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Abstract
Nanomaterials have been intensively studied over the past decades with many advantages over traditional bulk materials in many applications.
Nanomaterials’ properties are largely governed by their chemical compositions, sizes, shapes, dimensions, morphologies and structures,
which are primarily controlled with the chemical and/or physical fabrication methods and processes. This prospective will highlight recent
progress on the modifications of oxide nanomaterials’ properties by hydrogenation, namely heat treatment under hydrogen or hydrogen plas-
ma environment, for various applications.

Introduction
It is well known that the performance of nanomaterials in var-
ious applications depends largely on their properties, which are
controlled by their chemical compositions, physical sizes, di-
mensions, structures, and morphologies.[1–3] The past decades
have witnessed the blooming fruits of the efforts in the property
manipulations with nanoscale size and morphology tuning.[1–3]

Representative examples are the large flexibilities of the optical
absorption and emission properties of quantum dots or plas-
monic particles by changing their sizes and morphologies, ben-
efited from the changes of the electronic structure or plasmonic
resonance upon those changes in their physical properties.[1–3]

Another example is the large variation of the chemical and cat-
alytic activities with the change of the size of the nanomaterials,
which reversely increases the specific surface area and the por-
tion of atoms exposed on the surface with dangling bonds,
along with the change of exposed surface facets.[1–3] The find-
ings in these two phenomena have opened new applications or
enhanced performances of nanomaterials in catalysis, electron-
ics, biosensing, imaging, etc. The recent discovery of black ti-
tanium dioxide (TiO2) suggests that the optical, electronic, and
catalytic activities of nanomaterials can be largely modified by
treating them in hydrogen environment at elevated temperature,
or namely by a hydrogenation process.[4] For example, the
color of TiO2 nanoparticles changes dramatically from white
to black after hydrogenation, the electronic band structure is

largely altered, and the photocatalytic activity is dramatically
enhanced for both solar hydrogen generation from water and
photocatalytic pollution removal.[4] The report of those large
changes in the properties of TiO2 nanoparticles has spurred a
wide interests across various fields using hydrogenation as a
new tool to modify the properties of various oxide nanomateri-
als for different applications as shown in Fig. 1.[5–20] The struc-
tural, chemical, electronic and optical properties of oxide
nanomaterials can be largely modified by hydrogenation treat-
ment. For example, after hydrogenation, crystalline/disordered
core/shell nanoparticles can be created easily otherwise with
much difficulty, long-wavelength absorption can be introduced,
structural and chemical defects are introduced, and enhanced
electrical conductivity can be obtained. Those property changes
can lead to large performance improvements for their applica-
tions in photocatalysis, electrocatalysis, photoelectrocatalysis,
rechargeable batteries, and supercapacitors, and trigger new ap-
plications such as photothermal image/therapy, field emission,
ferromagnetism, and microwave absorption. Future studies may
further reveal more interesting properties and applications of
oxide nanomaterials after hydrogenation treatment. In this
short perspective, we present some representative examples to
demonstrate the progress in this area. We believe such a sum-
mary would provide some helpful information and inspire
new thoughts and ideas to further advance the progress in relat-
ed research areas.
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Hydrogenation process
First, we want to define the term “hydrogenation” to remove
some possible confusion. The hydrogenation process here re-
fers to the treatment of materials under hydrogen-containing
environment or hydrogen plasma for certain period of time at
some temperatures. Hydrogenation—to treat with hydrogen—
is commonly employed in organic industries and laboratories
to reduce or saturate organic compounds where hydrogenation
typically constitutes the addition of pairs of hydrogen atoms to
a molecule. In the hydrogenation process here, the nanomateri-
als may or may not be reduced, depending on the hydrogena-
tion conditions. Possible results of hydrogenation of
inorganic nanomaterials can produce the following typical sce-
narios, as shown in Fig. 2. (A), hydrogenation can only induce
structural alteration, e.g. from crystalline phase to disordered
phase, but without measurable chemical valence state changes,
forming crystalline/disordered core/shell nanostructures. (B),
hydrogenation induces partial chemical reduction to introduce
lower valence state or oxygen vacancies. (C), hydrogenation
causes deep chemical reduction to form completely reduced

