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Abstract—In conditions of depletion of mineral reserves, plant biomass is considered a renewable natural
resource that can be photocatalytically processed to produce energy-intensive and environmentally friendly
hydrogen fuel. In this regard, the present article focuses on the improvement of photocatalytic activity of the
layered perovskite-structured niobate HCa2Nb3O10 in the reactions of hydrogen production from aqueous
solutions of typical plant biomass components, glucose and xylose, via its exfoliation into nanosheets fol-
lowed by their reassembly and modification with a Pt cocatalyst. The reassembled compound obtained was
shown to outperform in the activity the initial niobate and reference photocatalyst TiO2 P25 Degussa up to
6.3 and 5.3 times, respectively, providing a hydrogen production rate up to 24.2 mmol h−1g−1 and apparent
quantum efficiency up to 10% in the mid-near ultraviolet range.
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INTRODUCTION

In the context of continuously increasing anthro-
pogenic pressure on the environment and depletion of
mineral reserves, photocatalytic reforming of plant
biomass components and derivatives represents a
promising approach to producing hydrogen fuel that is
characterized by an extremely high calorific value and
the absence of secondary pollution in use [1–6].
Unlike natural gas and coal, traditionally serving as
feedstock for hydrogen production, plant biomass is
known to be a renewable resource, whose photocata-
lytic processing may be implemented using shareware
solar radiation without releasing toxic substances into
the environment. In addition, the use of plant biomass
derivatives (bioalcohols, carbohydrates, carboxylic
acids, etc.) [7–12] instead of pure water allows achiev-
ing much higher hydrogen production rates due to the
absence of a kinetically hindered oxygen evolution
half-reaction, which significantly limits the efficiency
of water splitting [13–16].

In view of the above, an urgent task of modern
chemical science is the design of new highly efficient
photocatalysts for hydrogen production from plant
biomass components. One of the most widely investi-
gated materials to this day remains titanium dioxide
TiO2 [17–21], whose ability to split water into simple
substances under ultraviolet irradiation was first
demonstrated in the pioneering study of Japanese

researchers Fujishima and Honda [22]. However, the
performance of TiO2-based photocatalysts often
proves to be insufficient for practical use, which moti-
vates scholars and engineers to explore other classes of
photocatalytically active materials. One of the latter is
represented by ion-exchangeable layered perovskite-
like oxides–lamellar crystalline solids, whose struc-
ture consists of two-dimensional perovskite slabs, reg-
ularly interspersed with interlayer spaces occupied by
cations [23]. Promising photocatalytic properties of
these materials originate from the unique structure of
the perovskite slabs, facilitating photogenerated
charge carrier separation, and chemically active inter-
layer spaces capable of functioning as an additional
reaction zone in photocatalytic processes [24]. Mean-
while, initial alkaline forms of most layered per-
ovskite-like oxides are usually synthesized via the
high-temperature ceramic technology that provides
enhanced crystallinity of the corresponding photocat-
alysts at the expense of their specific surface area. One
of the methods to overcome this problem consists in
exfoliation of layered perovskite-structured materials
into separate nanosheets [25, 26]. This, on the one
hand, allows one to preserve practically significant
properties of the perovskite matrix, and, on the other
hand, to achieve a significant increase in the specific
surface area. As a consequence, the resulting exfoli-
ated materials possess a greater number of catalytically
active sites and suffer less from volume electron-hole
586
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recombination, which explains their improved photo-
catalytic performance [25].

