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H I G H L I G H T S  

• Unveiling the role of carbonate in Ni-based core/shell plasmonic photocatalyst. 
• Revealing amorphous NiCO3 as an active side for H2 reduction via DFT calculations. 
• Enhancing photocatalytic activity by the incorporation of NiO as a middle layer. 
• Optimizing the photocatalytic performance by post-vacuum annealing thermal treatment.  
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A B S T R A C T   

Though carbonates are known for several decades, their role in sun-light driven photocatalysis is still hidden. 
Herein, carbonate boosted solar water splitting in nickel-based plasmonic hybrid nanostructures is disclosed for 
the first time via in-situ experiments and density-functional theory (DFT)-based calculations. Ni@NiO/NiCO3 
core@shell (shell consisting of crystalline NiO and amorphous NiCO3) nanostructure with varying size and 
compositions are studied for hydrogen production. The visible light absorption at ~470 nm excludes the pos-
sibility of NiO as an active photocatalyst, emphasizing plasmon driven H2 evolution. Under white light irradi-
ation, higher hydrogen yield of ~80 µmol/g/h for vacuum annealed sample over pristine (~50 µmol/g/h) 
complements the spectroscopic data and DFT results, uncovering amorphous NiCO3 as an active site for H2 
absorption due to its unique electronic structure. This conclusion also supports the time-resolved photo-
luminescence results, indicating that the plasmonic electrons originating from Ni are transferred to NiCO3 via 
NiO. The H2 evolution rate can further be enhanced and tuned by the incorporation of NiO between Ni and 
NiCO3.   

1. Introduction 

H2 production through solar water splitting via semiconductor-based 
systems has been one of the common approaches to achieve a greener 
environment [1,2]. However, because of high reagent costs, complicated 
materials synthesis processes and limited H2 production efficiency, 
development of new photocatalytic systems such as plasmonic materials 
have recently been found effective for sunlight energy harvesting tech-
nologies [3,4]. This is because plasmonic devices allow unique control of 
light at the nanoscale and offer highly sensitive molecular detection 

through enhanced interaction between free charge carriers and light via 
surface plasmon resonances (SPR). Such effect has already been widely 
employed in optoelectronics [5], surface-enhanced Raman scattering 
[6] and label-free biosensor [7,8]. Light-induced hot carriers derived 
from the SPR of metallic nanostructures have recently been reported as 
highly promising agents for photocatalysis. In particular, introduction of 
noble metals/SPR effect into the design of photocatalysts has enhanced 
the photocatalyst’s activity in the visible light region [9], making plas-
monic photocatalysis the hallmark for solar water splitting. 

The plasmonic photocatalytic reaction has mainly been reported 
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with noble metals, such as Au, Ag, and Pt, as they promote optical light 
absorption due to their low excitation-energy requirements and 
remarkable photoactivity [10–13]. For instance, DFT-based calculations 
have shown that catalytic activity of the Ni@Pt core@shell nano-
particles is superior to that of Pt(111) surface [14]. However, the high 
cost of noble metal [15] requires other cost-effective plasmonic candi-
date for the photocatalysis, such as less researched Ni (an earth abun-
dant transition metal). Moreover, in typical plasmonic photocatalytic 
systems, such as Au/TiO2 or Ni/NiO, semiconducting support provide 
trapping sites for the plasmon-excited electrons, which further promotes 
the water oxidation or reduction reaction on the semiconductors 
[16,17]. Addition of a ternary component/co-catalyst with such binary 
plasmonic photocatalytic system further boost the performance [18] 
The change in type of semiconducting support or ternary component has 
also shown significantly varying performance even with the same plas-
monic metal [19] This reflects that a proper selection of support and 
cheaper plasmonic metal can lead to an efficient alternative towards the 
hydrogen evolution reaction. 

Ni and Ni-based compounds with the ability to adopt multiple 
oxidation states to form complexes can be apposite for catalysis. Further, 
a rationalized approach for Ni-based plasmonic systems can provide 
improved performance by achieving the catalytic activity, selectivity, 
and stability requirement. For example, according to DFT calculations, 
recently synthesized Ni-based core@shell material (Ni@Ni-NC) are 
characterized by the dual-site oxygen evolution reaction (OER) mech-
anism of the Ni–NC active species with a significantly low reaction 
barrier, which explains its enhanced catalytic activity [20]. Ni@NiO 
core@shell nanostructures plays a significant role for hydrogen gener-
ation due to the light absorption and separation of photogenerated 
carriers [21,22] over pure NiO, or mixed dispersion of NiO nanoparticles 
and Ni metal [23]. Moreover, Ni(OH)2 in combination with various Ni 
nanostructures have also been reported for emerging applications 
related to energy and environments [24,25]. Nickel carbonate NiCO3, an 
attractive compound of Ni but rarely explored, was noted previously as a 
promising candidate in enhancing the catalytic oxidation [26] and 
photocatalytic transformation of CO2 to CH4[27]. The redox equilibrium 
experiments demonstrate that redox potential of the (CO3̇