metallic phase. (D), hydrogenation makes complete chemical
reduction to form metallic phase, but the followed exposure
to air in ambient environment induces oxidation on the surface
to form disordered layer, resulting crystalline/disordered metal/
oxide core/shell nanostructures. The formation of the above
nanostructures depends on the nature of the nanomaterial and
the hydrogenation conditions, such as the hydrogenation tem-
perature, time, hydrogen pressure, and the composition of the
atmosphere containing the hydrogen gas. Thus, the control of
the hydrogenation process after common nanomaterials’ syn-
thesis or fabrication steps can further increase the choices of
the nanomaterials’ chemical compositions, structures and phas-
es to induce desirable properties for various applications. In the
following sections, we will present some representative exam-
ples to show how the hydrogenation can alter the structural,
chemical, electronic and optical properties of some oxide nano-
materials along with their related performance in various
applications.

Hydrogenated TiO2 nanomaterials
Hydrogenated TiO2 single crystals were reported in 1951 with
long-wavelength absorption[5] and in 1958 with increased elec-
trical conductivity[6] due to the existence of oxygen vacan-
cies[6,7] or mostly Ti interstitial defects.[8,9] Pale blue or dark
blue TiO2 was obtained.

[7] While molecular hydrogen did not
interact strongly with TiO2 surfaces,[10] high doses of H2 in-
duced additional emission peaks in the valence band region
even at room temperature,[11] and at room temperature atomic
hydrogen stuck to TiO2 (110) surfaces.[12] Hydrogenation on
TiO2 surface in a H2 atmosphere of a very low pressure could
induce chemical reduction,[13,14] and increased the photoactiv-
ity.[15,16] However, a large interest on the hydrogeantion of
TiO2 nanomaterials did not appear until our report of the strik-
ing color change into black color and the related dramatic elec-
tronic and photocatalytic property changes.[17–25] When
anatase TiO2 nanocrystals go through hydrogenation under

Figure 1. A brief summary of the characteristics of oxide nanomaterials after hydrogenation and the related applications.

Figure 2. Illustration of some possible scenarios of the chemical
composition changes for oxide materials after hydrogenation treatments.

Functional Oxides Prospective Article

MRS COMMUNICATIONS • VOLUME 6 • ISSUE 3 • www.mrs.org/mrc ▪ 193
https://doi.org/10.1557/mrc.2016.33 Published online by Cambridge University Press

https://doi.org/10.1557/mrc.2016.33


high-pressure H2 environment at 200 °C for a few days, a crys-
talline/disordered core/shell nanoparticle is formed without
detectable species of reduced Ti3+ ions using both surface
and bulk chemical measurement techniques (such as x-ray pho-
toelectron spectrosocpy and x-ray absorption spectroscopy),
surprising contradictory to our common sense that reduced
form of Ti4+ ions would form under such condition.[4,18–20]

The hydrogen employed is found to play an important role in
stabilizing the disordered layer, which makes a large contribu-
tion to the long-wavelength absorption and the enhanced char-
ge separation and photocatalytic activity.[4,18,19] Figure 3 shows
a schematic illustration of the lattice and electronic structures,
representative pictures, high-resultion transmission electron
microscopy (HRTEM) images, ultraviolet-visible (UV-vis)
and valence band x-ray photoelectron spectroscopy (VB-
XPS) spectra of hydrogenated black and normal white TiO2

nanoparticles.[4] Clearly, apparent changes can be seen after hy-
drogenation. Enhanced photocatalytic activities in producing
hydrogen from water and in removing organic pollutants (meth-
ylene blue and phenol) are achieved with the hydrogenated
crystalline/disordered core/shell nanoparticles.[4]

Since the striking discovery of the hydrogenated black TiO2

nanoparticles, extensive researches have been conducted to en-
rich our understanding in the preparation and properties of var-
ious hydrogenated TiO2 nanomaterials.[20–75] Not surprisingly,
it has been found that the extents of the color and optical spec-
trum changes,[20–75] the formation of the crystalline/disordered

core/shell nanostructures,[4,21–26] the existence of possible Ti3+

and/or oxygen vacancies,[22–24,27–29] Ti-OH groups,[22,25,26,28]