The object of this study is the layered perovskite-
like niobate HCa2Nb3O10 that can be obtained via the
substitution of interlayer alkali cations A' with protons
in compounds A'Ca2Nb3O10 [27]. The niobate in ques-
tion represents one of the most well-known and well-
proven perovskite-structured photocatalysts for hydro-
gen generation. Its nanosheets were revealed to exhibit
hydrogen evolution activity in the aqueous solutions of
methanol and isopropanol up to 9 mmol h−1 g−1 (500 W
xenon lamp) [28] and 0.9 mmol h−1 g−1 (300 W xenon
lamp) [29], respectively, as well as were used to yield
composite photocatalysts with g-C3N4 [30], CdS [31,
32], CoxP [33], Mo2C [34], graphene oxide [35] and
photosensitizing ruthenium complexes [36–38] to
improve charge carrier separation and shift the long-
wave absorption edge to the visible spectrum region.
However, the issue of using perovskite-structured
photocatalysts for reforming typical biomass-derived
carbohydrates (for instance, glucose and xylose) still
remains practically unaddressed although some of
such materials were found to show a decent activity
level in these reactions. Particularly, in accordance
with one of our recent studies [39], the niobate
HCa2Nb3O10 after interlayer organic modification and
surface decoration with a Pt cocatalyst can provide a
hydrogen evolution rate (apparent quantum effi-
ciency) in the aqueous solutions of glucose and xylose
up to 18 mmol h−1 g−1 (7.5%) and 21 mmol h−1 g−1

(8.8%). The present article continues the aforemen-
tioned study and focuses on another approach to
improving the niobate’s activity in the reactions of glu-
cose and xylose reforming—its exfoliation into
nanosheets followed by their reassembly.

EXPERIMENTAL
Here and below, the protonated niobate HCa2Nb3O10

and its reassembled form are abbreviated as HCN3 and
HCN3 r/a, respectively.

Synthesis of HCN3

The initial alkaline layered perovskite-like niobate
KCa2Nb3O10 was synthesized in accordance with the
conventional ceramic method using pre-calcined
Nb2O5, CaO and K2CO3 as reactants. The oxides were
taken in stoichiometric amounts, the carbonate was
weighed with a 30% excess compensating for the loss
during calcination and providing formation of the tar-
get niobate in a single-phase state [40]. The reactants
were mixed in a grinding bowl with silicon nitride balls
and ground under an n-heptane layer in a Fritsch Pul-
verisette 7 (Germany) planetary micro mill at a rota-
tion speed of 600 rpm, using a program of 10 repeti-
tions of 10 min each separated by 5 min intervals. The
mixture obtained was dried and pelletized into ~2 g
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tablets at a pressure of 50 bar using an Omec PI 88.00
(Italy) hydraulic press. Then, the tablets were placed
into corundum crucibles with lids, calcined in a
Nabertherm L-011K2RN (Germany) muffle furnace
at 800°C for 12 h and at 1100°C for 24 h with interme-
diate grinding and repelletizing.

To obtain the protonated form of the niobate
HCN3, ground KCa2Nb3O10 was treated with a
100-fold molar excess of 12 M nitric acid for 1 d under
continuous stirring. After this, the product was centri-
fuged, thoroughly rinsed with water to remove acid
residues and dried under ambient pressure. To avoid
dehydration, HCN3 was further stored in an atmo-
sphere of humid air.

Exfoliation and Reassembly of HCN3

The methodology for exfoliation and reassembly of
HCN3, adopted from our previous publication [41], is
shown in Fig. 1. In a typical experiment, 54 mg of
HCN3 was placed into a tube with 50 mL of 0.004 M
aqueous tetrabutylammonium hydroxide (TBAOH)
and sonicated by a Hielscher UP200St (Germany)
homogenizer (200 W) at half power for 5 min. After
shaking at room temperature for 7 d, the mixture was
sonicated for 5 min again. Hereafter bulk non-exfoli-
ated particles were sedimented on a laboratory centri-
fuge ELMI CM-6MT (Latvia) at a separation factor
F = 1000 for 1 h and the target suspension of the
nanosheets was carefully separated from the precipitate
with a pipette. The exfoliation experiments were repeated
several times to obtain the required suspension volumes.

The reassembled niobate HCN3 r/a was obtained
via the vacuum filtration of the aforementioned sus-
pensions on hydrophilic membrane Teflon filters with
a pore size of 200 nm at a rate of 50 mL of the suspen-
sion per one filter. The target sample was rinsed with
an excess of hot water, dried under ambient conditions
and removed from the filters with a spatula.