− /CO3
2− ) is 

1.57 ± 0.03 V vs. the normal hydrogen electrode, which is lower than 
those of the OH•/OH− [26]. NiCO3 has been found crucial in photo-
catalysis and hydrogenation, however, limited work has been focused on 
metal carbonate for OER [28]. Indeed, the NiCO3 owns a rather large 
band gap of ~3.4 eV [29] unsuitable for solar light harvesting, but often 
coexists with other nickel compounds. Despite these advances and 
knowledge, the underlying mechanism of Ni photocatalyst’s carbon-
ation on their performance towards photocatalytic hydrogen production 
is still unexplored. 

In this work, the pristine Ni@NiO/NiCO3 core@shell hybrid nano-
structures of varied sizes and their vacuum annealed counterparts have 
been studied via in-situ X-ray photoelectron spectroscopy (XPS), time- 
resolved photoluminescence (PL) and density functional theory (DFT)- 
based simulations to study the role of carbonate in the photocatalytic 
hydrogen evolution reaction (HER) under visible light illumination. To 
compliment the experimental results, DFT considers different possible 
absorption configurations of hydrogen on Ni@NiO/NiCO3 to study the 
interaction of hydrogen with possible combinations of core and shell, 
such as Ni-NiO-NiCO3, Ni-NiO, and Ni-NiCO3. Finally, the physical na-
ture of HER mechanism and the role of carbonate in such plasmonic 
photocatalytic systems have been revealed for the first time. 

2. Experimental 

2.1. Material 

The commercially available Ni nanopowders (CAS No. 7440–02- 
0 (EINECS 231–111-4) A092, A095 and A096) were purchased from 
Hongwu International Group Ltd (HWNANO). They have a nominal 

purity of 99.8% with different diameters of 40, 70, and 100 nm referred 
to as N40, N70, and N100. The low-cost materials used here are typical 
reagent examples for similar works to study carbonate roles in photo-
catalysis beside the possible large-scale fabrications of the photo-
catalysts. As per our previous work[30], several post-vacuum annealing 
treatments were investigated and optimization conditions were figured 
out. Based on the optimized conditions, these Ni nanopowders were 
separately annealed under low (600 mbar) vacuum conditions at 100 ◦C 
and 200 ◦C for 2 h in a vacuum furnace to optimize the photocatalytic 
performance. The corresponding samples are labeled as N40 (pristine), 
N40-100/2h, N40-200/2h, N70 (pristine), N70-100/2h, N100 (pris-
tine), N100-100/2h, and N100-200/2h. 

2.2. Characterizations 

XRD measurements were carried out by a Rigaku Smart Lab equip-
ped with five-axis θ-θ goniometer and 1D solid-state detector and scin-
tillator using Co-Kα (λ = 1.79 Å, 40 kV, 135 mA) radiation. X-ray total 
scattering data was collected on the Brockhouse High Energy Wiggler 
Beamline of the Canadian Light Source using 65 keV radiation (λ =
0.19074 Å). Data processing and Rietveld refinements were carried out 
using the GSAS-II software [31]. The Pair Distribution Function (PDF) 
was generated using a Qmax of 24 Å− 1 and fit using PDFgui [32]. The 
field emission scanning electron microscope (FESEM) images were 
collected on Zeiss Sigma FESEM. Transmission electron microscopy 
(TEM), high-resolution transmission electron microscopy (HRTEM) 
images, EELS spectra and energy dispersive spectroscopy (EDS) mapping 
were performed using JEOL JEM-2200FS EFTEM/STEM. In-situ XPS 
measurements were performed with Al-Kα using Thermo Fisher Scien-
tific ESCALAB 250Xi XPS System. The samples were vacuum annealed in 
the XPS chamber for 2 h at 100 ◦C and 200 ◦C followed by XPS data 
collection. Energy calibration of the XPS was performed by using C 1 s 
peak at 284.8 eV and Au is used as a sample holder for the XPS mea-
surements. UV–Vis absorbance spectra were obtained using Shimadzu 
UV-2600 spectrophotometer in the absorption range of 300 to 700 nm. 
Luminescence and time-resolved luminescence measurements of opti-
mized samples were measured using the photoluminescence spectrom-
eter FLS1000 (Edinburgh Instruments). The luminescence decay kinetics 
were recorded under the excitation of the 375 nm pulsed laser coupled 
with the spectrometer at room temperature. Diffuse reflection spectra 
were measured by means of SPECORD-210 spectrometer. 

