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Abstract: Hydrogen production by catalytic water splitting

using sunlight holds great promise for clean and sustainable
energy source. Despite the efforts made in the past decades,

challenges still exist in pursuing solid catalysts with light-har-

vesting capacity, large surface areas and efficient utilities of
the photogenerated carrier, at the same time. Here, a

multiple structure design strategy leading to highly en-
hanced photocatalytic performance on hydrogen produc-

tion from water splitting in Dion–Jacobson perovskites
KCa2Nan-3NbnO3n+1 is described. Specifically, chemical doping

(N/Nb4+) of the parent oxides via ammoniation improved

the ability of sunlight harvesting efficiently; subsequent

liquid exfoliation of the doped perovskites yielded ultrathin

[Ca2Nan-3NbnO3n+1]
@ nanosheets with greatly increased sur-

face areas. Significantly, the maximum hydrogen evolution

appears in the n=4 nanosheets, which suggests the most

favorable thickness for charge separation in such perovskite-
type catalysts. The optimized black N/Nb4+-[Ca2NaNb4O13]

@

nanosheets show greatly enhanced photocatalytic per-
formance, as high as 973 mmolh@1 with Pt loading, on hydro-

gen evolution from water splitting. As a proof-of-concept,
this work highlights the feasibility of combining various

chemical strategies towards better catalysts and precise

thickness control of two-dimensional materials.

1. Introduction

The photocatalytic splitting of water into hydrogen and

oxygen using solar energy provides a clean and sustainable
source for future energy demands.[1–4] Since the first report of

hydrogen evolution from water under UV light catalyzed by
TiO2,

[5] great efforts have been made to explore new solid pho-

tocatalysts in the past several decades. However, despite the

fact that numerous materials were reported potential for pho-

tocatalytic hydrogen/oxygen production from water, the over-
all conversion efficiency is still too low for practical utilities.[6]

The challenge exists because photocatalytic water splitting is a
complex and multistep process comprising of the sequence of

light harvesting, charge separation and redox reactions on the
solid–liquid interfaces. Various chemical strategies have been

developed to improve the photocatalytic performance of tradi-

tional semiconductors. For example, elemental doping (H/B/N/
F/S or transition metals) was used to introduce exotic orbital
to extend the absorption spectra of wide band gap semicon-
ductors into the visible region.[7–15] Another frequently adopted
method is nanocrystallization,[16–20] by which large surface area
and selectively exposed crystalline faces can be created re-

sponsible for a better catalytic performance.
Chemical exfoliation in liquids is a universal route to ultra-

thin nanosheets with extraordinary large surface areas and
highly increased active sites on the surface.[21–29] Layered perov-
skites such as Dion–Jacobson (DJ) and Ruddlesden–Pop-

per (RP) phases have been frequently reported as a diverse
source of exfoliated nanosheets with molecular thickness.

Dozens of Ti/Nb/Ta perovskite nanosheets were fabricated via

chemical exfoliation of their layered parent oxides and were re-
ported exhibiting dramatically enhanced photocatalytic per-

formance, such as KNb3O8, KNb4O17, KTiNbO5 and
KCa2Nb3O10.

[30–39] When combining chemical exfoliation with el-

emental doping, simultaneous larger surface areas and more
efficient light absorption were achieved comparing with the
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pristine bulk or undoped materials. Ida et al. reported the fabri-
cation of [Ca2Ta3O9.7N0.2]

@ nanosheets by exfoliation of N-doped

CsCa2Ta3O10.
[40] Superb photocatalytic H2 evolution under full

arc-light irradiation were observed owing to their large surface

area and improved light response. In the case of
KCa2Nb3O10,

[41,42] they demonstrated the exfoliation of N/Nb4+

codoped [Ca2Nb3O10]
@ nanosheets with enhanced visible-light-

driven water splitting performance. In our recent work, we
studied the controllable syntheses and doping effect of N and

N/Nb4+ doped [Ca2Nb3O10]
@ nanosheets.[43] However, one

should be aware that the combination of only two structure
design methods is far from taking all the advantages of the
flexibility of a perovskite-type structure, especially for their

structure variabilities by composition control.
In this work, we select a series of typical DJ phases,

KCa2Nan-3NbnO3n+1 (n=3–6), denoted as KCNNO hereafter, to

demonstrate the proof-of-concept combination of elemental
doping, liquid exfoliation, and composition control for the ra-

tional structure design of better solid photocatalysts. Specifi-
cally, N doping and Nb4+ self-doping via ammoniation effi-

ciently extend the light harvesting capacity into the visible
region, and chemical exfoliation creates larger surface areas

and more active sites on the surface. Most importantly, the

consecutive thickness tuning of the perovskite layer not only
further filters out the optimal products but also provides a rare

example for the dynamic study of carrier migration in layered
semiconductors.