Investigation of Photocatalytic Activity
Photocatalytic activity of the niobates obtained was

studied in the reactions of hydrogen evolution from
1 mol % aqueous solutions of D-glucose and D-xylose
under mid-near ultraviolet irradiation by DRT-125
(Russia) mercury lamp, 125 W, λ > 220 nm. The pho-
tocatalysts were tested both in an as-prepared state and
after surface modification with a 1% Pt cocatalyst.
The measurements were performed on the laboratory
photocatalytic apparatus used in our previous publica-
tions [41–47] and included determination of the abso-
lute ω and normalized per unit catalyst mass ω' rates of
hydrogen generation, apparent quantum efficiency ϕ
and the factor of increase in the reaction rate after pla-
tinization kPt. In each case, 25 mg of the photocatalyst
was dispersed in 50 mL of aqueous glucose or xylose,
loaded into the reaction cell and purged with argon to
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Fig. 1. Scheme for preparation of the reassembled niobate HCN3 r/a.
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remove residual air. When testing the activity with a Pt
cocatalyst, 1 mL of a 1.28 mM H2PtCl6 aqueous solu-
tion was also injected into the suspension that was irra-
diated by a DRT-125 lamp to perform in situ photocat-
alytic platinization. After argon purging, the stirred
reaction suspension was kept under irradiation for 2 h,
during which the hydrogen content in the gas circuit
was analyzed chromatographically at regular time
intervals. After this, the light source was turned off to
organize a dark stage and make sure that the photocat-
alytic reaction stops. For comparison, the similar
experiments were conducted with a reference photo-
catalyst TiO2 P25 Degussa. Finally, the areas of hydro-
gen chromatographic peaks were converted to hydro-
gen amounts that, in turn, were used to plot kinetic
curves. The latter were approximated by linear func-
tions and differentiated to find the hydrogen evolution
rates ω. The apparent quantum efficiencies ϕ of the
reactions were calculated using the equation

where f is the lamp photon flux in the photocatalyst
absorption range measured previously via the conven-
tional ferrioxalate actinometry method as described in
open-access supporting materials to our previous pub-
lication [46].

Instrumentation and Data Processing
Powder X-ray diffraction (XRD) patterns of the

samples were obtained on a Rigaku Miniflex II
(Japan) benchtop Röntgen diffractometer (CuKα radi-
ation, angle range 2θ = 3°–60°, scanning rate
10°/min). Phase composition was controlled using
Rigaku PDXL 2 software and powder diffraction files
(PDF) of The International Centre for Diffraction
Data (ICDD). Indexing of the diffraction patterns and
calculation of the tetragonal lattice parameters were
performed on the basis of all the reflections observed
using DiffracPlus Topas software. Raman spectra were
collected on a Bruker Senterra (Germany) spectrome-

12 100%,f −ϕ = ω ×
ter in the range of 50–4000 cm−1 using a 532 nm exci-
tation laser (power–5 mW, accumulation time–30 s,
4 repetitions). Thermogravimetric (TG) analysis was
carried out on a Netzsch TG 209 F1 Libra (Germany)
thermobalance in a synthetic air atmosphere (tem-
perature range 30–900°C, heating rate 10°C/min).
Carbon and nitrogen content in the reassembled nio-
bate was determined via the elemental CHN-analysis
on a Euro EA3028-HT (Italy) analyzer. UV–Vis spec-
tra of the samples dispersed in the carbohydrate solu-
tions were recorded on a Thermo Scientific Genesys
10S UV-Vis (USA) spectrophotometer. Morphology
of the samples was studied on a Zeiss Merlin (Ger-
many) scanning electron microscope (SEM)
equipped with a field emission cathode, electron
optics column Gemini II and oil-free vacuum system.
Specific surface area was measured on a Quadrasorb
SI (USA) adsorption analyzer. Prior to analysis, 150–
200 mg of each sample was degassed for 12 h without
heating. Adsorption isotherms were measured at a liq-
uid nitrogen temperature (−196°C) with nitrogen as
an adsorptive. The values of specific surface area were
calculated via the conventional multipoint Brunauer–
Emmett–Teller (BET) method. Diffuse reflectance
spectra (DRS) were recorded using a Shimadzu UV-
2550 (Japan) spectrophotometer equipped with an
ISR-2200 integrating sphere in the range of 220–
800 nm with barium sulfate as a reference. The spectra
obtained were transformed into coordinates (Fhν)1/2 =
f(hν), where F = (1–R)2/2R is the Kubelka–Munk
function of a reflection coefficient R. Low-energy
shoulders of the graphs were extrapolated to intersect
the baseline and an abscissa of the intersection point
was considered an optical bandgap energy Eg.