Ti-H groups,[22,25,26,30] and the modification of the valence
band,[4,18,23,28] heavily depend on the characteristics of the
starting TiO2 nanomaterials and the hydrogenation conditions.
The former includes the fabrication history (which may affect
the refined surface chemical properties possibly out of the
detection limits of many analytical techniques), and the physi-
cal properties (size, shape, morphology, phase, crystallinity,
etc) of the starting TiO2 nanomaterials.[28] The latter includes
the hydrogenation temperature,[31,41] time,[27] hydrogen pres-
sure,[32] the composition of the atmosphere containing the hy-
drogen gas,[32] the reactor type (gas-flow reactor versus sealed
reactor),[47] and the sample holder materials, etc.[20–57] The dif-
ference in the fabrication process will naturally result in the dif-
ference in the characteristics of the hydrogenated TiO2

nanomaterials. This nature on one hand increases the complex-
ity of the fabrication, but on the other hand, also increases the
flexibility in the tuning of the characteristics of the hydrogenat-
ed TiO2 nanomaterials. Controlling the hydrogenation process
can thus lead to various desirable properties and enhanced per-
formance in many applications.

The photocatalytic performance of TiO2 nanoparticles is
benefited from the formation of the crystalline/disordered
core/shell nanostructure and the long-wavelength optical ab-
sorption of the hydrogenated black TiO2 nanoparticles.

[4] In the
photocatalytic process, the photocatalyst (here, TiO2) absorbs

Figure 3. (a) A schematic illustration of the lattice and electronic structures of hydrogenated black TiO2, (b) Digital pictures of white and hydrogenated black
TiO2, (c) HRTEM image of white TiO2, (d) HRTEM image of white TiO2, (e) UV-vis and (f) VB-XPS spectra of white and hydrogenated black TiO2. Reproduced with
permission from Ref. 4, Copyright 2011 AAAS.
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light to produce excited electrons in the conduction band and
holes in the valence band. The number of these excited elec-
trons and holes are proportional to the amount of light the pho-
tocatalyst absorbs. The long-wavelength absorption of the
hydrogenated black TiO2 nanoparticles would thus allow a
large number of excited electrons and holes to be produced
upon the beginning of the photocatalytic process. The crystal-
line core helps the effective separation of the excited electrons
and holes. The difference in the electronic structures of the
crystalline core and the disordered shell may generate mismatch
and built-in electrical field[58] to further facilitate charge sepa-
ration and migration to the disordered shell, which may effec-
tively trap those excited charges and extend their lifetime.
The increased lifetime of the excited electrons and holes
are confirmed with results from ultrafast experiments.[59]

Enhanced photocatalytic activities are observed on various hy-
drogenated TiO2 nanomaterials in producing hydrogen from
water under sunlight and removing various organic pollut-
ants.[4] Large enhancements in the photocatalytic activity are
most commonly seen under the UV light or simulated sunlight
irradiation,[4,22,26,27,60,63] and a large success has been achieved
recently under visible light irradiation.[25,49,61] Meanwhile,
there are a few reports mentioning possible decrease in the pho-
tocatalytic activities, if the hydrogenated TiO2 nanomaterials
are not properly prepared.[37,38] So far, hydrogenation has
been conducted on TiO2 nanoparticles,[4,21,31] nanorods,[48]

nanotubes,[45] nanowires,[46] nanosheets,[35,36] with anatase or
rutile phase,[4,29,33] under high-pressure,[4,21] ambient pres-
sure,[29,30,39] or low-pressure[43] pure hydrogen environment,
or hydrogen-argon,[44–48] hydrogen-nitrogen[52–54] gas flow, in
the temperature range from room temperature[21] to 700 °C,[27]

