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HIGHLIGHTS

 Mesoporous (Ni>*/Ni*")O @ TiO, is simply synthesized with targeted bandgap & defects.
e For Hj storage, about 480% enhancement is achieved via Kubas interaction mechanism.
e For H, photosynthesis, 1200% improvement is achieved due to higher efficiency.

ARTICLE INFO ABSTRACT

Keywords: A noble-metal free and surface defect-induced mesoporous mixed valent NiO decorated TiO, heterostructure
HydrOgP:ﬂ with tuned bandgap has been successfully prepared. Its outstanding visible-light driven hydrogen evolution and
Adsorption its excellent Hy storage ability have been examined and confirmed. The formation of oxygen vacancies by surface
;:gtc?:;t;lr};:tl defect creates the Ni** and Ti>* on the interface of the heterostructure induce the efficient H, evolution, bench-

marked by 1200% enhancement in catalytic performance. The underlying chemistries include the near-unity
occupancy of eg orbital (tgg e}g) of Ni®" which speeds up the electron transfer and significantly promote the
excellent electron-hole separation efficiency, establishes the outstanding overall charge-transfer efficiency and
long-term photocatalytic activity in the visible light spectrum. Multiple Ti®* adsorption centers in the structure
attract multiple intact Hy molecules per each center via a sigma - pi bonding motif - namely the Kubas interaction
- which leads to 480% higher Hy adsorption capability against the performance of the pristine mesoporous TiO,.
Not only the significant results, the study also provide an air-stable synthetic method on the basis of low-cost and
abundant materials, which are strongly favoured for scaling up production.

Surface defect

1. Introduction

Motivated by the abundance of solar energy and contains ca. ~46%
visible light than that of UV-light (~4%) in the solar spectrum, the
development of low bandgap materials for visible-light-driven hydrogen
generation is pioneered [1,2]. The eco-friendly TiO, semiconductor
photocatalyst has attracted extensive interests over the past decade as a
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benchmark material for photocatalytic splitting the water into hydrogen
and oxygen under UV-light irradiation to generate hydrogen as the clean
and renewable fuel [3-5]. Although an adequate photocatalytic activity
acquired under UV-light, the rapid recombination of electrons and holes
potentially limits the high performance [6,7]. To alleviate this critical
challenge, engineering the bandgap of TiOy which inherits exotic elec-
tronic and optical properties is a viable step to apart electrons and holes
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for minimizing their re-combination [8-11]. In this regard, several
strategies have been proposed for engineering the band gap of TiO,
(~3.2 eV) to expand the absorption capability into visible light range (A
> 420 nm) [1,12,13]. The fine-tuning of TiO2 band gap by possible
modification methods including metal and non-metal doping, the se-
lective exposure of reactive crystallographic facets, noble metal depo-
sition, and the formation of heterojunction with n- and p-type transition
metal oxides. For instant, TiOo/CuO [14,15] NiO/TiO5 [11,16-18], and
CoO/TiO; [19] have been widely investigated [20-22]. Despite noble
metals (Pt, Au, and Pd) deposited on TiO5 exhibited high photocatalytic
Hy production ability, the high costs of the noble metals impede their
practical application at the large scale. Furthermore, the group-VIII
metals are easily poisoned by impurities [23-28]. As a consequence,
enormous effort has been devoted to engineer the TiO3 band gap by
introducing the p-n heterojunction using other transition metal oxides,
e.g. CuO, NiO, ZnO, Cuz0 [14,29-31] Amongst, NiO, a wide bandgap of
~3.5 eV p-type semiconductor with possessing rapid h™ mobility and
high charge carrier concentration is a promising candidate for the
fabrication of the p-n heterojunction with mesoporous TiO; [29,32].