RESULTS AND DISCUSSION

Characterization of Initial and Reassembled HCN3

The present study deals with two main objects: the
initial protonated niobate HCN3 and its reassembled
KINETICS AND CATALYSIS  Vol. 65  No. 5  2024
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Fig. 2. XRD patterns (a), Raman spectra (b), TG curves (c) and UV–Vis spectra after dispersing in 1 mol % aqueous glucose (d)
for the initial and reassembled niobates.
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form HCN3 r/a prepared via the liquid-phase exfolia-
tion of the former into nanosheets and their restacking
upon the filtration of the suspensions.

Primary characterization of the both samples was
carried out using powder XRD analysis (Fig. 2a). It
was established that HCN3 was successfully synthe-
sized in a single-phase state and its diffraction pattern
is consistent with the PDF card no. 00-039-0915. All
the reflections observed are amenable to indexing in
the tetragonal system and the lattice parameters deter-
mined (Table 1) are in good consistency with the liter-
arure data [27]. As can be seen from Fig. 2a, exfolia-
KINETICS AND CATALYSIS  Vol. 65  No. 5  2024

Table 1. Characterization of the initial and reassembled
niobates*

* a and c are tetragonal lattice parameters; S is the specific surface
areas; Eg is the optical bandgap energies; λmax is the long-wave
intrinsic absorption edges.

Sample a, Å с, Å S, m2 g−1 Eg, eV λmax, nm

HCN3 3.82 16.0 7.6 3.50 354
HCN3 r/a ≈3.8 ≈17 18 3.42 363
tion and reassembly of the niobate lead to the forma-
tion of the layered phase with noticeably widened
diffraction maxima, which, apparently, is associated
with a pronounced disorder in stacking individual per-
ovskite nanosheets upon the reassembly as well as a
general decrease in particle sizes. That being said,
positions of (010), (110) and (020) reflections as well as
the a lattice parameter stay practically unchanged
pointing to the preservation of the perovskite slab struc-
ture (Table 1). At the same time, the reassembled niobate
demonstrates a low-angle shift of the (00x) diffraction
maxima and, accordingly, the enlarged c parameter, cor-
responding to a greater distance between the adjacent
perovskite slabs than in the initial compound.

In accordance with the Raman spectra (Fig. 2b),
one of key reasons for the increased interlayer distance
of the reassembled niobate consists in the presence of
strongly adsorbed residual tetrabutylammonium cat-
ions TBA+ that probably prevent the adjacent
nanosheets from tighter closing. Despite thorough
rinsing with an excess of hot water, these cations still
remain in the sample, which gives grounds, in a sense,
to consider the latter as an inorganic-organic compos-
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ite material. Exfoliation and reassembly also cause a
decrease in the frequency of the axial Nb–O vibra-
tional mode located in the terminal perovskite octahe-
dra from ⁓966 to ⁓946 cm–1 that is most sensitive to
the interlayer composition. At the same time, most of
the other Nb–O vibrational modes (<800 cm–1)
remain unchanged, additionally confirming the pres-
ervation of the perovskite structure.