with a hydrogenation time from a few minutes[27] to 20
days.[21] With no doubt, we can image that the so-formed
TiO2 nanomaterials will display variations in their characteris-
tics and performances. A representative study on the hydroge-
nation condition on the photocatalytic activity is conducted by
Liu et al.[32] They compared the hydrogenated TiO2 nanotubes
and nanorods treated under several conditions: (i) an anatase
TiO2 nanotube layer (air); (ii) this layer converted with Ar
(Ar) or H2/Ar (H2/Ar); (iii) a high pressure H2 treatment (20
bar, 500 °C for 1 h) (HP-H2); and (iv) a high pressure H2 treat-
ment but mild heating (H2, 20 bar, 200 °C for 5 days) (Sci
Ref. 4), and found that hydrogenated TiO2 nanotubes from
high pressure H2 treatment had a high open circuit photocata-
lytic hydrogen production rate without the presence of a cocat-
alyst, in comparison with the low activity in other cases
(Fig. 4).[32] The variations in the photocatalytic activities of hy-
drogenated TiO2 nanomaterials seem reasonable taken into ac-
count the various fabrication conditions in those studies, and
are more or less attributed in the literature to the variations of
the amount of light absorbed, the existence of crystalline/disor-
dered core/shell nanostructures, the existence of chemical de-
fects (Ti3+ and oxygen vacancies), the formation of Ti-OH or
Ti-H groups, the shift of valence/conduction band edges, and/
or the introduction of intra-band electronic states in the

hydrogenated TiO2 nanomaterials.[20–75] As these characteris-
tics are primarily related to how the samples are made, the fab-
rication process seems to be an ultimately important aspect to
achieve desirable photocatalytic performance.

The new characteristics of the hydrogenated TiO2 nanoma-
terials provide new application opportunities or enhanced per-
formances for TiO2. For example, the shallow-trapped Ti4−n

defect sites in the hydrogenated TiO2 nanoparticles bring in
catalytic activity in the conversion of ethylene to high density
polyethylene under mild conditions (room temperature, low
pressure, absence of any activator).[42] And the oxygen vacan-
cies produced in the hydrogenated TiO2 nanoparticles give cat-
alytic activities in decompositing gaseous formaldehyde
without light irradiation at room temperature.[48] The improved
electrical conductivity of the hydrogenated TiO2 nanorods ben-
efits the photoelectrochemical sensing of various organic com-
pounds: glucose, malonic acid and potassium hydrogen
phthalate under visible light.[41] Improved performances are
observed when using hydrogenated TiO2 nanomaterials as the
active anode materials in lithium-ion rechargeable batteries,
due to the creation of oxygen vacancies,[28,44] the existence
of Ti3+ ions,[46] the well-balanced Li+/e− diffusion,[44] the in-
creased electronic conductivity,[28,39,44,46] reduced charge dif-
fusion resistance,[76] or the pseudocapacitive lithium storage
on the disordered particle surface.[55] For example, the short
lithium-ion diffusion path and the high electronic conductivity
in the hydrogenated mesoporous TiO2 microspheres improved
the lithium-ion capacity and rate capability of mesoporous TiO2

microspheres (Fig. 5),[39] and in Li4Ti5O12 nanowires.
[46] The

increased densities of charge carrier and hydroxyl groups,

Figure 4. Photocatalytic H2 production under open circuit conditions in
methanol/water (50/50 vol %) with TiO2 nanotubes and nanorods treated in
different atmospheres under AM1.5 (100 mW/cm2) illumination.[32] Air, heat
treatment in air at 450 °C; Ar, heat treatment in pure argon at 500 °C; Ar/H2,
heat treatment in H2/Ar (5 vol %) at 500 °C; HP-H2, heat treatment in H2 at 20
bar at 500 °C; heat treatment in H2 at 20 bar at 200 °C for 5 days (following
Sci Ref. 4).[32] Reprinted with permission from Ref. 32. Copyright 2014,
American Chemical Society.
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and the higher electrical conductivity in the hydrogenated TiO2

nanotubes also help the supercapacitive performance of
TiO2.

[17] Meanwhile, these characteristics also help to deposit
Pt nanoparticles on the surface and improve the performance
and durability as electrode materials in fuel cells.[30]

The oxygen vacancies introduced to the hydrogenated
TiO2 nanotubes lift the Fermi level, improve the electrical
conductivity, and reduce the work function to decrease the
field-penetration barrier at the surface resulting in easy electron
emission in under electrical bias.[45] As the crystalline/disor-
dered core/shell nanostructure is formed for hydrogenated TiO2