2. Results and Discussion

2.1. Crystal Structure and Fabrication of KCNNO Nanosheets

Figure 1 shows the crystal structure of KCNNO and the sche-
matic representation of the chemical strategies adopted to im-

prove the catalytic performance of the parent perovskites. A

prototype of DJ phase perovskites A’[An-1BnO3n+1] consists of
covalently-bonded n-layer perovskite sheets interleaved with

exchangeable alkali-metal cations. Accordingly, the KCNNO
series can be written as: KCa2Nb3O10+ (n–3) NaNbO3, where

the latter component participates into the [Ca2Nb3O10]
@ perov-

skite-layer in a disordered manner and the layer thickness is

controllable by simply changing the n value.[44] From n=3 to
n=6, the theoretical thickness of the [CNNO]@ layer increases

from 2.4 to 4.0 nm (Figure 1b), making them perfect candi-
dates for thickness-dependent investigations of ultrathin nano-
sheets. Experimentally, the starting materials KCNNO (n=3–6)

were fabricated by a traditional high-temperature solid-state
method followed by N/Nb4+-doping performed under NH3

flow at 800 8C. Subsequent liquid exfoliation was achieved
through acidification in diluted hydrochloric acid, neutraliza-

tion in 0.1m tetrabutylammonium hydroxide (TBAOH), and
sonic oscillation for 14 days.[21]

Figure 2 displays the powder XRD patterns and refined cell

parameters of the pristine KCNNO, N/Nb4+ doped KCNNO and
H+-exchanged N/Nb4+-KCNNO. All of them can be well as-

signed to the known KCNNO structure. The sharp peaks in the
low 2q angle range (2–20 8) correspond to the characteristic

{00l} crystallographic facets and reflect the crystalline nature of
the materials. The subsequent treatments (ammoniation and

H+-exchange) did not change the layered perovskite structure

much, as evidenced from the XRD patterns. Compared with
ammoniation, H+-exchange leads to a remarkable strengthen-

ing of the {00l} peaks due to the decrease of the interlayer
electron density from K+ to H+ . The cell parameters and vol-

umes derived from LeBail fitting show a nearly linear relation-
ship along with an increase of n values. N/Nb4+ doping results

in a slight enlargement of the unit cell, roughly in a defect

level. In contrast, H+ exchanging yields a larger volume swel-
ling of approximately 8%, which may attribute to the partially

intercalation of water molecules between the perovskite
layers.[45,46] Moreover, the components of the perovskite layers

did not change much during the ammoniation, protonation,
and exfoliation processes, as evidenced by the EDS results (Fig-
ure S1, Supporting Information).

Figure 1. a) Crystal structure of KCa2Nb3O10, the n=3 end member of layered KCa2Nan-3NbnO3n+1 (KCNNO) perovskites. b) Schematic representation of the
thickness control of the perovskite layer by varying the n value. c) The synthetic route to N/Nb4+ codoped [CNNO]@ nanosheets.
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2.2. Light Absorption and Morphology of KCNNO Nano-
sheets

Ammoniation of KCNNO powders changes their colors from

white to dark grey or black (Figure S2). Figure 3 displays the
UV/Vis absorption spectra of KCNNO before and after ammo-

niation processes. Obvious red-shifts of the absorption edge
are observed in all N/Nb4+ doped samples. This points to suc-

cessful narrowing of the band gaps of the wide-band-gap sem-
iconductor KCNNO, in which N doping plays a key role by pro-

viding intermediate energy levels between conducting bands

(CB) and valence bands (VB). Notebly, all the N/Nb4+-doped
samples exhibit high absorption backgrounds throughout the

400–800 nm region, which can be attributed to the surface de-
fects, that is, oxygen valences induced by Nb5+ reduction. In-

termediate energy levels will form just below the VB in this
case, which are favorable for the light harvesting of KCNNO in
the whole UV/Vis region.[47,48] The band gaps for undoped and

N/Nb4+-doped KCNNO are estimated according to Kubelka–

Munk (KM) equation (Figure S3), in which narrowed band gaps
by about 1.5 eV are observed for the doped samples than their

parent materials.