During thermolysis, the reassembled niobate
demonstrates a 3.9% greater total mass loss than the
initial protonated compound (Fig. 2c). Together with
the results of elemental CHN-analysis, these data
indicate that the reassembled sample also contains a
perceptible amount of embedded water molecules.
The quantitative composition estimated on the basis of
TG and CHN data corresponds to the formula
H0.8Ca2Nb3O10∙0.2TBA∙0.75H2O. At the same time,
the initial niobate contains twice as much intercalated
water and its true composition should be presented in
the form HCa2Nb3O10∙1.5H2O. Moreover, the appear-
ance of TG curves of the compounds in question is
different (Fig. 2c). Particularly, the curve of the initial
niobate includes two well-distinguishable steps corre-
sponding to deintercalation of the interlayer water
(30–150°C) and subsequent decomposition of the
anhydrous protonated compound (275–450°C). The
curve of the reassembled sample, on the contrary, exhibit
gradual mass loss that is difficult to divide into individual
stages. Such thermolysis kinetics, probably, is associated
with the aforementioned disorder in stacking perovskite
nanosheets appeared upon their reassembly.

Morphology and specific surface area of the sam-
ples were investigated using SEM and BET methods.
As can be seen from Fig. 3, the initial protonated nio-
bate consists of monolithic lamellar particles with pre-
dominant lateral dimensions of 500–1000 nm and a
thickness of 150–300 nm. Its reassembled counter-
part, on the contrary, is formed by distorted perovskite
nanosheets with irregularly shaped edges that are
stacked into aggregates of micrometer sizes. Specific
surface area of the reassembled niobate, being equal to
18 m2 g–1, is only 2.3 times greater than that of the ini-
tial sample (Table 1), which is probably caused by the
strong nanosheet aggregation. However, the reassem-
bled compound appears to undergo the ultrasound-
assisted disaggregation much easier than the initial
one, which follows from UV-vis spectra of the corre-
sponding suspensions in aqueous glucose (Fig. 2d).
Particularly, the suspension of the protonated niobate
exhibits approximately constant optical density over
the entire spectrophotometric range due to the pro-
nounced Mie scattering by the relatively large parti-
cles. In the case of the reassembled sample, the sus-
pension’s spectrum shows intense bands of scattering
and absorption only in the ultraviolet region while the
optical density in the longer wavelength range tends to
zero. These data indirectly indicate that sonication of
the reassembled niobate in the glucose solution effec-
tively disaggregates the stacked nanosheets and pro-
vides much smaller particle sizes in a dispersed state in
comparison with those observed for the solid reassem-
bled niobate (Figs. 3c, 3d).

The region of intrinsic light absorption of the pho-
tocatalysts under consideration was studied by means
of DRS with the Kubelka–Munk transformation
(Fig. 4). The exfoliation and reassembly resulted in a
slight decrease in the optical bandgap energy from 3.50
to 3.42 eV corresponding to the bathochromic shift of
the long-wave absorption edge from 354 to 363 nm
(Table 1), which formally allows the reassembled pho-
tocatalyst to utilize a slightly wider radiation range. The
observed band gap narrowing is apparently caused by an
upward shift of the valence band maximum, formed pre-
dominantly by oxygen 2p-orbitals, during the transfor-
mation of the interlayer space into the external surface.

Photocatalytic Activity in the Reactions
of Hydrogen Production

Photocatalytic performance of the niobates was
tested in the reactions of hydrogen production from
1 mol % aqueous solutions of typical plant biomass
components, glucose and xylose, under mid-near
ultraviolet radiation (λ > 220 nm) of the 125 W mer-
cury lamp. The kinetic curves obtained (Fig. 5)
demonstrate linear behavior indicating the preserva-
tion of the stable reaction rate throughout the whole
measurement time. When the lamp is turned off, all
the curves reach a plateau corresponding to a zero
activity in the dark mode.