2.3. Photocatalytic HER measurements 

The photocatalytic hydrogen evolution activity of N40 (pristine), 
N40-100/2h, N40-200/2h, N70 (pristine), N70-100/2h, N100 (pris-
tine), N100-100/2h, and N100-200/2h was measured using a quartz 
bottle with dimension 90 mm * 35 mm (height * diameter) and total 
volume of ~ 68 mL. In a typical run, the 5 mg catalyst was suspended in 
25 mL of deionized (DI) water followed by sonication for two minutes. 
LED light sources equipped with a magnetic stirrer in the Perfect Light 
PCX50B photo reactor was used as excitation. The white LED has a 
nominal power of 0.495 W. The solution was exposed to light for 2 h at 
room temperature. To measure the amount of the produced H2, Agilent 
Micro 490 GC gas chromatograph (GC) equipped with a hydrogen sen-
sitive column was used. To carry out the stability tests, the catalyst so-
lution was illuminated for 4 cycles with each cycle of 2 h. All 
measurements were carried out without any cocatalyst and electron/ 
hole sacrificial agents. 

2.4. DFT simulations 

Simulation part was conducted in the framework of the density- 
functional theory (DFT) as implemented in the Vienna ab initio simula-
tion package [33]. The all-electron projector augmented wave method is 
adopted to represent the valence and core electrons, where 1S1, 1S22p2, 
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4S23d8, and 2S22p4 were treated as valence electron configurations for 
C, H, Ni, and O, respectively. The Perdew–Burke–Ernzerhof (PBE) 
exchange–correlation functional under the generalized gradient 
approximation (GGA) was used [34]. The structures were optimized 
until the residual forces per atom and total energy values were smaller 
than 10− 2 eV/Å− 1 and 10− 4 eV, respectively. The energy cutoff of 520 
eV was adopted for the plane wave basis set. 

The absorption energy Ea of molecule on the surface is defined as. 

Ea = Etot − (Esurf + Emol) (1) 

where Etot is the total energy of the molecule-absorbed system, Esurf 
corresponds to the pure surface, and Emol corresponds to the energy of 
the molecule. 

The charge transfer between the molecule and the surface was 
calculated using the Bader analysis while charge density difference 
defined as: 

Δρ(r) = ρtot(r) − (ρsurf (r)+ ρmol(r)), (2) 

where ρctot(r), ρsurf , and ρmol(r) are the charge densities of the 
molecule-absorbed system, the pure surface, and the isolated molecule. 

3. Results 

3.1. Synchrotron structural determination and microstructure 

The lab-based XRD patterns for the pristine and annealed samples 
N40, N40-100/2h, N70, N70-100/2h, N100, and N100-100/2h are 
displayed in Figure S1. The intense peaks located at 2θ ~ 52.14, 60.99 
and 91.73◦ belong to (111), (200), and (220) diffraction planes of the 
Ni (JCPDS #04–002-9123), respectively. Furthermore, the peaks 
observed at 43.52◦ (101) and 50.70◦ (012) can be attributed to NiO 
(JCPDS #04–011-2340) suggesting presence of crystalline Ni and NiO in 
all the studied samples. No diffraction peak related to any other crys-
talline phase has been observed in XRD spectra. For further investiga-
tion, the phase fractions of the crystalline components are calculated by 
carrying out Rietveld refinement on the synchrotron XRD data in 
reciprocal space for sample N70 (Fig. 1-a). Rietveld refinement suggests 
Ni as a major phase along with 1.1 (3) % phase fraction by mass for NiO. 
Since, presence of amorphous carbonate could not be deciphered from 
XRD and corresponding Rietveld refinement, the synchrotron X-ray PDF 
of the powder flux was generated (Fig. 1-b). The PDF, G(r), depicts the 
distributions of all atom–atom distances in the sample and can provide 
information on nanostructures/disordered materials/amorphous. How-
ever, the PDF of N70 is well fitted using just Ni metal. Adding NiO as a 
second phase slightly improves the fit and gives a phase fraction similar 

to that obtained from the Rietveld refinement. Whereas the amount of 
amorphous carbonate is below the detection limit of PDF. 

