiang, M., Liu, Z., Ding, L. & Chen, J. Facile fabrication and efficient photoelectrochemical water-splitting activity of electrodeposited 

nickel/SiC nanowires composite electrode. Catal. Commun. 96, 46–49 (2017).
 25. Han, H., Kment, S., Goswami, A., Haderka, O. & Zboril, R. Directly grown TiO 2 nanotubes on carbon nanofibers for 

photoelectrochemical water splitting. MRS Adv. 1, 3145–3150 (2016).
 26. Wang, K. et al. Promising GeSe Nanosheet-Based Thin-Film Photocathode for Efficient and Stable Overall Solar Water Splitting. 

ACS Catal. 9, 3090–3097 (2019).
 27. Pan, Z., Zheng, Y., Guo, F., Niu, P. & Wang, X. Decorating CoP and Pt nanoparticles on graphitic carbon nitride nanosheets to 

promote overall water splitting by conjugated polymers. ChemSusChem 10, 87–90 (2017).
 28. Kong, X. et al. Free-standing two-dimensional Ru nanosheets with high activity toward water splitting. ACS Catal. 6, 1487–1492 

(2016).
 29. Yang, Y., Fei, H., Ruan, G., Li, Y. & Tour, J. M. Vertically aligned WS2 nanosheets for water splitting. Adv. Funct. Mater. 25, 6199–6204 

(2015).
 30. Yu, J., Qi, L. & Jaroniec, M. Hydrogen production by photocatalytic water splitting over Pt/TiO2 nanosheets with exposed (001) 

facets. J. Phys. Chem. C. 114, 13118–13125 (2010).
 31. Yamada, S., Nosaka, A. Y. & Nosaka, Y. Fabrication of CdS photoelectrodes coated with titania nanosheets for water splitting with 

visible light. J. Electroanal. Chem. 585, 105–112 (2005).
 32. Zhang, Z., Li, X., Zhang, R., Zhang, Z. & Yu, J. In Situ Synthesis of Pt/TiO2 Nanosheets on Flexible Ti Mesh for Efficient and Cyclic 

Phenol Removal. Inorg. Chem. 58, 7303–7309 (2019).
 33. Yin, Z. et al. Au nanoparticle‐modified MoS2 nanosheet‐based photoelectrochemical cells for water splitting. Small 10, 3537–3543 

(2014).
 34. Ebina, Y., Sakai, N. & Sasaki, T. Photocatalyst of lamellar aggregates of RuO x-loaded perovskite nanosheets for overall water 

splitting. J. Phys. Chem. B. 109, 17212–17216 (2005).
 35. Wang, Q. & O’Hare, D. Recent advances in the synthesis and application of layered double hydroxide (LDH) nanosheets. Chem. Rev. 

112, 4124–4155 (2012).
 36. Shao, M., Cheng, L., Zhang, X., Ma, D. D. D. & Lee, S. T. Excellent photocatalysis of HF-treated silicon nanowires. J. Am. Chem. Soc. 

131, 17738–17739 (2009).
 37. Peng, C. et al. Stability of hydrogen-terminated surfaces of silicon nanowires in aqueous solutions. J. Phys. Chem. C. 115, 3866–3871 

(2011).
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