The X-ray photoelectron spectra (XPS) confirm the emer-
gence of Nb4+ after ammoniation (Figure 3b) and also the N

doping (Figure S4). The O 1s XPS spectra of the doped and un-
doped samples show dramatic differences (Figure S5). Addi-

tional peaks are observed above 532 eV in all doped KCNNO
samples, which confirms the formation of oxygen defects.[47,48]

The reduction of Nb5+ to Nb4+ is also confirmed by the obser-

vation of emerging strong electron paramagnetic resonance
(EPR) signals at g&1.97 in the doped materials, which is con-

sidered as the typical signal of Nb4+ .[49,50]

Compared with tantalate homologues, niobate perovskites

exhibit weaker resistance to reductive NH3 atmosphere under
high-temperature conditions. Thus, it is reasonable that the
ammoniation products of KCNNO are dark grey or black in

color, rather than yellow or orange, as was the case for previ-

Figure 2. PXRD patterns of : a) the parent KCNNO synthesized via high temperature solid state reactions; b) the N/Nb4+ codoped KCNNO after ammoniation
at 800 8C; c) the protonated KCNNO; d,e) cell volume and unit cell along the c axis of the materials presented in a,b,c as a function of the n value.

Figure 3. a) Photoabsorption spectra of KCNNO and N/Nb4+ doped KCNNO in the visible region. b) Nb 3d XPS spectra and c) EPR spectra of KCNNO- and N/
Nb4+-doped KCNNO.
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ously reported tantalate perovskites.[40] One of the possible rea-
sons is that the low-valence Nb is familiar in niobates. Another

reason is the volatilization of alkali metals at high temperature
accompanied with the formation of oxygen vacancies to main-

tain the charge balance.[43] From the viewpoint of light harvest-
ing, low-valence Ti/Nb self doping can efficiently improve the

utilization of irridiations in the visible-light region and thus
favor their overall photocatalytic performance.[14,15,50–53]

Liquid exfoliation of bulk N/Nb4+-KCNNO powder yielded
single-molecule-thick N/Nb4+-CNNO nanosheets. The suspen-
sions of these nanosheets in water reserved their dark gray or
black colors of the bulk powders (Figure S6). Figure 4a shows
the TEM images of the n=3–6 products. All of the exfoliated

samples are ultrathin sheets with several micrometers in size,
whose morphology is desirable for catalytic water splitting

compared with the pristine bulk N/Nb4+-KCNNO (Figure S7).

AFM images show that the typical thicknesses of the N/Nb4+

-CNNO nanosheets were 2.4, 2.8, 3.3 and 4.0 nm for the n=3,

4, 5, 6 homologues, respectively (Figure 4b,c). These values are
highly consistent with the thickness of [Ca2Nan-3NbnO3n+1]

@

layers, indicating the successful fabrication of single-molecule-

thick N/Nb4+-[CNNO]@ nanosheets. Selected area electron dif-
fraction (SAED) confirms that the N/Nb4+-[CNNO]@ nanosheets

maintain the single crystal nature after exfoliation (Figure S8),
and also the cell parameters within the perovskite layer.

2.3. Photocatalytic Hydrogen Evolution Performance

The photocatalytic performance of N/Nb4+-[CNNO]@ nano-

sheets was evaluated by hydrogen evolution from water split-
ting under full arc and visible light irradiation (Xe lamp,

300 W). Figure 5 displays the hydrogen evolution of bulk and
exfoliated N/Nb4+-[CNNO]@ and those loaded with 0.5 wt% Pt
particles. First of all, N/Nb4+ doping can greatly improve the

light harvesting of KCNNO under full arc irradiation. According
to a previous report, [CNNO]@ nanosheets without doping only
exhibited photocatalytic activity under UV irradiation.[44] This
was confirmed in our experiments by the fact that ignorable
hydrogen was detected for all of the undoped [CNNO]@ nano-
sheets under visible irradiation. Secondly, liquid exfoliation

can markedly enhance the photocatalytic performance of

N/Nb4+-KCNNO by increasing the BET areas (Figure S9) and the

Figure 4. a) TEM, b) AFM and c) across section of N/Nb4+ doped [CNNO]@ nanosheets.

Figure 5. Hydrogen evolution by photocatalytic water splitting with different catalysts: a) bulk N/Nb4+ codoped KCNNO and N/Nb4+ codoped [CNNO]@ nano-
sheets; catalyst: 100 mg. b) Pt-loaded N/Nb4+ codoped [CNNO]@ nanosheets; catalyst: 50 mg. c) Comparison of the hydrogen evolution rate between N/Nb4+

codoped [CNNO]@ nanosheets with different thicknesses and photocatalytic conditions.
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active sites on the surface of the nanosheets. The hydrogen
production rates of N/Nb4+-[CNNO]@ nanosheets are two

orders of magnitude higher than those using bulk N/Nb4+

-KCNNO materials with good recycling performance (Fig-

ure S10). Pt loading can even boost their performance to as
high as 973 mmolh@1 in Pt-loaded N/Nb4+-[CaNaNb4O13]