Figure S2 shows representative FESEM images for N40, N40-100/ 
2h, N70, N70-100/2h, N100, and N100-100/2h. As shown in the im-
ages, all samples have spherical morphology with varying size distri-
bution. It is found that vacuum annealing treatment does not affect the 
morphology and the size of nanoparticles. TEM image in Fig. 2-a con-
firms the overall morphology of the samples as spherical, which agrees 
with the SEM results. The HR-TEM image (Fig. 2-b) further reveals lat-
tice spacing of 0.203 nm and 0.241 nm corresponding to the (111) plane 
of Ni and (101) of NiO, respectively. HR-TEM moreover shows NiO on 
the surface of Ni nanoparticles. EDS mapping in Fig. 2(c-g) depicting the 
elemental distribution of N70, confirms the core@shell structure and the 
presence of Ni, O and C elements. The distribution of Ni, O and C ele-
ments is homogeneous throughout the selected region. The mapping 
image shows that Ni nanoparticles are surrounded by the shell consisting 
of crystalline NiO/amorphous NiCO3. The concentration of Ni is highest 
at the center of the nanoparticle, while between two selected particles 
the concentration of NiO is increased. The atomic percentage of Ni, O 
and C in two different regions are presented in Fig. 2-d. Atomic per-
centages of Ni, O and C atoms are 87.53, 7.46 and 5.01 for the selected 
region one and 56.60, 35.62 and 7.78 for the selected region two. At the 
edge (region two) the amount of O and C is higher than that at the center 
(region one), where Ni is a dominant element. 

The line scanning analysis of N70 (Fig. 2-h), marked by the yellow 
line in Fig. 2-i, presents the distributions of O and Ni elements at the 
edge of two particles. The intensity of O is relatively high on the edge 
(between two nanoparticles) and low in the core of the particles while 
the Ni element presents the reverse distribution. Therefore, the EDS 
mapping and line scanning analysis confirm that the structure of the 
studied catalyst is Ni core and NiO/carbonate shell. STEM image and the 
corresponding EELS spectra for Ni L2,3-edge and O K-edge at the selected 
region on the N70 sample are collected and shown in Figure S3. The 
EELS spectra of N70 for selected regions show features of L2,3-edge 
similar to reference spectra of Ni and NiO [35]. Both Ni and NiO spectra 
show peaks at 855 eV (L3-edge) and 872 eV (L2-edge). The Ni spectrum 
(blue) shows a significant difference between these two peaks, while 
NiO (red) does not have this feature. The O K-edge spectrum (Figure S3- 
c) for NiO (red) shows a peak located at ~ 530 eV attributed to Ni–O 
bonds and a broader peak centered at 540 eV, while the O K-edge for the 
Ni (blue) is not measurable. These results well support previous con-
clusions on the spherical morphology and core-shell structure of studied 
samples. 

Since, much could not be deciphered about the carbonates from 
above, to evaluate the exact chemical composition and atomic 

Fig. 1. (a) Rietveld refinement of N70. Black circles are data points, the red line is the fit, and difference is shown beneath. Rw for the fit is 3.16. The upper ones are 
the allowed hkl for Ni and the lower for NiO. (b) Fit of the PDF of the N70 sample using Ni and NiO, with Ni contributing nearly all the fit intensity. Black circles are 
data points, the red line is the fit, and difference is shown beneath. 
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Fig. 2. (a) TEM image, (b) HR-TEM image with d-spacing, (c,e-g) EDS mapping, (d) The elemental composition of core@shell nanostructures of pristine sample N70, 
and (h, i) line scanning analysis and corresponding STEM. 
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percentage in different samples and their behavior with vacuum- 
annealing treatment, in-situ XPS was carried out. 

