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ABSTRACT: The development of visible light-active photocatalysts is essential for
increasing the conversion efficiency of solar energy into hydrogen (H2). Here, we present a
facile method for nitrogen doping of monolithic titanium dioxide (TiO2) nanoparticle-
based aerogels to activate them for visible light. Plasma-enhanced chemical vapor
deposition at low temperature enables efficient incorporation of nitrogen into preformed
TiO2 aerogels without compromising their advantageous intrinsic characteristics such as
large surface area, extensive porosity, and nanoscale properties of the semiconducting
building blocks. By balancing the dopant concentration and the defects, the nitridation
improves optical absorption and charge separation efficiency. The nitrogen-doped TiO2
nanoparticle-based aerogels loaded with palladium (Pd) nanoparticles show a significant
enhancement in visible light-driven photocatalytic H2 production (3.1 mmol h−1 g−1) with
excellent stability over 5 days. With this method, we introduce a powerful tool to tune the
properties of nanoparticle-based aerogels after synthesis for a specific application, as exemplified by visible light-driven H2
production.

KEYWORDS: nitrogen-doped titania, aerogels, hydrogen production, photocatalysis, nanoparticles

■ INTRODUCTION

H2 generation using abundant solar energy together with
semiconductor photocatalysts holds significant potential to
produce clean and sustainable energy carriers. Among the
various photocatalysts for H2 generation, TiO2 stands out by
its chemical stability, low cost, nontoxicity, and suitable band
position with respect to the redox potentials of water splitting.1

Owing to these attractive features, research has exploited
diverse forms of TiO2 such as powders,2 wires,3 rods,4 and
films5 to further enhance its photocatalytic activity. Recently,
TiO2 nanoparticle-based aerogels have emerged as a promising
architecture for gas-phase photocatalysis, offering large surface
areas, high open porosity, and translucency, which are all
advantageous properties for such applications.6 TiO2 aerogels,
prepared from colloidal dispersions of nanoparticles obtained
by the nonaqueous sol−gel method, fully preserve the intrinsic
characteristics of crystalline nanobuilding blocks in macro-
scopic bodies.7 As a new class of three-dimensional photo-
catalysts,8 the nanoparticle-based aerogels have successfully
demonstrated their potential for photocatalytic gas-phase
reactions such as CO2 reduction9 and H2 production.10

However, an intrinsic drawback of TiO2 is its wide bandgap
of 3.2 eV. This limits the working range to ultraviolet (UV),
which covers less than ∼5% of the solar spectrum. Therefore,
different strategies have been explored to modify the electronic
structure of TiO2, including doping with nonmetals11,12 and
metals13−15 to get a visible-light response.

A particularly promising way to engineer TiO2 is nitrogen
doping due to the similar ionic radii of nitrogen and oxygen,
demanding less formation energy for substitution. Moreover,
the position of the N 2p state above the valence band narrows
the bandgap, and the band position remains well aligned with
respect to the redox potentials of water splitting.16 Incorpo-
ration of nitrogen has been applied to a wide range of TiO2

nanostructures to extend the absorption edge to visible light
using sputtering,17 high-temperature annealing (450−650 °C)
in an ammonia (NH3)

18,19 or N2 atmosphere,20 and wet
chemical methods such as sol−gel21,22 and hydrothermal
processes.23,24 However, activation of TiO2 aerogels for visible-
light utilization by nitrogen doping has not yet been achieved
without severely deteriorating the aerogel-specific morphology.
For example, immersing TiO2 aerogels in an aqueous NH3

solution followed by annealing at 530 °C for 10 min resulted in
a low porosity of 0.1 cm3 g−1 and low surface area of 78 m2

g−1.25 Another approach to achieve nitrogen doping involved
the mixing of TiO2 aerogel powders with urea solution and
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subsequent annealing at 550 °C under N2/NH3 flow. Also in
this case, the surface area of the heat-treated aerogel is
relatively low (116 m2 g−1).26 Accordingly, the performance of
these aerogels for photocatalytic H2 production in the liquid
phase is relatively poor, even when they are combined with
platinum nanoparticles as cocatalyst.27 In addition to the
morphological features, the concentration of the nitrogen
dopant plays an important role in photocatalytic activity
because it affects the amount of defects (e.g., oxygen vacancies
and Ti3+) and, thus, the efficiency of charge separation
between the photogenerated electrons and holes.28

Considering the advantages and disadvantages of the
different literature reports, the ideal approach to make TiO2
nanoparticle-based aerogels that are sensitive to visible light
must allow nitrogen doping with a precise concentration under
full preservation of the aerogel structure. In principle, there are
two ways to achieve this. The TiO2 nanoparticles can already
be doped during their synthesis and prior to gelation, or
nitrogen doping occurs on the final TiO2 aerogel. The first
method poses the problem of nitrogen-doped TiO2 nano-
particles being difficult to process into highly stable,
concentrated colloidal dispersions as required for the gelation
step. The second method has a big advantage such that we do
not need to change the synthesis protocol for the aerogels,
which is meanwhile optimized and results in high-quality
aerogels. The challenge here is to perform the nitrogen doping
under experimental conditions that do not affect the fragile
structure of the three-dimensional TiO2 network.
In this study, we present a facile method to postsynthetically