NiO has been reported as co-catalyst in TiOy for active Hy photo-
synthesis using visible light sources, associated with a significantly
higher enhancement in charge carrier lifespan comparing with that of
metallic Ni and Ni(OH), materials [11,33,34]. Motivated by the design
principle of Yang et al. [35] and the formation of the heterojunction
between p- and n-type semiconductor transition metal oxides, we
explore the potential strategy to create surface defects on the composite
which will induce the formation of nickel vacancies and to enable the
space-charge region at the interface between the p-type and n-type of
heterojunction, thereby promoting the Hy production [36,37]. There-
fore, we have synthesized defect induced mesoporous mixed-valent NiO
@ TiO, nanocomposite consisting an adequate amount of Ni>* by
combining a sol-gel method and thermal decomposition to synthesize
the targeted material. The construction of surface defects on the com-
posite significantly altered the electronic configuration of Ni2*, and
creating Ni®t comprising the electronic configuration of tgg eé,
expressing surface cation eg orbital occupancy of about unity and high
covalent metal-oxygen bonding facilitates the sustainable photocatalytic
activity [38]. Besides, the formation of heterojunction promoting Ti>*
and Ni2" active sites associated with an intimate interface and Ni>* from
surface defects leads to the diminishing of the fast recombination of
photoinduced electrons and holes. Thus, the reasonably impressive
separation efficiency of photoexcited electron-hole pairs is achieved.
This endows a 12-fold enhancement of catalytic performance.

The hydrogen adsorption ability of Ti>* containing materials has
been widely investigated in the literature [39]. Most of which were
related with intensive organometallic synthesis [40-42]. To the best of
our knowledge, the interaction of Ti®" which were generated via p-n
heterojunction formation with dihydrogen molecules is not well studied.
Thus, we were motivated to elaborate the hydrogen storage properties of
such Ti®* containing species. It is even more meaningful that the syn-
thesis of such materials is simple and do not require stringent organo-
metallic synthesis. To our surprise, the synthetic material exhibits nearly
500% enhancement of hydrogen sorption capacity in the very low
pressure region.

2. Experimental procedure
2.1. Preparation of mesoporous TiO2 and mixed-valent NiO@TiO2

The detailed experimental procedure and physicochemical charac-
terization techniques used are well described in our recent report [43].
Typically, the mesoporous TiO, nanoparticles was prepared by dis-
solving 30 ml of titanium tetra-isobutoxide in 150 ml of isopropyl
alcohol (1:5 ratio) under continuous stirring at 600 rpm followed by the
drop-wise addition of 0.5 M citric acid into the colloidal mixture to form
gel. The resulted white gel was then dried at 150 °C for 30 min and the
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pre-synthesized white powder subjected to calcination at 450 °C for 1 h
to yield mesoporous TiO5 nanoparticles.

The preparation of mixed-valent mesoporous NiO@TiO, nano-
composites has been reported in our recent publication [43]. In a typical
experiment, as-prepared mesoporous TiO5 powder and nickel acetate
(9:1) was grounded and then calcined at 450 °C for 3h. After the
vaporization of water and acetate from the decomposed metal acetate
precursors, the condensation reaction permits the nucleus to grow on the
surface of the mesoporous TiOy by the slow cooling process to deliver
the mixed-valent NiO@TiO, nanocomposite. The X-ray fluorescence
(XRF) analysis was used to quantify the ratio of TiO3 and NiO, and it is
found to be 95.5:4.5 in the product.

2.2. Material characterization

Powder X-ray diffaction (D5000 diffractometer, Siemens, USA with
CuK; radiation (A = 1.5406 [o\)) was used to verify the crystal structures
of the obtained mesoporous TiO2 and NiO@TiO, nanocomposite sam-
ples. The high-resolution transmission electron microscopy (HRTEM)
and elemental mapping of as-prepared samples were carried out on FEI
TITAN G2 80-300 operating at 300 kV. X-ray fluorescence (XRF, EDX-
720, Shimadzu) was used to characterize the chemical composition.
The oxidation states and surface elements of the samples were revealed
by X-ray photoelectron spectroscopy (XPS), using a Thermo Scientific
Escalab 250Xi. The nitrogen adsorption-desorption processes were
performed on a Micromeritics ASAP 2020 (USA), through which we
obtained the total surface area and pore distribution properties. Raman
measurements were attained from Jobin-Yvon micro Raman spectrom-
eter with 532 nm line of an argon ion laser as the exciting light source
with 4 mW power. The UV-Vis diffuse reflectance spectra (VARIAN
CARY 5E, USA) were recorded at room temperature by UV-VIS-NIR
Spectrophotometer.