3.2. Chemical composition of the core@shell nanostructure 

Figure S4 shows the raw data of in-situ XPS spectra for studied 
samples assigned as N40, N40-100/2h, N40-200/2h, N70, N70-100/2h, 
N70-200/2h, N100, N100-100/2h, and N100-200/2hThe in-situ XPS 
survey spectrum for all samples demonstrates signals corresponding to 
Ni 2p/3p-, C 1 s- and O 1 s- core level. It is noticeable that no additional 
peaks corresponding to other elements are observed. The peaks 
appearing at the binding energy (BE) of ~ 855 eV and ~ 873 eV in the Ni 
2p region correspond to Ni 2p3/2 and Ni 2p1/2 which indicate the exis-
tence of the NiO [36,37]. Another two shakeup satellites peaks (named 
as “sat”) are observed at BE of ~ 860 eV and ~ 880 eV and one peak 
belonging to the Ni is noted at BE of ~ 852. These results agree with the 
above mentioned microstructural and morphological observations. In 
addition, for more detailed investigation on the possible composition of 
structure and amount of each element in studied samples, the XPS data is 
fitted using the Avantage software. The associated in-situ XPS fitting 
results corresponding to Ni 2p3/2, C 1 s- and O 1 s-core levels for all 
samples are shown in Figures S5, S6 and S7 and fitted numbers are 
shown in Table 1. Fig. 3 shows high-resolution fitted in-situ XPS spectra 
of Ni 2p3/2, O 1 s, and C 1 s for N40-100/2h, N70-100/2h, and N70-200/ 
2h. A close look at Ni 2p3/2 spectra (Fig. 3-a) reveals an additional 
feature possibly due to NiCO3 [38,39]. Fig. 3-b indicates the O 1 s core 
level in-situ XPS spectra for all samples. The peaks at BE of ~ 529 eV 
and ~ 531 eV belong to the metal oxide and carbonate, respectively 
[39]. The C 1 s region (Fig. 3-c) shows peaks at ~ 284.8 eV and ~ 288.7 
eV, which can be attributed to C-C chemical state and carbonyl group, 
respectively [39]. XRD and HR-TEM data do not show crystalline NiCO3, 
therefore, it is proposed that NiCO3 is amorphous. Based on the XRD, 
HR-TEM and in-situ XPS results, a core@shell formation is considered as 
a possible structure of all samples where Ni is surrounded with a shell 
consisting of NiO and NiCO3. 

In Fig. 3, the difference in the intensity of the peaks for Ni 2p3/2, O 1 s 
and C 1 s core levels is also visible for different samples. The content of 
Ni has been found to be almost unchanged after vacuum annealing 
treatment, however, there is a clear change in the fraction and crystal-
lization of NiO and NiCO3. As shown in Table 1, for all the samples, the 
atomic percentage of Ni decreases corresponding to that of NiO during 
vacuum annealing treatment at 100 ◦C for 2 h and increases during 
vacuum annealing treatment at 200 ◦C for 2 h. Whereas the opposite 
trend can be seen for the atomic percentage of Ni corresponding to 

NiCO3, which is found to be increased for samples prepared at 100 ◦C for 
2 h. Since, XPS is mainly a surface sensitive technique with a typical 
depth probe of few atomic surface layers [40], it is not possible to 
differentiate the different behavior of Ni@NiO/NiCO3 samples for Ni 
nanoparticles. 

3.3. Absorption and emission spectroscopy 

It is well-known that NiO possesses band gap of ~ 3.5–4 eV [41]. 
According to Figure S8, where the representative UV–Vis absorbance 
spectra for the N40, N40-100/2h, N70, N70-100/2h, N100, and N100- 
100/2h samples are shown, no peaks/edges in the wavelength range 
of 310–355 nm corresponding to NiO are noted. Hence, NiO in the 
investigated samples has no absorption at these wavelengths (Figure S8- 
a). After a careful background subtraction, the UV–vis absorbance 
spectra of N70 and N70-100C/2h samples show a broad peak at ~ 470 
nm with N70-100C/2h sample showing dominant feature at ~ 470 nm 
compared to N70. This absorption peak is attributed to the SPR of Ni 
nanoparticles. 

Fig. 4 presents a comparison of PL spectra of studied samples. All 
samples exhibit a broad emission band peaking at 410 nm and having a 
shoulder at about 450 nm. Luminescence excitation spectra of all sam-
ples at room temperature are shown in Fig. 4-a & b. The excitation 
spectra of the emission of 2.8 eV (450 nm) (Fig. 4-a) demonstrate 
intensive excitation band at 350 nm which corresponds to the d-d charge 
transfer transitions in NiO [42]. At higher excitation energies the in-
tensity of luminescence decreases and becomes negligible at 270 nm. On 
the other hand, the excitation spectra of the 400 nm (or 3 eV) emission 
depicted in Fig. 4-b reveal the high energy excitation band which cor-
responds to the p-d charge transfer transitions. To obtain deeper infor-
mation about charge transfer as well as to elucidate a role of carbonate, 
which is the most important part of this study, time-resolved PL for the 
N70-100/2h sample is carried out and decay kinetics of the emission of 
2.8 eV (450 nm) is shown in Fig. 4-c. Decay kinetics can be approxi-
mated by the sum of two components of exponential decay. The fast 
component with characteristic time constant of ~ 2.3 ns, suggests decay 
of electrons excited by the illumination of NiO. This characteristic time 
constant matches with the previously reported data for NiO [42]. Slow 
decay component calculated ~ 25 ns is found to be higher than that 
reported in the literature [42]. This suggests presence of trapping states, 
for example by NiCO3 as both NiO and NiCO3 are present in the shell. 
Moreover, Ni NPs in their native and states are rather electron donator 
rather than acceptor. From this, one can interpret that an electron 
originated from Ni by SPR effect can migrate to NiCO3 via NiO, as there 