@ ,
8 times higher than that of undoped [CaNaNb4O13]

@ nano-
sheets with RuO2 loading under UV light.[44] Further optimiza-
tions of the exfoliation and cocatalyst loading amounts and

methods may lead to better performance of these perovskite-
type catalysts.[54]

Surprisingly, the photocatalytic performance of N/Nb4+-
[CNNO]@ nanosheets did not show a monotonous variation

trendency as a function of the perovskite layer thickness (n
value). In either N/Nb4+-[CNNO]@ nanosheets or Pt-loaded N/

Nb4+-[CNNO]@ nanosheets, the n=4 product exhibited the

highest hydrogen production rate among the n=4–6 compo-
nents. As we know, during a photocatalytic process, the elec-

tron-hole separation step is essential for the overall per-
formance of a solid semiconductor and is highly related with

the migration length (i.e. , the thickness of nanosheets).[55]

There should be a balance point for the optimal carrier separa-

tion and suppressed recombination processes. In the KCNNO

DJ phases, the best catalytic performance was observed in the
n=4 homologues, that is, thickness around 2.8 nm, providing

a golden model system for thickness-dependent investigations
of similar semiconductor nanosheets. Photocurrent measure-

ments on N/Nb4+-[CNNO]@ nanosheets show a sequence of

n=4>5>3>6 for the samples with different thickness re-
sponses to light irradiation (Figure 6a), which is consistent

with the hydrogen production results. Notably, the n=4 N/
Nb4+-[CNNO]@ nanosheets exhibited the lowest photocurrent

decay rate, reflecting the slow recombination of the photoex-
cited electron-hole pairs at that thickness. The carrier migration

of N/Nb4+-[CNNO]@ nanosheets can also be explored by AC
impedance measurements. As shown in Figure 6b, the n=4
and 5 samples exhibited much bigger resistance than those of

n=3 and 6, in good accordance with the photocurrent eviden-
ces. Under light irradiation, all of the N/Nb4+-[CNNO]@ nano-
sheets showed an increased migration capacity owing to the
increase of photoexcited carriers.

To gain more insight into the photocatalytic performance of
N/Nb4+-doped [CNNO]@ nanosheets, overall water splitting

without any sacrificial agent and wavelength-dependent H2

production tests were performed on the n=4 sample. Com-
paring to hydrogen evolution, this series of DJ perovskites ex-

hibited ignorable oxygen production capacity (Figure 6c).
Through N/Nb4+ codoping extends the absorption of [CNNO]@

nanosheets to the full visible range, the apparent quantum ef-
ficiency (AQE) measurement results indicated very weak contri-

bution above 420 nm (Figure 6d). The catalytic H2 generation

occurred mainly based on photoabsorption over the band gap
under irradiation, which may owe to the easy energy loss on

the intermediate Nb4+ energy levels via thermal vibration of
the lattice. Further band gap engineering on these wide-band

gap perovskites is desirable to achieve better utilization of visi-

Figure 6. a) Photocurrent of CNNO nanosheets versus time at a bias of 0.6 V (vs. Ag/AgCl). b) EIS Nyquist plots of CNNO nanosheets at a bias of 0.2 V under
dark and full arc irradiation. c) Overall pure-water splitting of N/Nb4+ doped n=4 CNNO nanosheets under full arc. d) AQE of hydrogen generation at various
light wavelength ranges. Horizontal error bar presents wavelength range; vertical error bar presents AQE error induced by light-intensity and H2-evolution
measurements.
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ble lights. On the other hand, the multiple structure design
strategy combining thickness control with elemental doping

and chemical exfoliation demonstrated a new route to opti-
mized catalytic performance in wide band gap semiconduc-

tors.

3. Conclusion

In summary, we showed an integration of three structure
design strategies in layered niobate perovskite KCNNO in pur-
suit of the best catalytic performance on hydrogen evolution
from the splitting of water. Chemical doping (N/Nb4+) of the
parent oxides via ammoniation can significantly improve the

ability of sunlight harvesting. Liquid exfoliation of the layered
perovskites yields ultrathin nanosheets with greatly increased

active sites. Most significantly, the thickness of the nanosheets

is controllable by varying the composition of parent perov-
skites (n in KCNNO), which screens out the best length for suf-

ficient hole-electron separation performance on hydrogen evo-
lution from water splitting.