2.3. Photosynthesis of hydrogen gas

In a typical photocatalytic water splitting reaction, 100 mg of as-
obtained mesoporous NiO@TiO; catalyst was dispersed in 200 ml of
methanol-water (1:1) mixture in a 250 ml photoreactor, which was
maintained with constant temperature near ambient (25 °C). Before the
hydrogen generation experiment, argon was bubbled for 20 min to
remove the dissolved oxygen. The photocatalytically generated Hy was
periodically monitored using a PerkinElmer Autosystem gas chroma-
tography equipped with a flame ionization detector (FID) and a thermal
conductivity detector (TCD).

2.4. Hydrogen storage characterization

A quartz-crystal microbalance (QCM) method on MDC model SQM-
310 was used for elucidating the hydrogen storage capacity of the syn-
thetic materials. The experimental procedure was reported in our recent
report [44]. In a standard experiment, a sample (TiOy or NiO@TiO5)
were sonicated in isopropanol alcohol for 5 min followed by casting the
suspension onto the quartz crystal (QC) at room temperature. The QC
was placed in the head of the QCM system and maintained the QC
temperature around 20 °C in a vacuum chamber during the entire
measurement process. An appropriate amount of Hy (Indura, 99.995%,
02 < 5 ppm, Hy0 < 8 ppm, CO2+CO < 4 ppm, N3 < 20 ppm, and THC <
5 ppm) was injected into the chamber with different pressure intervals
ranging from 3 to 100 Torr. The mass changes upon H; adsorption by the
samples were determined by monitoring in-situ changes of resonance
frequency (Af) of QC for 7 min. The relationship between the gained
mass (Am) on the QC from H; adsorption and their resonance frequency
shift (Af) is quantified by the Sauerbrey’s equation [45,46].

2”0
Ay/p-p

Af = — Am @
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where, fo = Resonance frequency of the fundamental mode (Hz), Af =
Frequency change (Hz).

Am = Mass change (g), A = effective area of the QC (cmz), p =
density of the QC (g/cm3) and p = Bulk modulus for QC.

The above equation provides the relationship between the negative
variation of the QC resonance frequency and the mass gain of the pre-
pared samples upon Hy adsorption.

3. Results and discussion

The surface defect-induced mesoporous mixed-valent NiO (Ni%t/
Ni®") @ TiO, nanocomposite heterostructure was successfully synthe-
sized by utilizing the combined synthesis strategy of the sol-gel route
followed by thermal decomposition. The structure of synthetic materials
was characterized by powder X-ray diffraction (XRD). Furthermore, the
materials were studied by XPS, Raman, TEM, DRS, and thermal analysis.
A detailed report of XRD and XPS data for this material can be found in
our recent publication [43]. In brief, Fig. 1(a-d) describe the physical
features of mesoporous TiO2 and NiO @ TiO,. The XRD patterns of
pristine TiO3 and defect-induced NiO @ TiO, was depicted as Fig. 1a,
labeled with their corresponding hkl planes. The inset highlighted in
Fig. 1a clearly indicates the peak originating from NiO at 20 = 43.18°
corresponding to 200 planes of cubic NiO (JCPDS No: 47-1049) without
affecting the TiO5 tetragonal phase.

Raman scattering was measured to examine the structural changes
associated with peak position and their intensities in TiO5 upon insertion
of NiO and showed in Fig. 1b, the inset highlights the expansion of in-
tensity. As expected, Raman active fundamentals obtained at 145.6,
198.7, 395.9, 516.2, and 637.7 cm~! associated with Eg, Eg, Blg, Alg,
Blg + Alg and Eg modes, respectively for NiO @ TiO3 heterostructure
nanocomposite, showing the significant reduction in intensity along