Fig. 3. High-resolution fitted in-situ XPS spectra of (a) Ni 2p3/2, (b) O 1 s, and (c) C 1 s for N40-100/2h, N70-100/2h, and N100-100/2h.  
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is no other pathway for the electrons. Fig. 4-d shows the Diffuse 
reflection spectra of N70 and N70-100/2h. For both samples the spectra 
are broad and shapeless. However, some peculiarities in the spectra can 
be resolved. Three bands are expected for Ni2+ in an octahedral field: 
3A2g(3F) → 3T1g(3P), 3A2g(3F) → 3T1g(3F) and 3A2g(3F) → 3T2g(3F). Three 
broad bands centered at 405, 540, and 1020 nm can be assigned to these 
spin-allowed transitions. In addition, a shoulder on the low wavenumber 
side of the ν2 band arising from the spin-forbidden transition 3A2g(3F) → 
1Eg(1D) is located at 730 nm. These peaks are close to the known char-
acteristic peaks of octahedrally coordinated divalent nickel ions and is 
similar to bulk nickel carbonate salts [43,44]. 

3.4. Photocatalytic hydrogen evolution 

The results for the water splitting experiment for the N40, N40-100/ 
2h, N70, N70-100/2h, N100, and N100-100/2h samples at white light 
illumination are shown in Fig. 5-a. At white light N40, N70, and N100 
samples show ~ 45 μmol/g/h, ~ 50 μmol/g/h and ~ 40 μmol/g/h HER, 

respectively. Furthermore, the vacuum annealing treatment led to in-
crease in the HER to ~ 60 μmol/g/h, ~ 80 μmol/g/h and ~ 57 μmol/g/h 
for N40-100/2h, N70-100/2h, and N100-100/2h samples, respectively. 
Fig. 5-b shows the hydrogen production for post-annealed samples 
(N40-100/2h, N70-100/2h, and N100-100/2h) in the wavelength range 
of 420–630 nm. Among various samples, N70-100/2h is found to give 
the highest HER (~110 μmol/g/h). The stability test conducted for this 
sample (Fig. 5-c) shows that the amount of hydrogen in the second cycle 
(~86 μmol/g/h) is close to that obtained in the first cycle (~88 μmol/g/ 
h) and only slight decrease in the hydrogen production is observed in the 
third and fourth (~65 μmol/g/h) cycles. This may be due to destruction 
of the core–shell structures as competing reactions may happen between 
the proton and nickel components. One way to circumvent this is to use 
charge carrier scavengers [45], which is not within the key focus of the 
present study. Morphology and crystal structure of the Ni-100/2h post- 
photocatalysis were investigated to understand possible mechanism 
leading to unsatisfactory stability of the NiCO3-containing compounds. 
The morphology of the sample after 8 h photocatalysis (Figure S9-b) was 

Fig. 4. (a) PL spectra under 350 nm excitation, (b) excitation spectra monitored with 450 nm (2.8 eV) emission, and (c) time-resolved PL spectra of N70-100/2h. (d) 
diffuse reflectance spectra of N70 and N70-100/2h (The peak at 900 nm is an artefact). 

Fig. 5. Hydrogen yield for different samples at (a) white light, (b) wavelengths in the range of 420–630 nm and (c) stability of N70-100/2h under white light 
irradiation. 
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slightly changed but the main nanoparticle shape was observed to be 
similar when comparing with the one of the fresh sample (Figure S9-a). 
While the core-structure of the Ni remains the same according to XRD in 
Figure S10, small change in the peaks related to NiO is noted. It seems 
that the surface structures were ruined after the photocatalytic process. 
Apparently the photocorrosion happened and ruined the NiO/NiCO3 
shells. 