It was found that even the initial niobate HCN3
without additional modifications exhibits higher effi-
ciency of hydrogen generation from aqueous glucose
and xylose (ϕ = 0.25 and 0.21%, respectively) (Table 2)
than the reference photocatalyst TiO2 P25 Degussa
tested under the same conditions (ϕ ≈ 0.15%)
although the latter possesses much greater specific
surface area (⁓50 m2 g−1) in comparison with HCN3
(7.6 m2 g−1). Accordingly, the niobate’s activity nor-
malized per unit surface area formally proves to be
approximately one order of magnitude greater that of
TiO2 P25 Degussa. This experimental fact once again
indicates the advantage of the layered perovskite struc-
ture for photocatalytic applications over that of non-
layered analogues. Further enhancement of the nio-
bate’s hydrogen evolution activity may be realized via
its decoration with nanoparticles of a Pt cocatalyst that
serve as active hydrogen formation sites, improve spa-
tial charge separation and reduce the overpotential of
this half-reaction [48]. In this case, the activity
increases 6–7 times and apparent quantum efficiency
ϕ reaches 1.5–1.6% (Table 2).

Exfoliation and reassembly of HCN3 allowed sig-
nificantly improving the efficiency of photocatalytic
hydrogen production via glucose and xylose reform-
ing. Particularly, HCN3 r/a modified with 1% Pt was
KINETICS AND CATALYSIS  Vol. 65  No. 5  2024
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Fig. 3. SEM images of the initial (a, b) and reassembled (c, d) niobates.

(a) HCN3 200 nm (b) HCN3 200 nm

(c) HCN3 r/a 400 nm (d) HCN3 r/a 40 nm

Fig. 4. Diffuse reflectance spectra (a) and corresponding Kubelka-Munk plots (b) for the initial and reassembled niobates.
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shown to outperform the platinized HCN3 by up to
6.3 times providing the activity of 24.2 mmol h−1 g−1

(ϕ = 10%) and 22.8 mmol h−1 g−1 (ϕ = 9.4%) in aque-
KINETICS AND CATALYSIS  Vol. 65  No. 5  2024
ous glucose and xylose, respectively (Table 2). More-
over, the quantum efficiencies achieved were revealed
to be several times higher than those demonstrated by pla-
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Fig. 5. Kinetic curves of photocatalytic hydrogen evolution from 1 mol % aqueous solutions of glucose and xylose over the initial
and reassembled niobates in a bare state (a) and with a 1% Pt cocatalyst (b–d).
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tinized TiO2 P25 Degussa (Table 3) and slightly greater
than measured for the organically modified HCN3 (up to
8.8%) in one of our previous publications [39].

Figure 6 clearly compares the highest hydrogen
evolution efficiencies achieved here over the platinized
HCN3 and HCN3 r/a in the carbohydrates as well as
those measured by our research team in pure water and
aqueous methanol earlier with all other conditions
being equal [41]. As one can see, the activity of HCN3
decreases by 5 times when going from methanol to the
carbohydrates. One of potential reasons for this con-
sists in the limited steric accessibility of the HCN3
interlayer rection zone for relatively large glucose and
xylose molecules unlike methanol ones that are
believed to penetrate this space and experience oxida-
tion there. In the case of HCN3 r/a, the photocatalytic
reaction predominantly proceeds on the nanosheets’
external surface, which removes the above steric lim-
itations and the difference between the activity exhib-
ited in the solutions of methanol and carbohydrates
becomes significantly less pronounced (Fig. 6). Thus,
the reassembled niobate nanosheets can serve as an
efficient photocatalyst for hydrogen production from
both methanol and carbohydrate aqueous solutions.

Table 3 summarizes the hydrogen evolution rates
from glucose and xylose solutions achieved over the most
promising photocatalysts reported over recent years. It is
clearly seen that the reassembled niobate under con-
sideration demonstrates a respectable activity level
and, importantly, compares favorably with many com-
posite photocatalysts in the ease of its preparation.
However, different research teams use unequal condi-
KINETICS AND CATALYSIS  Vol. 65  No. 5  2024
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Table 2. Photocatalytic activity of the initial and reassembled niobates in the reactions of hydrogen production from aque-
ous solutions of carbohydrates*

* ω and ω' are the absolute and normalized per unit catalyst mass rates of hydrogen generation; ϕ is the apparent quantum efficiencies;
kPt is the platinization efficiency coefficients.