nanoparticles, there is apparent electronic structuralmismatch be-
tween the crystalline phase and the disordered phase.[4,77,78] The
interface in between is expected to have structural and chemical
defects with dangling bonds and charge imbalance. Meanwhile,
the various defects help the charge diffusion and transport with
smaller resistance. Interfacial band bending and polarization
are expected in the boundaries between these phases.[79] The
propagation of the microwave electromagnetic field through the
material will cause rapid switching of the polarizing direction
and charge accumulation at these interfaces based on a
collective-movement-of-interfacial-dipoles (CMID) mecha-
nism.[77,78] Hydrogenated TiO2 nanoparticles can thus show ex-
cellent microwave absorption performance.[77,78] Changing the
hydrogenation condition can tune the anatase/rutile ratios and
the size of the individual core/shell nanoparticles to achieve

microwave absorption with adjustable frequencies.[78] Figure 6
shows a good example of the microwave absorption of hydroge-
natedTiO2nanoparticles.

[77,78] This discovery has been expanded
to hydrogenated ZnO andBaTiO3 nanoparticles for enhancedmi-
crowave absorption.[80,81]

Hydrogenated TiO2 nanoparticles have recently been dem-
onstrated with promising medical application due to their ex-
tended absorption in the infrared region.[82,83] They can
efficiently convert the near-infrared light energy into thermal
energy and produce localized heat island.[82] After they are in-
jected near the cancer cells and irradiated with near-infrared
light, the locally produced heat can effectively kill the cancer
cells without affecting the adjacent healthy cells.[82] This pro-
cess is named as photothermal therapy. Compared with the
UV excitation requirement, the hydrogenated TiO2 only
needs near-infrared excitation. This increases the penetration
depth under the skin, and prevents the damage caused by the
UV irradiation on the skin at the same time. Thus, hydrogenat-
ed TiO2 nanoparticles may prove to be very useful in medical
applications.

Other hydrogenated oxide
nanomaterials
ZnO
Hydrogenated ZnO has also been studied as well.[81,84–92] Here,
only some recent works are given as examples. Similar to

Figure 5. (a) Cyclic voltammetry profiles of the hydrogenated (H-TiO2) and pure (A-TiO2) anatase microspheres at a scan rate of 0.5 mV/s. Galvanostatic
discharge–charge profiles of the (b) H-TiO2 and (c) A-TiO2 microspheres at various rates. (d) Comparison of the rate performance of the H-TiO2 and A-TiO2
microspheres.[39] Reprinted with permission from Ref. 39. Copyright 2013 The Royal Society of Chemistry.
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hydrogenation on TiO2, hydrogenation introduces visible-light
absorption,[86] oxygen vacancies,[86] zinc vacancies,[86,91] in-
terstitial hydrogen,[84,85] and increased carrier densities.[84]

The interstitial hydrogen increases the carrier densities,[84] im-
proves the charge transport in the bulk and the charge transfer at
the solid/liquid interface.[85] Meanwhile, the oxygen vacancies
help the trapping of holes and thus the charge separation, and
reduce the electron-hole recombination. These characteristics
bring in higher photocatalytic activities in both photocatalytic
hydrogen generation and pollution removal. Meanwhile, as hy-
drogenation improves the electrical conductivity[87] and elec-
trochemical activity of ZnO, hydrogenated ZnO-coated MnO2

nanowires have improved supercapacitor performance with en-
hanced capacity and stability.[88,89] Under suitable hydrogena-
tion conditions, the hydrogen introduced can passivate deep
oxygen vacancies, but increase the shallow oxygen vacancies,
thus, after hydrogenation, the defect-related peak at 2.10 eV is
no longer present in the room temperature photoluminescence
spectrum, the peak intensity at 2.43 eV is unchanged, and the
intensity of the emission peak at 3.27 eV increases signifi-
cantly, resulting in an obvious emission spectrum and color
change.[90] Similar to hydrogenated TiO2, hydrogenated ZnO
also displays impressive microwave absorption perfor-
mance.[81] In addition, hydrogenation seems to have a large
impact on the ferromagnetism of ZnO nanoparticles.[91]

Hydrogenated ZnO nanoparticles display room-temperature
ferromagnetism and their ferromagnetism can be switched be-
tween “on” and “off” by annealing in hydrogen or oxygen, re-
spectively.[91] The formation of Zn vacancy and OH bonding
by hydrogenation is favored in the hydrogenation process due
to the low formation energy, and lead to a magnetic moment
of 0.57 µB, while the ferromagnetism is not induced by the
oxygen vacancies.[91] It is found that hydrogenation depends
on the thickness of ZnO nanosheets. Hydrogenated ZnO

nanosheets preserve the wurtzite configuration, instead of the
polar {0001} surfaces. Full hydrogenation is favorable for thin-
ner nanosheets, while semihydrogenation is preferred for
thicker nanosheets. The transition from semiconductor to mag-
netism depends upon surface hydrogenation and thickness.[92]