dope monolithic and macroscopically large TiO2 nanoparticle-
based aerogels with nitrogen to make them visible light-active
for photocatalytic H2 production. Plasma-enhanced chemical
vapor deposition at low temperature using NH3 gas enables
nitrogen doping to improve optical properties while preserving
all the favorable characteristics of the preformed aerogels. By a
careful evaluation of the synthesis parameters such as
temperature and concentration of the NH3 gas, we optimize
the doping process with respect to photoabsorption and charge
separation efficiency of the resulting TiO2 aerogels. Through
comprehensive characterizations, we find that the structural
and morphological properties, concentration of nitrogen and
its position in the lattice, oxygen vacancies, and presence of
Ti3+ determine photocatalytic activity under visible-light
illumination. The best nitrogen-doped Pd-TiO2 nanoparticle-
based aerogels are able to produce ∼3.1 mmol h−1 g−1 of H2
with good stability over 5 days under visible light. Our gas-
phase nitridation method offers a powerful tool to modify the
chemical composition of nanoparticle-based aerogel monoliths
postsynthetically to optimize their properties for a specific
application.

■ EXPERIMENTAL SECTION
Materials. Titanium(IV) tetrachloride (TiCl4, 99.9% trace metals

basis), benzyl alcohol (BnOH, puriss., 99−100.5% (GC)), 2-amino-2-
(hydroxymethyl)-1,3-propanediol (Trizma base, puriss., ≥99.7%),
palladium(II) acetate ([Pd(OAc)2]3, ≥99.9% trace metals basis), and
methanol (MeOH, analytical grade) were purchased from Sigma-
Aldrich. Acetone (99.8%, extra dry) and chloroform (≥99%, extra
pure) were purchased from Acros Organics, and ethanol (absolute,
>99.8% for analysis) and diethyl ether (≥99.5%) were purchased from
VWR Chemicals. Liquid carbon dioxide (≥99%), argon (Ar,
99.999%), helium (He, 99,999%), nitrogen (N2, 99.999%), ammonia
(NH3, 99.999%), and argon (Ar, 99.9999%) were provided by

PanGas AG, Switzerland. All chemicals were used as received without
further purification.

Preparation of TiO2 and Pd-TiO2 Nanoparticle-Based
Aerogels. TiO2 and Pd-TiO2 nanoparticle-based aerogels were
prepared by the nonaqueous sol−gel method as reported in the
literature.29 First, titanium (IV) tetrachloride (4.5 mL) and 2-amino-
2-(hydroxymethyl)-1,3-propanediol (414 mg) were dissolved in 90
mL of benzyl alcohol and stirred at 80 °C for 24 h. The resulting
nanoparticles were extracted from the reaction solution by
centrifugation and washed three times in chloroform and diethyl
ether. The wet nanoparticles were dispersed in deionized water. The
residual diethyl ether was removed by applying a vacuum. The
concentration of the TiO2 dispersion was 120 mg/mL. For the
synthesis of Pd nanoparticles, palladium (II) acetate (32 mg) in
benzyl alcohol (4 mL) was stirred at room temperature for 18 h.30

The synthesized Pd nanoparticles were washed with ethanol three
times. After the last centrifugation step, 7.5 mL of ethanol was added
to the wet precipitate to get the Pd nanoparticle dispersion. This
dispersion was further diluted with ethanol to reach final
concentrations of 0.17, 0.33, 0.50, and 0.67 wt %. A 0.3 mL portion
of the Pd nanoparticle dispersion was combined with 0.3 mL of TiO2
dispersion to prepare the sample with Pd. For the sample without Pd,
0.3 mL of ethanol was added to 0.3 mL of TiO2 dispersion. The
gelling was carried out in an oven at 60 °C for 33 min. The solvent
was stepwise exchanged against acetone. The samples were immersed
into solvent mixtures with different volume ratios in the following
order: Acetone/ethanol/water = 70/20/10 (v/v %) for 20 h, 80/15/5
(v/v %) for 6 h, and 100/0/0 (v/v %) for 20 h. The prepared gels
were supercritically dried in a SPI-DRY Critical Point Dryer 13200,
replacing the acetone with supercritical CO2. The aerogels were
treated with UV light (2000 W) using a Hönle UVACUBE 2000
chamber for 20 h to remove organic residues on the surface.

Process for Nitrogen Doping into Pd-TiO2 Aerogels.
Nitrogen doping of the Pd-TiO2 aerogels was carried out by a
plasma-enhanced chemical vapor deposition (TCVD-RF100CA,
GRAPHENE SQUARE). The aerogel placed in a ceramic crucible
boat was put into the chamber, which was heated up to the desired
reaction temperature (300−450 °C) for 0.5 h. During the heat-up
phase, different amounts of NH3 gas with a total flow rate of 500 sccm
were introduced into the chamber using Ar as carrier gas at a pressure
of 1.3 torr. After reaching the temperature, RF plasma (100 W) was
applied with continuous heating for 3 h. The Pd-TiO2 aerogels were
treated at different temperatures. Aerogels reacted at 300, 350, 400, or
450 °C under 10% NH3 are denoted as NPT 300, NPT 350, NPT
400, and NPT 450. In addition, NPT 350 was prepared with various
Pd concentrations using colloidal dispersions of 0.17, 0.33, 0.50, and
0.67 wt % labeled as NPT 350-C1, NPT 350-C2, NPT 350-C3, and
NPT 350-C4, respectively. Samples treated with different NH3
concentrations (5, 10, 15, or 20%) at 350 °C and with 0.50 wt %
Pd are named as NPT 350-5, NPT 350-10, NPT 350-15, and NPT
350-20, respectively. The TiO2 aerogel treated at 350 °C under 10%
NH3 is named as N-TiO2, and the Pd-TiO2 aerogel treated under Ar
(500 sccm) at 350 °C is labeled as Ar-Pd-TiO2 350. Table S1
provides an overview of all the samples with their names,
temperatures of NH3 treatment, and NH3 and Pd concentrations.