(a)
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with a slight shift in peak positions than those of pristine anatase TiO»
corresponding to the Raman active shifts at 145.2, 197.3, 397.2, 516.9,
and 639.7 cm L. The calculated FWHM of the intense sole Raman active
at ~145 em ™! (Eg) is to be 16.40 and 16.89 cm™! for NiO @ TiO, and
TiOs, respectively. These results suggest the structural changes associ-
ated with peak broadening of NiO@TiO; and comparably small FWHM
than pristine counterpart are attributed to the formation of oxygen va-
cancies, surface defects and/or the reduction of Ti*" into Ti®T, and the
formation of Ni®* in the lattice. The high-resolution XPS was used as a
highly sensitive tool to examine the interactions between the chemical
compositions and their chemical status of the prepared samples of TiO5
and NiO incorporated TiO,. Fig. 1c-e describe the deconvoluted spectra
of Ols, Ti 2p3/2 (c and d) and Ni 2ps3/, (e) for both pristine TiO2 and NiO
@ TiOy composite, respectively. As expected, the presence of surface
defects on the TiO, lattice by NiO addition, the formation of oxygen
vacancies and electron attraction near the NiO @ TiO heterojunction
interface significantly alter the binding energy of Ti®* and Ti*" in Ti
2ps3,2 spectra (Fig. 1d) of NiO @ TiO; at 456.35 and 456.88 eV than that
of neat TiO9 at 457.2 and 458.12 eV, respectively. Besides, the lowering
the binding energy can also be attributed to the enhancement of electron
density of Ti by partial electron sharing of electronegative oxygen of Ni
to Ti, and the formation of Ni>* by oxidation of surface Ni* at the
heterojunction interface to attain the charge neutrality creates the Ti®*
near the interface. A substantial increment of Ti>" (oxygen vacancies)
concentration observed as result of intense peak in NiO @ TiO leading
to low binding energy witnessed at 456.35 eV, offering the improvement
of electrical conductivity of heterostructure. The O 1s region (Fig. 1c)
also displays the considerable chemical shift in binding energy at
529.30 eV (~529.48 eV for TiOy) consists of integral split peaks at
530.90 and 531.51 eV corresponds to oxygen bonded with Ti**, Ni%*,
and Ni%*, respectively. However, a small shift in oxygen bonding in the
O 1s spectra after NiO addition clearly justifies the creation of Ti>" in the
lattice near the oxygen vacancies and Ni>* near the Ni vacancies. Fig. 1 e
shows the further evidence of the formation of Ni>* and Ni®* in the p-n

(b)
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Fig. 1. Physical characterization of pristine TiO2 and NiO@TiO2. (a) XRD pattern of neat TiO2 and NiO@TiO2 with their corresponding lattice plane, inset shows
the magnified view of (200) plane of NiO. (b) Raman scattering of pristine TiO2 and NiO@TiO2, inset shows the magnified view of the intensity with their symmetry
representation. X-ray photoelectron spectroscopy (XPS) profiles of (c) Ols, (d) Ti 2p3/2 of pristine TiO2 and NiO @ TiO2, (e) Ni 2p3/2 of NiO @ TiO2 respectively.
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heterostructure. The characteristic Ni 2p3 /5 peak obtained at 854.93 eV,
further deconvoluted to 854.52 and 856.75 eV are assigned to Ni2* and
Ni®*, respectively, indicates about 30% of Ni*>* concentration present in
the heterostructure composite. Thus, the XPS results clearly revealed
that the NiO @ TiO, composite having a substantial amount of Ni>* and
Ti" at the heterojunction interface, expecting to impart high donor
densities and high electrical conductivity which are essential for effi-
cient catalysts.

As shown in Fig. 2(a-c), the TEM and HR-TEM observation confirm
the formation of well-scattered porous network of NiO spherical parti-
cles on the TiO, surface with an average particle size of 8 nm which were
homogenously decorated with larger TiOy particles (~18 nm in size).
HAADF (Fig. 2b) further demonstrates the well-dispersion of NiO par-
ticles on the TiO, matrix. Fig. 2¢ shows the magnified view of the HR-
TEM image of NiO @ TiOy which has more line dislocation or linear
defect on the NiO and TiO2 which are highlighted by the circle mark.
Moreover, the high resolution TEM image (Fig. 2d) discloses the crys-
talline nature of particles comprising the clear lattice fringes with the
interplanar distances of 0.35 nm, 0.237 nm and 0.28 nm corresponding
to the lattice planes of (101), (004) and (200) perfectly matched to the
tetragonal anatase TiOy and cubic NiO, respectively. Remarkably, the
extended view of HR-TEM image (Fig. 2e) further evidences the heter-
ostructure particles having both clear lattice fringes and fuzzy outer
edges, implying the disordered phase on the particle surface. As illus-
trated in Fig. 2f, the ring pattern obtained for NiO @ TiO; from selected
area electron diffraction (SAED) was well-indexed with their corre-
sponding lattice planes belonging to the tetragonal TiO3 and cubic NiO,
respectively in agreement with the data obtained from XRD analysis.
More evidently, an elemental mapping of NiO@TiO, obtained from
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energy dispersive X-ray (EDX) analysis and the detected constituents are
displayed as Ti, Ni and O. Thus, the images clearly demonstrate the
heterostructure containing well-dispersed particles of Ti and Ni in the
composite.