CeO2 and NixCeO2+x
Hydrogenation on CeO2 nanoparticles has also been recently
studied.[93,94] Grey CeO2 nanoparticles are obtained after hy-
drogenation due to the surface plasma resonance-like visible-
light absorption.[93] Oxygen vacancies are created on the
surface and in the bulk. Disordered surface is obtained after
annealing in air.[93] The hydrogenated CeO2 nanoparticles dis-
play enhanced performance as well as improved water resis-
tance in photocatalytic oxidation of gaseous hydrocarbons.[93]

Hydrogenation has been employed in NixCeO2+x nanoparticles
to create unique metal/oxide interface.[94] The formed Ni/CeO2

interface modifies the hydrogen binding energy and facilitates
the water dissociation to achieve a high activity in electrocata-
lytic hydrogen generation as shown in Fig. 7.[94]

VO2
VO2 is a material with strong correlation, and undergoes a
metal-to-insulator transition at 67 °C from a rutile metallic
state to a monoclinic, insulating state. Hydrogenation can
strongly modify the metal-insulator transition on the nano-
scale.[95] This transition becomes completely reversible with
hydrogen doping and can eventually disappear with large dop-
ing content.[95] The structure of the hydrogenated VO2 is dis-
torted from the rutile structure and it energetically favors the
metallicity.[95] The hydrogen doping is believed by means of
spillover and involves rapid diffusion along the rutile
c-axis.[96–98]

Figure 6. (a) The mechanism of collective interfacial polarization amplified microwave absorption (CIPAMA) of hydrogenated TiO2 nanoparticles.[77]

The collective movements of interfacial dipoles (CMID) at the anatase/rutile and crystalline/disordered interfaces amplify the response to the incoming
electromagnetic field and thus induce enhanced microwave absorption performance. The positions of the electronic band structure of the disordered layer are
assumed to lie between those of anatase and rutile phases. CBE: conduction band edge, VBE: valence band edge. Reprinted with permission from Ref. 77.
Copyright 2013 Wiley-VCH. (b) Reflection loss of pristine and hydrogenated TiO2 nanocrystals.[78] Reprinted with permission from Ref. 78. Copyright 2014
Materials Research Society.

Functional Oxides Prospective Article

MRS COMMUNICATIONS • VOLUME 6 • ISSUE 3 • www.mrs.org/mrc ▪ 197
https://doi.org/10.1557/mrc.2016.33 Published online by Cambridge University Press

https://doi.org/10.1557/mrc.2016.33


WO3
Hydrogenation brings in similar optical, structural, and chemi-
cal property changes to WO3 as in TiO2: optical absorption in
the visible light region, obvious decrease in crystallinity, intro-
duction of oxygen vacancies and lower valence-state metal ions
W5+, enhanced photoelectrochemical activity and stability for
water oxidation.[99] The oxygen-deficient WO3 (WO2.9) dis-
plays enhanced activity in electrochemical hydrogen evolution
reaction, due to the tailored electronic structure from local
atomic structure modulations.[100]

MoO3
MoO3 can be used as a hole-injection layer in organic light
emitting diodes and photovoltaics due to its decrease of the
hole-injection/extraction energy barrier at the anode/organic in-
terfaces. Hydrogenation treatment displays a unique advantage
over other methods.[101] Hydrogenation can create oxygen va-
cancies and hydroxyl groups in MoO3 and introduce bandgap
states to improve the charge injection efficiency and thus the
device performance.[101]

TaON
TaON has recently been shown as a promising photocatalyst in
photocatalytic water splitting. Hydrogenation improves its
visible-light absorption, increases charge density, reduces
electron-hole recombination, and enhances the photocatalytic
activity in photocatalytic hydrogen generation.[102]