Characterization. Powder X-ray diffraction (XRD) patterns were
recorded on a PANalytical Empyrean with a PIXcel 1D detector and
Cu Kα radiation. Ultra-high resolution scanning electron microscopy
(Hitachi SU8200) was conducted at 2 μA and 1 kV. High-resolution
transmission electron microscopy (HRTEM) images were taken with
a FEI Talos F200X microscope operated at 200 kV. Nitrogen gas
sorption was performed on a Quantachrome Autosorb iQ analyzer at
77 K. The surface area was measured by Brunauer−Emmett−Teller
(BET) method, and the pore size and volume were determined by
density functional theory (DFT) analysis using a nonlocal DFT
(NLDFT) calculation model for nitrogen at 77 K based on cylindrical
pores in silica. UV−visible spectra were obtained using a JASCO V-
770 spectrophotometer equipped with an ILN-725 integrating sphere.
X-ray photoelectron spectra (XPS) were recorded by a Sigma 2
spectrometer (Thermo Scientific) using a polychromatic Al Kα X-ray
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source by taking C 1s = 284.8 eV as the calibration peak. The atomic
concentration was calculated from the individual peak area of Ti, O,
and N and their respective atomic sensitivity factor. Electrochemical
measurements were conducted with Biologic VMP3 in a three-
electrode cell configuration consisting of a platinum wire as the
counter electrode and Ag/AgCl as the reference electrode. The
aerogel (5 mg) was powdered, dispersed in ethanol (1 mL), and spin-
coated on FTO glass as the working electrode. Aqueous Na2SO4
solution (0.5 M) was used as the electrolyte and an LED (Thorlabs,
nominal wavelength: 450 nm, wavelength range: 400−500 nm)
irradiated the system during measurement. The transient photo-
current responses vs time were monitored at a bias potential of +0.2 V
with ON/OFF irradiation cycles. With the same system, Nyquist plots
were recorded by electrochemical impedance spectroscopy (EIS) in
the frequency range of 0.1−100 kHz with an ac amplitude of 5 mV
under an open circuit.
Photocatalytic H2 Production Test. Photocatalytic H2 produc-

tion was conducted in gas phase under visible-light irradiation at room
temperature. The aerogel was placed inside a homemade reactor, and
two LEDs (Thorlabs, nominal wavelength: 450 nm, wavelength range:
400−500 nm) were mounted on both sides of the reactor to measure
TiO2, Pd-TiO2, and all NPT aerogels (Figure S1). NPT 350-10 was
additionally measured with a broader range of wavelengths using two
Thorlabs White LEDs (wavelength range: 400−800 nm). The vapor
of water and methanol (50:50 v/v) was delivered to the aerogel by Ar
as a carrier gas with a flow rate of 10 mL min−1. A gas chromatograph
(Inficon Micro-GC 3000A, equipped with He and Ar carrier gas)
analyzed the H2 production with a thermal conductivity detector, and
the rate with the corresponding standard deviation was determined by
the amount obtained at 3 h using three different samples with the
same composition. The apparent quantum efficiency (AQE) was
calculated according to the following equation31

QE(%)
number of reacted electrons
number of incident photons

100

2 number of evolved H molecules
number of incident photons

1002

= ×

=
×

×

The details of AQE (%) calculations are explained in the
Supporting Information (Figure S2).

■ RESULTS AND DISCUSSION
The process of doping preformed TiO2 nanoparticle-based
aerogel monoliths with nitrogen is illustrated in Figure 1a. We
employed a plasma-enhanced chemical vapor deposition
process to decompose NH3 into active species such as NHx,

N2, and H2 at specific temperatures in the range of 300−450
°C. As shown in Figure 1b−e, a color change from white and
light gray to yellow and dark green, respectively, is observed in
the TiO2 and Pd-TiO2 aerogels after nitridation, indicating the
modification of the optical properties and, thus, successful
incorporation of nitrogen into the TiO2 lattice. The highly
porous structure of the aerogel facilitates the homogeneous
diffusion of dissociated NH3 molecules throughout the entire
monolith. In addition, the large surface area enhances the rate
of the doping reaction by offering more active sites.
The crystal structures of Pd-TiO2 and nitrogen-doped Pd-