An efficient utilization of visible light for Hy evolution requires a
narrow bandgap of semiconductors. However, to estimate the bandgap
energy, diffusive reflectance spectroscopic (DRS) analysis was carried
out for neat TiO2 and NiO @ TiO, samples and the observed reflectance
spectra are shown in Fig. 3a and b. A considerable red shift in the ab-
sorption edge towards visible region occurred after the inclusion of NiO
into the TiO2 crystal lattice and found to be about 450 nm when
compared to TiO2 (~380 nm). Besides, the estimated bandgap energy by
Kubelka-Munk function against the energy of light is displayed in
Fig. 3b, and found to be 3.27 eV and 2.82 eV for TiO; and NiO@TiOs,
respectively. Indeed, the formation of disorderliness and oxygen va-
cancies at the heterojunction leads to uplifting the valence band and
lowering the conduction band, resulting in narrowing the bandgap en-
ergy [29]. As evidenced by our XPS and TEM analysis, the formation of
Ti®* and Ni®* due to the oxygen vacancies and surface defects near the
interface, and the line defects on the surface, suggesting that the narrow
bandgap of NiO@TiO; could be attributed to both uplift of the valence
band and lower the conduction band.

The high specific surface area comprising an adequate pore structure
is a critical element for efficient photocatalyst. The Ny adsorption-
desorption analysis was carried out using BJH and BET methods. The
resulted Ny sorption isotherms and the corresponding pore diameter
distribution for neat TiO5 and NiO@TiO, are depicted in Fig. 3 cand d. It
can be clearly seen from Fig. 3 ¢ and d, that the appearance of the H3-
type hysteresis loop for NiO @ TiO2 enlightening the presence of

Fig. 2. Morphological analyses of NiO@-
TiO,. (a) Transmission electron microscopy
(TEM) image, inset shows the shake of
clarity to view the dark and white parts of
the NiO and TiO, particles infers the for-
mation with well-defined distribution. (b)
HAADF profile of NiO@TiO also shows the
dark and bright field. (c and d) HR-TEM
image shows the clear inter-planner dis-
tance with their corresponding lattice
planes, magnified view of the lattice fringes
confirm the TiO, and NiO on the amorphous
region (e and f) SAED pattern of the NiO@-
TiO, shows the ring pattern of lattice planes.
(g, h and i) Elemental mapping images of Ti,
Ni and O.
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mesopores on the surface with the diameter about ~15 nm, while the
TiO2 shows the H4-type hysteresis with the pore diameter about ~2 nm.
A significant drop in BET surface area is obtained and found to be 94.26
m?/ g for NiO@TiOx heterostructure compared with that of TiO5 (238.9
m?/g). This may be due to the loss of mesoporosity with the pore
diameter of about ~2 nm. We assume that the NiO addition may lead to
the blocking some of original TiO, mesopores due to the deposition and
subsequent decomposition of the Ni precursor during heat treatment.
However, the introduction of NiO may lead to the connection of small
TiO, nanoparticles to deliver larger pore area, as evidences the increase
in pore volume was estimated to be 0.356 cm®/g compared to pure TiO,
(0.117 cm®/g). This behaviour was observed previously on the Ag doped
TiO5 materials, which exhibits a gain in pore volume and the nitrogen
sorption quantities at high relative pressure. In that case, it was related
to the introduction of line defects in the Ag doped TiO, materials vs the
pristine TiOy [44]. Despite having a low surface area, the NiO@TiO»
remains mesoporous, and the surface defects consisting of Ti** and Ni**
at the heterojunction interface elegantly improves the photoexcited
electron-hole separation and transfer efficiency.