3.5. Density functional theory-based simulations: Role of carbonate 

We first investigated the binary and ternary system to understand 
mechanisms leading to different photocatalytic activities. Bader charge 
transfer analysis is conducted for Ni-NiO and Ni-NiO-NiCO3 structures. 
It is found that in NiO layers of Ni-NiO electron migrates from Ni atoms 
to O atoms with a decrease of the Ni charge on ~ 0.5 e per atom (from 
10.0 e to ~ 9.5 e on 4S23d8 orbitals) and a corresponding increase of the 
O charge (from 6.0 e to ~ 6.5 on 2S22p4 orbitals). Thus, O atoms play as 
a charge acceptor center in NiO. In turns, in NiCO3 layers of Ni-NiO- 
NiCO3 electron migrates from both Ni and C to O with a decrease of the 
Ni charge on ~ 1.1–1.4 e per atom (from 10.0 e to ~ 8.6–8.9 e on 4S23d8 

orbitals), decrease of the C charge on ~ 4 e per atom (from 4.0 e to ~ 0 e 
on 1S22p2 orbitals), and an increase of the O charge (from 6.0 e to ~ 6.5 
on 2S22p4 orbitals). Consequently, O of NiCO3 possesses higher acceptor 
ability compared to that of O of NiO. Furthermore, C acts as a strong 
charge donor to O in NiCO3. 

To study the interaction of hydrogen with Ni-NiO-NiCO3, Ni-NiO, 
and Ni-NiCO3 several possible absorption configurations of hydrogen 
on these systems are considered. The predicted lowest-energy configu-
ration of hydrogen molecules on Ni-NiO-NiCO3, Ni-NiO, and Ni-NiCO3 
are shown in Figure S11. According to Fig. 6-a, hydrogen has the 
highest Ea on the NiO surface of Ni-NiO compared to the other consid-
ered systems. The calculated positive value of Ea (in a range from 0.23 to 
0.5 eV) suggests an endothermic reaction between H2 and Ni-NiO and, 
therefore, tending not to host hydrogen molecules. The existence of the 

Ni-NiCO3 layer instead of the NiO layer leads to a significant decrease of 
Ea (in a range from − 0.35 to − 0.15 eV) of hydrogen to a negative value 
which signifies exothermic reaction between hydrogen and Ni-NiCO3. A 
giant decrease of Ea (in a range from − 1.06 to − 0.15 eV) of hydrogen is 
observed when NiO is used as a middle layer in Ni-NiO-NiCO3 structure, 
denoting favorable adsorption of the hydrogen molecules on the NiCO3 
surface. This is important for the HER as the molecule needs to be 
accumulated in a certain amount before its release. The results are also 
visualized in charge density difference isosurface plots in Fig. 6-b, c for 
the hydrogen molecule adsorption on Ni-NiO and Ni-NiO-NiCO3 where 
the yellow/blue color of the isosurface donates accumulation/depletion 
of electrons. It is predicted that hydrogen acts as a donor to the NiO 
surface of Ni-NiO with the charge transfer of ~ 0.005 e per atom, while 
in the case when hydrogen is absorbed on the NiCO3 surface of Ni-NiO- 
NiCO3 it plays an acceptor with the charge transfer of ~ 0.002 e per 
atom from the surface to the molecule. Based on the simulation results, it 
may be concluded that NiCO3 shell may enhance the photocatalytic 
activity of Ni nanoparticles while the presence of NiO, as a middle layer 
between the Ni core and the NiCO3 shell, further forward the photo-
catalytic activity of Ni nanoparticles. The obtained results are consistent 
with common notions that pure NiO possesses poor photocatalytic ac-
tivity towards hydrogen, while the photocatalytic activity of hybrid 
systems incorporated with NiO can be significantly enchanted [46]. 

3.6. Discussion on HER mechanism 

According to the HER results for the N70-100/2h sample, the highest 
H2 production of ~ 110 µmol/g/h is measured at 485 nm. The UV–Vis 
spectrum of this sample shows a broad peak at 470 nm (~2.6 eV). This 
energy is lower than the NiO band gap (3.5–4 eV) which indicates 
electron-hole pairs cannot be created by NiO. Therefore, the SPR effect 
of Ni nanoparticles is the only possibility to create hot electron-hole 
pairs for HER mechanism [47]. Upon illumination by light, Ni nano-
particles generate hot electrons by SPR effect. Furthermore, since SPR 