TiO2 aerogels (NPT) prepared at 300, 350, 400, and 450 °C
(labeled as NPT 300, NPT 350, NPT 400, and NPT 450)
were characterized by X-ray powder diffraction (XRD) (Figure
2a). The XRD pattern of Pd-TiO2 can be assigned to the
anatase phase (ICDD file card no. 1-70-6826). The high
crystallinity of the pristine Pd-TiO2 without any high-
temperature annealing is one of the advantages of nano-
particle-based aerogels prepared from nanocrystalline building
blocks. The sharp peak at (004) is a consequence of the
oriented attachment of Trizma-functionalized TiO2 nano-
particles during gelation.32 After nitridation, the crystal
structure remains unchanged as anatase, and peaks that
could be attributed to the presence of TiN are not observed.
The main differences in the XRD patterns before and after
nitridation are the more distinct peaks with reduced full width
at half maximum (FWHM), indicating improved crystallinity
and some crystal growth. Indeed, as shown in Table S2, this
observation is confirmed by calculating the crystal size from
the (101), (004), and (200) peaks by the Scherrer equation.
The crystallite sizes of Pd-TiO2, NPT 300, NPT 350, NPT
400, and NPT 450 are 3.9, 4.6, 5.6, 6.5, and 7.5 nm,
respectively.
Scanning electron microscopy (SEM) and high-resolution

transmission electron microscopy (HRTEM) were performed
to explore the morphology of the aerogel after nitridation at
350 °C (NPT 350). In Figure 2b, the SEM image shows a
continuous and percolating network of the nanoparticles,
indicating that the nitridation treatment preserves the high
open porosity of the aerogel (Figure S3). The HRTEM image
in Figure 2c presents the lattice spacing of 0.24 nm for the
(004) plane and 0.35 nm for the (101) plane of the anatase
phase, which is consistent with the XRD result. As we reported
before, the connection of the TiO2 nanoparticles is based on
oriented attachment along [001] as a result of the selective
desorption of Trizma from the (001) facets in aqueous
solution.33 The HRTEM image in Figure 2d shows that the
nitrogen-doped TiO2 nanoparticles are indeed, at least in part,
arranged crystallographically along [001], consistent with the
structure discussed in pure TiO2 aerogels.

32 This behavior was
expected, of course, as we start with Trizma-functionalized
TiO2, and the nitrogen doping is performed after the gelation
and drying step. In fact, the SEM and TEM results clearly
underline that the gas-phase nitridation does not influence the
structure and arrangement of the TiO2 nanoparticles in the
aerogel. N2 gas sorption analysis was performed to investigate
the pore size distribution, porosity, and surface area of Pd-
TiO2, NPT 300, NPT 350, NPT 400, and NPT 450. The
adsorption−desorption isotherms of Pd-TiO2, NPT 300, NPT
350, and NPT 400 are of type IV with hysteresis loops of
combined H1 and H3, which is characteristic for mesopores
(Figure 2e). The absence of a plateau in the high-relative
pressure region indicates the presence of macropores in the

Figure 1. (a) Schematic illustration of the nitridation process of a
monolithic TiO2 nanoparticle-based aerogel by plasma-enhanced
chemical vapor deposition. Digital photographs of aerogel monoliths
composed of (b) TiO2, (c) Pd-TiO2, (d) N-TiO2, and (e) N-Pd-TiO2
(NPT 350).
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aerogels, which is also confirmed by the density functional
theory (DFT) analysis of the pore size distributions in Figure
2f. Compared to Pd-TiO2, NPT 350 and NPT 400 show a shift
to a broader pore size distribution and to larger pores from 40
to 60 nm due to the partial sintering of the nanoparticles. For
NPT 450, the disappearance of the macropores is consistent
with the isotherm of H1 hysteresis loop, displaying only
mesopores due to volume contraction of the aerogel after such
a high-temperature treatment.34 As presented in Table S2,
NPT 300 and NPT 350 offer relatively high surface areas
(325.1 and 267.8 m2 g−1) with large pore volumes (4.1 and 4.4
cm3 g−1), which are beneficial for photocatalytic reactions.
Although NPT 400 and NPT 450 have considerably reduced
values of the surface area (144.7 and 109.2 m2 g−1) with small
pore volumes (3.9 and 1.3 cm3 g−1), the integrity of the
monolithic bodies remains intact with a porous structure even
after nitridation at 450 °C (Figure S4). The results
demonstrate that the porosity and surface area typical for
aerogels vary depending on the temperatures but can be fully
preserved in the low-temperature-treated samples (NPT 300
and NPT 350).
To evaluate the chemical composition and nitrogen

concentration, Pd-TiO2, NPT 300, NPT 350, NPT 400, and
NPT 450 were carefully analyzed by X-ray photoelectron
spectroscopy (XPS). First, the N 1s spectra were deconvoluted

into four regions as shown in Figure 3a. The peak positioned at
396.1 eV is known as substitutional doping (Ti-N). It proves
the replacement of oxygen by nitrogen in the TiO2 lattice,
narrowing the bandgap by forming N 2p states mixed with O
2p above the valence band.16,18 The peak around 400.5 eV
agrees well with XPS data of interstitial doping in the form of
Ti-O-N, which also generates a new energy N 2p level above
the valence band.35−37 The peak at 399.9 eV is attributed to
NH2 species from Trizma on the surface of the aerogel.33 The
last peak at the highest binding energy (402 eV) can be
assigned to molecular N2.