Experimental Section

Materials and chemical agents : K2CO3 (99.0%), Na2CO3 (99.0%),
CaCO3 (99.0%), Nb2O5 (99.9%), tetrabutylammonium hydroxide
(TBAOH) (99.8%), HCl (99.5%) and H2PtCl6·H2O (99.5%) were pur-
chased from Sinopharm Chemical Reagent Co., Ltd. High-purity
NH3 gas was purchased from Xieli (Zhengzhou) Co., Ltd.

Syntheses of the nanosheets : The parent layered oxide was pre-
pared from K2CO3, Na2CO3, CaCO3, and Nb2O5 according to the liter-
ature (K/Na/Ca/Nb=1.05/2/1.05(n-3)/n in molar ratio).[44] The mix-
ture of these reagents was calcined at 1200 8C for 12 h. Ammonia-
tion was performed by calcining the precursors at 800 8C for 5 h
under NH3 flow (60 mLmin@1). The resulting samples were acid-ex-
changed by treating them with a 6M HCl solution for 72 h. Then,
the products were washed with water to pH=7 and followed by
centrifugation. The obtained proton-exchanged samples were
treated with a 0.1m TBAOH aqueous solution. The concentration
of TBAOH was adjusted to set a molar ratio of TBA+/H+ =1, where
H+ was the exchangeable protons in the solid. The mixture was
stirred at room temperature for two weeks. The colloidal suspen-
sions were centrifuged at 1500 rpm for 5 min to separate a small
amount of non-exfoliated residue. The nanosheets were restacked
into lamellar flocculates by adding their colloidal suspensions to a
2m HCl solution at a speed of 1 cm3min@1. Co-catalysts Pt was
photo-deposited on nanosheets in 20 vol.% methanol aqueous so-
lution (100 mL of nanosheets suspension, 40 mL of methanol,
30 mL of water) containing H2PtCl6·H2O by irradiation with the
300 W Xe lamp for 3 h. After loading the cocatalyst, 2m HCl was
used to flocculate nanosheets suspensions.

Characterization: Powder XRD patterns of all of the samples were
collected at room temperature on a Bruker D8 Advance diffractom-
eter using a germanium monochromatic (CuKa radiation, 40 kV and
40 mA). The data for phase identification were taken in the 2q
range between 108 and 808 and with the remaining time of 0.1 s/
step. The XRD data for LeBail fitting were taken in the 2q range be-
tween 108 and 1208 and with the remaining time of 1 s/step. SEM
images were recorded using a Quanta 250 FEG FEI at 20 kV in
gentle-beam mode without any metal coating. Transmission elec-
tron microscope (TEM) images were recorded on a Tecnai G2 20

TEM with an accelerating voltage of 200 kV using a carbon-coated
copper grid. Elemental ratios were measured using energy-disper-
sive spectroscopy (EDS) on the same SEM equipment. BET meas-
urements were performed by N2 adsorption-desorption measure-
ments (ASAP 2020, America) at liquid nitrogen temperature. Before
analysis, the samples were degassed in vacuum at 120 8C for 8 h.
The thickness of the exfoliated nanosheets was measured by AFM
(Autoprobe CP-Research, and Bruker, USA). UV/Vis diffuse reflec-
tance spectra were measured by using a U-4100 UV/Vis-NIR spec-
trometer (Hitachi). XPS data were recorded on a Kratos Axis Ultra
DLD photoelectron spectrometer using AlKa X-ray sources.

Photocatalytic activity tests : The photocatalytic reactions were car-
ried out at room temperature in a closed photo-reactor using a
300 W Xe lamp. A quartz reaction cell was irradiated by light from
top light source. For most of the measurements, the rate of H2 pro-
duction was measured in an aqueous solution (100 mL) containing
50–100 mg of catalyst and 20 vol.% methanol. Overall water split-
ting without any sacrificial agent was performed for the N/Nb4+

-doped n=4 KCNNO nanosheets. H2 gas was analyzed by gas chro-
matograph (TCD, nitrogen as a carrier gas and 5 a molecular sieve
column). The online analysis was also conducted at regular inter-
vals (1 h) by evacuating the produced gases. The measurements of
apparent quantum efficiency(AQE) were performed under similar
conditions except for the wavelength regions of the incident light.
Various band-pass filters were used to control the wavelength re-
gions of irradiation light. For each wavelength region, the irradia-
tion lasted for 1 h. The AQE was calculated as the following equa-
tion:

AQE ¼ ðNðH2Þ> 2Þ=NðphotonsÞ> 100%

in which N(H2) and N(photons) signify the molecular number of
generated H2 in unit time and the number of incident photons in
unit time, respectively. Photocurrent and EIS impedance measure-
ments were performed on an electrochemical work station (Shang-
hai). The samples were coated on FTO glasses and immersed in 1m
KOH aqueous solution for measurements.
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