Fig. 6. (a) Absorption energy of hydrogen at different absorption sites on Ni-NiO-NiCO3, Ni-NiO, and Ni-NiCO3. Charge density difference isosurface plot for 
hydrogen on (b) Ni-NiO and (c) Ni-NiO-NiCO3. The yellow/blue color denotes accumulation/depletion of electrons. 
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requires the dielectric medium/interface, NiO/NiCO3 shell can act as a 
dielectric layer to boost the generation of surface plasmons on Ni metal 
nanoparticles. During the H2 production, at the first step, hot charge 
carriers, that is electrons (e-) and holes (h+) are transferred to the NiCO3 
shell via the NiO dielectric layer as demonstrated by time-resolved PL. It 
has also been demonstrated that plasmon relaxation can occur via the 
direct and efficient, simultaneous excitation and transfer of an electron 
or hole from the metal nanoparticle to the attached semiconductor when 
a semiconductor is chemically bound to a plasmonic nanoparticle [47]. 
Moreover, the presence of thin dielectric layer has enhanced the 
tunneling of charge carrier from metal to semiconductor [48]. Since the 
surface of the NiO/NiCO3 shell is in contact with H2O, at the second step, 
h+ oxidizes H2O and produces H+ [49]. In addition, water adsorption on 
Ni@NiO/NiCO3 shell (Eads = -0.48 eV) is more favorable than that on 
Ni@NiO system (Eads = -0.37 eV) according to our DFT calculations, as 
shown in Fig. S12. This can be explained by the fact that the NiCO3 on 
the surface of the Ni@NiO/NiCO3 structure is an active adsorption site. 
Such a result well matches with the active role of Ni-based co-catalyst or 
catalyst in water splitting [50]. Dehydrogenation is the next step 
happening on adsorbed water. As per the UV–Vis spectra in Figure S8 
and reflection spectra shown in Fig. 4-d, light tends to be more absorbed 
on the NiCO3-containing samples. As the SPR mainly happens on the 
metallic nanoparticles covered by the thin oxide/carbonate shells, more 
light absorption will result in more hot charge carriers. Consequentially, 
water molecules get a larger probability of dissociation thereon. In 
addition, the OER capability of the NiCO3 may also contribute to HER 
boosting by offering the possibility to accomplish the other half of water 
splitting process [21]. At the last step of the reaction, NiCO3 give rise to 
HER with enhanced photocatalytic activity. The C in the NiCO3 acts as a 
strong charge donor to O in NiCO3 and, therefore, plays the role of a 
stopper for e- transfer between O- and H+. In turns, facilitate H+

reduction to H2 on the NiCO3 surface via through reaction of 2H+ +

e− (SPR)→H2. Different from the Ni/NiO and Ni/NiCO3 counterparts, 
the ternary system of Ni@NiO/NiCO3 tends to adsorb the evolved 
hydrogen molecules, as given by DFT calculations (Fig. 6). This ten-
dency will lean the above equation to the formation of hydrogen before 
its release in the gas from the whole system. 

Based on the XPS results, the amount of amorphous NiCO3 in the 
N40-100/2h, N70-100/2h and N100-100/2h samples is higher than that 
in the N40, N70 and N100 samples, respectively. All annealed samples 
show higher H2 production compared to pristine samples, which agrees 
with simulation results that predicted boosted activity of Ni@NiO/ 
NiCO3 core@shell structures towards H2. It is also noticeable that the 
sample N70-100/2h has the lowest amount of NiO and the highest 
amount of H2 generation, which further corroborates with the fact that 
thin dielectric layer leads to enhanced charge transfer, whereas decre-
ment in charge transfer is observed with increased thickness[51]. 

4. Conclusion 

Ni@NiO/NiCO3 core@shell nanocomposite, wherein the shell con-
sists of crystalline NiO and amorphous NiCO3 with varying core-size and 
shell compositions, are thoroughly investigated for solar driven 
hydrogen production via in-situ XPS, DFT and time-resolved PL. The 
observance of visible light absorption at ~ 470 nm in UV–Vis spectra 
along with no absorption peak/edge corresponding to NiO suggests 
plasmon driven H2 evolution. Time-resolved PL further evidence that 
the plasmonic electrons originated from Ni tend to transfer to NiCO3 via 
NiO. Higher hydrogen yield of ~ 80 µmol/g/h for vacuum annealed 
sample compared to that in pristine (~50 µmol/g/h) complemented 
with in-situ spectroscopic analysis and DFT-based calculations reveals 
amorphous NiCO3 as an active side for H2 reduction. Higher photo-
catalytic response is due to the favorable electronic structure of NiCO3 
for the HER with the charge transfer of ~0.002 e per atom from the 
NiCO3 surface to the hydrogen molecule when hydrogen is absorbed on 
the NiCO3 surface. The photocatalytic activity can also be enhanced by 

the incorporation of NiO as a middle layer between Ni and NiCO3. Along 
with materials innovation and in-depth study of catalytic mechanism, 
this work is hoped to inspire a materials engineering route focused on 
non-noble but cheap SPR-related photocatalysts for sunlight hydrogen 
evolution. 
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