38,39 These last two peaks were also
detected in the pristine sample (Figure S5). It appears that the
substitutional doping of N starts to occur at 350 °C, which is a
relatively low temperature compared to other NH3 annealing
methods.3,40,41 From a concentration point of view, it seems
that higher temperatures do not allow for higher nitrogen
doping. However, with increasing temperature, the proportion
of substitutional doping relative to interstitial doping increases
from 0% (NPT 300) to 0.05% (NPT 350), 0.07% (NPT 400),
and finally 0.15% (NPT 450) (Figure 3b), suggesting that
higher temperatures are necessary to obtain substitutional
doping. It is known that nitrogen doping lowers the formation
energy of oxygen vacancies and facilitates the reduction of Ti4+

to Ti3+ in TiO2.
42,43 The result of XPS Ti 2p in Figure 3c

supports that substitutional and interstitial defects are both

Figure 2. (a) Powder XRD patterns of Pd-TiO2, NPT 300, NPT 350, NPT 400, and NPT 450. (b) SEM image and (c, d) HRTEM images of NPT
350. (e) N2 adsorption−desorption isotherms (inset, corresponding BET isotherms) and (f) DFT pore size distribution of Pd-TiO2, NPT 300,
NPT 350, NPT 400, and NPT 450.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c12579
ACS Appl. Mater. Interfaces 2021, 13, 53691−53701

53694

https://pubs.acs.org/doi/suppl/10.1021/acsami.1c12579/suppl_file/am1c12579_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c12579/suppl_file/am1c12579_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c12579/suppl_file/am1c12579_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.1c12579?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c12579?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c12579?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c12579?fig=fig2&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c12579?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


concurrent in the NPT samples. Compared to Pd-TiO2, the
peak of Ti4+ of the NPT samples shifted to lower binding
energies, indicating the presence of Ti3+ in TiO2.

44 Moreover,
the atomic percentage of Ti3+ increased from 5.8 to 11.4% with
increasing temperature, and the reason for this result is that the
nitridation using NH3 gas in Ar at higher temperature releases
more H2, which can partially reduce TiO2 (Figure S6).19

Investigation of the chemical state of the Pd nanoparticles
before (Pd-TiO2) and after nitridation (NPT 350) showed in
the XPS-Pd 3d spectra that the Pd nanoparticles in both
aerogels were partially oxidized, but NPT 350 contained more
Pd(0) than Pd-TiO2 due to the effect of the reducing
environment (Figure S7).
The optical properties are important for investigating the

effect of nitrogen doping, and therefore, UV−visible
absorption of TiO2, Pd-TiO2, NPT 300, NPT 350, NPT
400, and NPT 450 aerogels were studied. Figure 4a indicates
that the band edge of TiO2 and Pd-TiO2 ends approximately at
400 nm without any visible-light absorption, whereas the NPT
samples exhibit noticeable absorption in the visible region.

According to previous literature, the range of 400−500 nm
represents the N 2p states in the bandgap45 and the broad
absorption in the region of 400−800 nm derives from oxygen
vacancies and Ti3+, which are formed below the conduction
band.46,47 In contrast to NPT 350, NPT 400 and NPT 450
respond to visible light more efficiently, implying that a high
concentration of nitrogen doping and defects are important for
visible-light sensitivity. Although NPT 300 has the highest
amount of nitrogen doping (Figure 3b), it shows the lowest
visible-light absorption among the NPT aerogels. This
observation suggests that the substitutionally doped nitrogen
in TiO2 influences the visible-light response more dominantly
compared to the interstitial doping. It can be inferred that the
improved optical property is the consequence of excitation
from the N 2p state to the conduction band as well as from
both the N 2p state and valence band to the impurity level in
the electronic structure.
The average photocatalytic H2 production of TiO2, Pd-TiO2,

NPT 300, NPT 350, NPT 400, and NPT 450 was evaluated in
the gas phase under visible light (Figure 4b). The monolithic

Figure 3. (a) XPS N 1s spectra and (b) atomic percentage of nitrogen doping (substitutional and interstitial) in NPT 300, NPT 350, NPT 400,
and NPT 450. (c) XPS Ti 2p spectra of Pd-TiO2, NPT 300, NPT 350, NPT 400, and NPT 450.

Figure 4. (a) UV−Vis diffuse reflectance spectra and (b) visible light-driven photocatalytic H2 production rate of TiO2, Pd-TiO2, NPT 300, NPT
350, NPT 400, and NPT 450.
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aerogel placed in a sample holder was inserted in a custom-
built continuous gas flow reactor (Figure S1). The design of
the holder made it possible to orient the aerogel pellet
perpendicular to two Thorlabs LEDs to ensure illumination of
the entire area. Ar gas (10 mL min−1) was bubbled through a
water−MeOH mixture (1:1 v/v) and guided to the aerogel.
When using monolithic aerogels as macroscopic photo-
catalysts, it is important that the reactants are in the gas
phase. Contact with liquids would lead to pulverization of the
monoliths due to strong capillary forces. The H2 production
was then measured by a gas chromatograph. TiO2 alone did
not produce any H2 gas at all due to its lack of visible-light
sensitivity and fast recombination between the photogenerated
electrons and holes. In comparison, N-TiO2 showed some but
very low H2 production rate of 0.05 mmol h−1 g−1 because of
enhanced visible-light absorption that allows some charge
generation (Figure S8a,b). Pd-TiO2 produced 0.04 mmol h−1

g−1, which is much better than pure TiO2 but comparable to
N-TiO2. This observation confirms that Pd nanoparticles in
combination with TiO2 improve the charge separation by
acting as electron sinks,10 but the effect is not greater than the
improvement of visible-light absorption properties by nitrogen
doping. The H2 evolution rates of NPT 300, NPT 350, NPT
400, and NPT 450 were remarkably enhanced, and NPT 350
especially showed a high rate of 2.8 mmol h−1 g−1, which is 70
times higher than that of undoped Pd-TiO2. The enhanced
photocatalytic activity of NPT aerogels compared to Pd-TiO2
is probably a result of the significant increase in visible-light
absorption, which offers photogenerated electrons for the
reduction of H+ to H2. Moreover, the localized states below the
conduction band induced by Ti3+ and oxygen vacancies are
known to function as electron acceptors, increasing the driving
force for charge separation and enhancing the perform-
ance.48,49 In addition to the effect of nitrogen doping on