The photocatalytic performance of Hy production from H0 on the
TiOy and NiO @ TiO, photocatalysts were evaluated under UV and
visible-light irradiation using ethanol as a sacrificial agent. As shown in
Fig. 4a, under visible-light irradiation, a very low Hy production (37
pmol g 1) is observed for neat TiOy, whereas a significant increase in Hy
production found to be 430 pmol g~! for NiO @ TiO,. This is about 12
times higher than that of TiO,. Under UV radiation, the NiO @ TiOs is
still outperforming the pristine TiOs. A linear increment of Hy evolution
is observed for NiO@TiO,, estimated to be 1850 pmol g’1 which is 2
times higher than the amount of Hy obtained from pristine TiO (978
pmol g~ 1) (Fig. 4b). Fig. 4c clearly describes the estimated amount of
hydrogen production on the neat TiO and NiO@TiO, photocatalysts
under different irradiation condition. The obtained remarkable
hydrogen production rate of about 1.87 mmol g~* h™! under visible-

light for NiO@TiO, compared to that of the values reported in TiOy/
NiO/rGO (0.24 mmol h™! g™1) [32], NiO/TiO; (1.2 mmol h™! g~ 1) [11],
and NiOQD/TiO5 (1.35 mmol h! g’l) [47] clearly infer its exceptional
advantages of NiO@TiO2 which can be explained as follows. The for-
mation of significant concentrations of Ni** and Ti®* by surface defects
and oxygen vacancies are creating effective active sites and high elec-
tron density relatively contributing to the excellent electron-hole sepa-
ration efficiency, resulting in the enhancement of overall charge-transfer
efficiency. In addition, the creation of Ni>* active sites by Ni?* oxidation
at the heterojunction interface establishes the near-unity occupancy of
eg orbital (tgg eé) and this assists to speed up the electron transfer. Thus,
the abundant interface formation near the interface on NiO@TiO2 p-n
heterojunction significantly promotes the active sites for rapid electron
and ion transfer processes, establishing an efficient Hy production under
visible-light irradiation. Another excellent advantage of NiO@TiO, is its
outstanding durability, which is highly desirable for long-term photo-
catalytic activity. The photocatalytic cycling was executed in four-run
cycles (20 h) and each run lasted for 5 h, and the observed results are
shown in Fig. 4d. It can be clearly seen that the NiO@TiO; is still
retained its photocatalytic activity elegantly with no obvious loss upon
three repeated cycles, signifying the long-lasting photocatalytic activity
of NiO@TiOs.

Fig. 5 (a and b) describes the Hy adsorption isotherm of as-prepared
mesoporous TiOz and NiO @ TiOy photocatalyst as a function of
hydrogen exposure pressure. The co-existence of Ni** and Ti®* together
with Ni?* and Ti** in NiO@TiO heterostructure facilitates the multiple
intact of Hy molecule with Ti®* via the 6-n bonding motif, in which Hy
donates its two electrons to Ti>* to form the sigma bonding and the Ti>*
donates its filled d* electron back to the antibonding orbital 6* of the Ha
molecule. The antibonding orbital ¢* is respected to hydrogen and
considered as a bonding between Ti and H, which release the excess
electron density of Ti upon accepting multiple H, molecules [48]. The
heterostructure, NiO@TiO5 adsorbs ~1.2 wt% of hydrogen at 100 Torr
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of Hy pressure which is ~5 times higher than that of as-obtained mes-
oporous TiOz (~0.25 wt%). This huge enhancement of hydrogen
adsorption highlights the critical importance of the existence of Tit in
the heterostructure which is mainly induced by the creation of Ni* in
the lattice. This enhancement is not due to physisorption because the
mesoporous materials do not offer much hydrogen physisorption in very
low pressure region. Furthermore, the NiO@TiOz has lower specific
surface area than the pristine mesoporous TiOs. In general, the unique
creation of mixed-valence heterostructures impart efficient
charge-transfer ability and facilitates excellent photocatalytic water
splitting and hydrogen storage.

4. Conclusions

In summary, the surface defect induced formation of Ni** and Ti®*
near the interface of mesoporous heterostructure, NiO@TiO, with
engineered bandgap were successfully explored by a facile route. The
substantial amount of Ni>* with near-unity occupancy of e, orbital, and
Ti%* formation by the creation of more oxygen vacancies in the lattice

promotes the rapid electron-hole separation processes, thus enhance the
overall charge transfer efficiency, found to be 12 times higher hydrogen
evolution (or 1200% enhancement) and ~5 times higher hydrogen
adsorption (or 500% enhancement) than those of mesoporous TiO». This
facile synthetic procedure for preparing defect-induced heterostructures
opening up the solid pathways toward the excellent photocatalytic
hydrogen production and storage.
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