Solution Photocatalyst ω, μmol h−1 ω', mmol h−1 g−1 ϕ, % kPt

1 mol % glucose

HCN3 14.9 0.596 0.25 −

HCN3 (Pt) 95.8 3.83 1.6 6.4

HCN3 r/a 49.3 1.97 0.81 −

HCN3 r/a (Pt) 604 24.2 10 12

1 mol % xylose

HCN3 12.9 0.516 0.21 −

HCN3 (Pt) 90.4 3.62 1.5 7.0

HCN3 r/a 41.5 1.66 0.69 −

HCN3 r/a (Pt) 570 22.8 9.4 14

Table 3. Comparison of hydrogen evolution rates in aqueous solutions of carbohydrates achieved over the reassembled nio-
bate and TiO2 P25 Degussa in this study as well as over most active photocatalysts reported in the latest publications

№ Photocatalyst Solution Irradiation ω', mmol h−1 g−1 Ref.

1
HCN3 r/a, 1% Pt

Glucose 1 mol %
125 W Hg lamp, λ > 220 nm

24.2
This study

2 Xylose 1 mol % 22.8

3 TiO2 P25 Degussa, 
1% Pt

Glucose 1 mol %
125 W Hg lamp, λ > 220 nm

8.89
This study

4 Xylose 1 mol % 11.8

5 CdS/MoS2 Glucose 0.1 M 300 W Xe lamp, λ > 400 nm 55 [49]

6 Cd0.6Zn0.4S/Cd0.1Zn0.9S,
1% Pt

Glucose 0.045 M LED 450 nm, 
48 mW cm−2

3.4
[50]

7 Xylose 0.015 M 1.0

8 g-C3N4, 2% Pt-Au Glucose 0.16 M
300 W Xe lamp, λ = 350–800 nm, 
170 mW cm−2 2.37 [51]

9 CaTiO3/Zn0.3Cd0.7S Glucose 0.1 M 300 W Xe lamp 2.81 [52]

10 LaFeO3, 0.7% Rh Glucose 1 g L−1 10 W LED, λ = 375–380 nm 1.84 [53]

11 TiO2-W0.25, Pt Glucose 0.001 M 150 W halogen lamp 0.12 [54]

12 g-C3N4 oxidized, 3% Pt Glucose 1 M Simulated solar light, 500 W m−2 0.87 [55]

13 Zn0.6Cd0.4S Glucose 20 g L−1 300 W Xe lamp 0.69 [56]

14 Mn0.7Cd0.3S Xylose 2 g L−1 300 W Xe lamp 14.1 [57]
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Fig. 6. Apparent quantum efficiency ϕ of photocatalytic hydrogen evolution over the initial and reassembled niobates with a 1%
Pt cocatalyst from pure water as well as 1 mol % aqueous solutions of glucose, xylose and methanol.

0 3 6 9 12 15 18 21

HCN3 (Pt)

�, %

HCN3 r/a (Pt)

H2O
1 mol % glucose
1 mol % xylose
1 mol % methanol
tions of photocatalytic measurements, and a strict
comparison of the results of this study with those pre-
sented in the literature does not seem entirely possible.

CONCLUSIONS

In this study, the layered perovskite-structured
niobate HCa2Nb3O10 has been exfoliated into
nanosheets and reassembled to yield an efficient pho-
tocatalyst for hydrogen generation from typical bio-
mass components—glucose and xylose. Thanks to the
increased specific surface area and improved dispers-
ibility, the reassembled niobate outperformed in the
activity the initial compound and reference photocat-
alyst TiO2 P25 Degussa by up to 6.3 and 5.3 times,
respectively, providing a hydrogen production rate up
to 24.2 mmol h−1g−1 and apparent quantum efficiency
up to 10% in the mid-near ultraviolet range.
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