photocatalytic activity, there are two other factors that must be
considered. The higher fraction of the metallic state of Pd after
nitridation resulted in a better charge transport, which can also
contribute to higher efficiency. The degree of crystallinity of
the semiconductor nanoparticles in the aerogel is expected to
influence the yield as well, and this possibility is supported by
the enhanced H2 production rate of Pd-TiO2 annealed under
Ar environment at 350 °C (Ar-Pd-TiO2 350) (Figure S8b). A
comparison of the XRD patterns of Pd-TiO2 and Ar-Pd-TiO2
350 (Figure S8c) indeed shows a higher intensity of the
reflections for Ar-Pd-TiO2 350, and the crystallite sizes
calculated with the Scherrer equation from the (101), (004),
and (200) peaks are also larger for Ar-Pd-TiO2 350 (5.5 nm)
with respect to 3.5 nm found for Pd-TiO2. Compared to the
best performance of NPT 350, NPT 300 produced only 1.5
mmol h−1 g1, suggesting that efficient absorption of visible light
is critical for a high H2 production rate. However, the values of
NPT 400 and NPT 450 were lower, namely 1.4 and 1.0 mmol
h−1 g−1, respectively, despite the higher visible-light absorption
compared to NPT 350. The results imply that the excessive
nitrogen doping lowers the photocatalytic efficiency due to an
increase in oxygen vacancies again by acting as recombination
centers for the photogenerated charge carriers.19,28 Moreover,
we have to consider that aerogels treated at 400 °C and higher
have reduced surface area and lower porosity, which are
expected to negatively affect photocatalytic activity due to
fewer active sites for H2 production.
When using TiO2 in photocatalysis, the concentration of the

cocatalyst plays a vital role in elongating the lifetime of
photogenerated electrons and holes.9 In this study, we varied
the concentrations of the Pd nanoparticles as cocatalyst in the
TiO2 aerogels from 0.17, 0.33, and 0.50 to 0.67 wt %, and we
explored the concentration effect on photocatalytic activity
after nitrogen doping at 350 °C. As displayed in Figure S9a,

Figure 5. (a) Nitrogen concentration in at % in NPT 350-5, NPT 350-10, NPT 350-15, and NPT 350-20 according to substitutional (red),
interstitial (green), and total doping (blue). (b) XPS valence band spectra and (c) UV−Vis diffusion reflectance spectra of Pd-TiO2, NPT 350-5,
NPT 350-10, NPT 350-15, and NPT 350-20. (d) Raman spectra of NPT 350-5, NPT 350-10, NPT 350-15, and NPT 350-20 (inset: magnified Eg
peak).
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the average H2 production rate shows a pronounced
dependence on the concentration of the Pd nanoparticles.
From 0.17 to 0.50 wt %, the H2 production rate increases until
it reaches a maximum at 0.50 wt %, and then it drops again for
a concentration of 0.67 wt %. XPS N 1s spectra indicate that
the fraction of substitutional doping increases from 0.01 to
0.11% with increasing Pd nanoparticle concentration from 0.17
to 0.67 wt % (Figure S9b), while the interstitial doping remains
basically constant for all samples. The observation that more
substitutional doping is induced in the lattice with increasing
amount of Pd nanoparticles can be explained by the fact that
Pd nanoparticles act as a catalyst, facilitating adsorption and
decomposition of NH3 molecules.50 As discussed before, there
is an optimum concentration of doping and defects. If this
value is exceeded like in NPT 350-C4 (0.67 wt %), the
photocatalytic performance for H2 production drops. The 0.50
wt % was identified as the ideal concentration of Pd
nanoparticles in TiO2 aerogels for effective photocatalytic H2

production under visible light.
To investigate the influence of the nitrogen concentration in

the TiO2 nanoparticles on their photocatalytic activity,
different amounts of NH3 were introduced into the chamber
at a constant temperature of 350 °C. Depending on the NH3

concentration (5, 10, 15, and 20%), the samples are labeled as

NPT 350-5, NPT 350-10, NPT 350-15, and NPT 350-20.
First, XPS analysis was used to explore the change in the
nitrogen concentrations and in the chemical composition of
the samples. The N 1s spectra were deconvoluted (Figure S10)
and the amount of substitutional and interstitial nitrogen is
plotted in Figure 5a. There is a clear trend that higher NH3 gas
concentrations also lead to higher dopant concentrations at
substitutional and interstitial sites. The result suggests that 5%
of NH3 gas is not enough to induce substitutional doping. In
contrast, NPT 350-10, NPT 350-15, and NPT 350-20 have a
fraction of substitutional doping, i.e., they have nitrogen that is
located at the oxygen sites with concentrations increasing from
0.05 to 0.09%. The dependence of dopant concentration and
type of defects on the amount of NH3 in the chamber offers a
simple tool to tune the properties of the Pd-TiO2 aerogels.

51

The study of the valence band edge by XPS provides valuable
information on the change of the electronic structure in TiO2

after doping with nitrogen (Figure 5b). The difference between
the valence band maximum and Fermi-level energy revealed a
shift toward the Fermi level of 0 eV from Pd-TiO2 to NPT
350-20. It seems that a higher dopant concentration leads to a
higher density of nitrogen states formed by substitutional and
interstitial doping above the valence band, generating a
narrower bandgap.52 The modified bandgap of the NPT

Figure 6. (a) Visible light-driven photocatalytic H2 production rate of NPT 350-5, NPT 350-10, NPT 350-15, and NPT 350-20. (b) Repeatability
and (c) stability test of NPT 350-10. (d) H2 production rate of NPT 350-10 using LEDs (wavelength: 400−500 nm) and white LEDs (wavelength:
400−800 nm). (e) EIS Nyquist plots and (f) transient photocurrent density−time curves of Pd-TiO2 and NPT 350-5, NPT 350-10, NPT 350-15,
and NPT 350-20.
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samples can account for the UV−Vis spectroscopy results, as
more nitrogen energy levels generated in Pd-TiO2 allow for
better absorption of visible light. As presented in Figure 5c,
NPT 350-20 absorbs visible light the most compared to the
other samples, which is due to its heavily doped state.
Raman measurements were carried out to monitor any

structural changes of NPT 350-5, NPT 350-10, NPT 350-15,
and NPT 350-20 (Figure 5d). The spectra are typical for the
anatase phase of TiO2 with the strongest band (Eg) around 148
cm−1.53 The inset of Figure 5d shows a noticeable shift and
broadening of the Eg peak with increasing NH3 content from 5
to 20%. This observation is an indication for the degree of
structural disorder such as oxygen vacancies and Ti3+ in the
NPT aerogels.54 Obviously, a higher NH3 gas concentration to
induce a higher nitrogen doping level also resulted in a higher
number of defects in the aerogels. The result agrees well with
the XPS Ti 2p spectra of the samples, which exhibited the peak
shift to the lower binding energies with increasing the nitrogen
concentration due to the higher amount of Ti3+ (Figure S11).
The average H2 production rate under visible-light

irradiation was investigated to evaluate the effect of NH3 gas
concentrations on the photocatalytic activity of NPT 350-5,
NPT 350-10, NPT 350-15, and NPT 350-20 (Figure 6a). The
samples showed significantly different H2 production rates,
which can be attributed to differences in photoabsorption and
photogenerated charge separation, which in turn depend on
the concentration of nitrogen doping and the nature of the
defects. As explained before, the visible-light sensitivity of
nitrogen-doped TiO2 strongly influences photocatalytic
activity, because the electrons for the reduction process result
from excitation from the N 2p states. Therefore, the relatively
low H2 production rate of 0.9 mmol h−1 g−1 for NPT 350-5 is
mainly due to its insufficient visible-light absorption. At the
same time, the strong visible-light absorption of highly doped
NPT 350-15 and NPT 350-20 did not necessarily assure a high
photocatalytic activity, probably due to the rapid recombina-
tion of the photogenerated charges at abundant defect sites.28

Obviously, the optimal nitrogen doping together with the
appropriate type of defects have to make sure that not only the
visible-light absorption is enhanced but also that charge
separation is facilitated to get a high photocatalytic perform-
ance. In our case, the best-performing sample is NPT 350-10,
which showed a H2 production rate of 2.8 mmol h−1 g−1 under
visible-light illumination. Unfortunately, it is difficult to
provide a reasonable comparison of our H2 production rate
with the values reported in the literature, because completely
different measurement setups (e.g., light irradiation source,
reactor type, and sacrificial agent) were used for the
photocatalytic reactions. However, when we look at the
literature data where photocatalytic H2 production was
recorded under comparable conditions (i.e., nitrogen-doped
TiO2, metal cocatalysts, use of a mixture of water and
methanol, room temperature, and illumination with UV−
visible light), our H2 production rate is among the best
reported to date, especially considering that we used only
visible light for the reaction.21,55−57

To investigate the possibility to reuse the aerogels for H2
production, a cycling test with NPT 350-10 was carried out
five times under the same conditions (i.e., after 3 h of H2
production, the reactor was purged with Ar gas without
illumination for 3 h, and then the photocatalytic tests were
repeated). The H2 production rates were 2.8, 3.1, 2.9, 2.9, and
2.8 mmol h−1 g−1, respectively (Figure 6b), indicating that the

monolith can indeed be recycled several times without losing
photocatalytic activity. For the long-term stability, H2
generation of NPT 350-10 was demonstrated over 5 days
with an average rate of 3.1 mmol h−1 g−1 (Figure 6c). As
discussed earlier, NPT 350-10 can absorb visible light in the
range between 400 and 800 nm. To prove its photocatalytic
activity at a wavelength larger than 500 nm, white LEDs
(wavelength range: 400−800 nm) were used. The H2
production rate showed 6.3 mmol h−1 g−1 under these
conditions, confirming that NPT 350-10 is indeed visible
light-active (Figure 6d).
The apparent quantum efficiency (AQE) was measured

under the same condition like the photocatalytic H2
production using LEDs with the nominal wavelength of 450
nm. For the number of evolved H2 molecules, the H2 rate (mol
s−1) was used. The amount of photon energy was calculated
from the energy of 1 mol of photons, the light intensity on the
aerogel, and the irradiation area, which is the aerogel size. The
calculated AQE of H2 production in NPT 350-10 is 5.6%.
Photoelectrochemical measurements were conducted to

examine the photogenerated charge transfer efficiency and
verify the mechanism of the enhanced photocatalytic activity
under visible light. First, Nyquist plots of Pd-TiO2, NPT 350-5,
NPT 350-10, NPT 350-15, and NPT 350-20 were obtained by
electrochemical impedance spectroscopy (EIS) (Figure 6e).
Obviously, Pd-TiO2 has the largest semicircle, which is related
to the low charge generation due to the limited optical
absorption. In contrast, NPT 350-10 exhibits the smallest
semicircle diameter among all samples, proving its high
conductivity or, in other words, its ability to effectively
separate the photogenerated electrons and holes. NPT 350-15
and NPT 350-20 show a higher charge transfer resistance,
suggesting an increased recombination rate of charge carriers
induced by the large amount of Ti3+ and oxygen vacancies.18,19

The larger semicircle of the least-doped NPT 350-5 indicates a
low conductivity due to the insufficient response to visible
light. For further measurements, the transient photocurrent
responses were determined by turning the visible-light
irradiation on and off (Figure 6f). As expected, unlike the
NPT aerogels, Pd-TiO2 shows almost no changes in photo-
current density with and without illumination. NPT 350-5,
NPT 350-15, and NPT 350-20 exhibit some photocurrent
response, which, however, is significantly smaller than that of
NPT 350-10. NPT 350-10 clearly shows the highest current
density of 2.3 × 10−3 mA cm−2 and, thus, the highest response
to visible light. This result confirms once again that nitrogen
doping in this sample is ideal for promoting visible-light
induced charge generation and separation, leading to the best
photocatalytic activity under visible-light illumination among
all the studied aerogels.
Monolithic aerogels composed of nitrogen-doped Pd-TiO2

nanoparticles offer several features that contribute to high
photocatalytic efficiency for H2 generation on the level of the
individual building blocks as well as on the level of the
macroscopic body. Under optimized synthesis conditions, not
only the concentration of nitrogen as dopant can be controlled
in the TiO2 lattice but also the type of defect can be tuned.
The amount of Pd can be defined during the preparation of the
colloidal nanoparticle dispersion, and the chemical state of Pd,
which influences charge separation, is affected by the
experimental conditions used for the nitridation process. The
monolithic aerogel provides a high surface area and high open
porosity, both of which yield a high number of reactive sites
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and good interaction between gas and photocatalyst. Taking all
these considerations together, we propose the following
mechanism for the photocatalytic H2 production under visible
light using nitrogen-doped Pd-TiO2 nanoparticle-based aero-
gels (Figure 7). Based on XPS analysis, the relatively high

temperature and the concentration of NH3 gas facilitate the
doping of nitrogen into TiO2. The formation of N 2p states
and the narrowing of the bandgap improve the visible-light
response. Furthermore, the presence of oxygen vacancies and
the resulting Ti3+ below the conduction band induced by the
nitriding atmosphere act as color centers and electron traps.
Therefore, the excitation of electrons from the N 2p state to
the conduction band and the excitations of electrons from both
N 2p and O 2p states to the localized states formed by defects
are responsible for the high efficiency of this process under
visible light. With the help of the Pd nanoparticles as
cocatalysts loaded on the surface of the nitrogen-doped TiO2
network, the migration of the photogenerated electrons can be
facilitated to promote H2 production. The photogenerated
holes participate in the oxidation of CH3OH, producing H2.
However, characterization of the samples by Raman, X-ray
photoelectron, and impedance spectroscopy indicated that
beyond a certain level of nitrogen doping, undesirable oxygen
vacancies and Ti3+ are generated that act as recombination
centers.

■ CONCLUSIONS
We demonstrated that aerogel monoliths built up by nitrogen-
doped Pd-TiO2 nanoparticles are powerful, three-dimensional
photocatalysts for the production of H2 from methanol and
water under visible-light illumination. The preformed aerogels
can be doped with nitrogen in a simple gas-phase nitridation
process using plasma-enhanced chemical vapor deposition,
which makes them sensitive to visible light. Most importantly,
this process fully preserves the monolithic structure of the
aerogels as well as their material-specific advantages including
the large surface area, the pronounced open porosity and the
nanoscale features of the building blocks. We demonstrated
that the reaction temperature and amount of NH3 during
nitridation strongly influenced the chemical states and nitrogen
doping concentration at substitutional and interstitial sites,
allowing us to achieve a narrower band gap as well as control
over the defect chemistry. In spite of the low nitridation
temperature, the crystallinity of the aerogels is slightly
improved, which has an additional positive effect on photo-
catalytic activity. Along with the ideal loading and the chemical
state of Pd nanoparticles, the most active sample showed

remarkably enhanced visible light-driven photocatalytic H2
production up to 3.1 mmol h−1 g−1 (70 times higher than
undoped Pd-TiO2 aerogel) with excellent long-term stability.
The greatly improved photocatalytic performance is a result of
the optimized doping conditions, which provide an appropriate
trade-off between photoabsorption and charge separation
efficiency. Our gas-phase nitriding process for modifying
preformed aerogel monoliths enables systematic improvement
of the photocatalytic efficiency of nanoparticle-based aerogels
under visible light, significantly expanding the application
potential of these novel three-dimensional photocatalysts.
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Figure 7. Schematic representation of the photoexcitation process in a
nitrogen-doped TiO2 nanoparticle with Pd as cocatalyst under visible
light, leading to the formation of H2 and oxidation of methanol.
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