TiOF2
TiOF2 has been studied as a possible anode materials for
lithium-ion rechargeable batteries. Hydrogenation of TiOF2
nanoparticles leads to the formation of smaller particle sizes,
i.e., along the (001) direction, increases oxygen vacancies,
and improves the charge/discharge capacity and rate perfor-
mance.[103] Although structural defects seem to be introduced
in the TiOF2 after hydrogenation, the hydrogenation does not
reduce the electrical resistance, and increase the carrier density

of the TiOF2 nanoparticles.[103] The improved battery perfor-
mance is mainly due to the increased electrochemically active
surface areas and the reduced charge diffusion length benefited
from the decreased particle size after hydrogenation.[103]

MnMoO4
Hydrogenation has been shown to improve the activity of elec-
trochemically inert MnMoO4 for both hydrogen evolution and
supercapacitive electrical energy storage.[104] Hydrogenation
can induce partial amorphorization in MnMoO4 and increase
the electrochemical active surface area. The charge transfer re-
sistance decreases for both capacitive charge storage and hy-
drogen evolution reaction (HER). As a result, the onset
overpotential for the HER reaction is largely reduced and ca-
pacity for charge storage is largely enhanced at the same
time.[104]

NiO
Ni and nickel hydr(oxide) compounds are explored as promis-
ing electrode materials for electrochemical production of
hydrogen from water by electrolysis.[105] Hydrogenation has
been shown to convert NiO nanosheets into Ni/NiO core/
shell nanosheets.[106] In this case, NiO nanosheets are reduced
to metallic Ni nanosheets first, and then oxidized to form crys-
talline/amorphous Ni/NiO core/shell nanosheets when exposed
to air. This unique structure is shown in Fig. 8.[106] The amor-
phous NiO surface lowers the energy barrier for hydrogen evo-
lution, reduces the desorption energy, while the metal core
helps to reduce the electrical resistance.[106] The hydrogenation
also increases the electrochemically active surface area of the
catalyst and the Ni/NiO metal/metal oxide interface. Overall
the catalytic activity in hydrogen evolution is enhanced.[106]

Co3O4
Similar to the changes induced on NiO nanosheets, hydrogena-
tion is also shown to convert Co3O4 nanosheets to Co/Co3O4

crystalline/amorphous core/shell nanosheets.[107] These

Figure 7. (a) Schematic illustration of the hydrogenation-induced structural change from NixCeO2+x to Ni/CeO2 on carbon nanotubes. (b) The electrochemical
polarization curves for hydrogen evolution reactions on NixCeO2+x-CNT, Ni/CeO2-CNT, Ni-CNT, and Pt/C electrodes. CNT: carbon nanotube.[94] Reprinted with
permission from Ref. 94. Copyright 2015, American Chemical Society.
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nanosheets display impressive activity in electrochemical hy-
drogen evolution reaction with an overpotential of ∼90 mV in
1 M KOH in achieving a current density of 10 mA/cm2.[107]

The good activity is likely due to the low gas desorption resis-
tance and the fast charge-transfer kinetics on the surface of the
electrode caused by the hydroxyl-enriched amorphous cobalt
oxide caused by the hydrogenation treatment.[107] Oxygen

vacancies however, cause a poor performance. Typical micros-
copy images and the catalytic activity of the hydrogenated Co/
Co3O4 nanosheets are shown in Fig. 9.[107]

NixCo3−xO4
Similar to NiO and Co3O4, hydrogenation on nanowires of their
alloy NixCo3−xO4 can lead to the formation of NiCo/NiCoOx

Figure 8. (a) SEM and (b, c) TEM images of hydrogenated Ni/NiO crystalline/amorphous core/shell nanosheets.[106] Reprinted with permission from Ref. 106.
Copyright 2015, Elsevier.

Figure 9. (a) SEM and (b, c) TEM images of hydrogenated Co/Co3O4 crystalline/amorphous core/shell nanosheets, (d) The electrochemical polarization curves
for hydrogen evolution reactions on Ni, Co3O4, Co/Co3O4, and Pt/C.[107] Reprinted with permission from Ref. 107. Copyright 2015, American Chemical Society.
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heteronanostructure.[108] And the corresponding activities in
oxygen and hydrogen evolution reactions can be tuned after
hydrogenation.[108]

Summary and perspective
In summary, hydrogenation has opened many opportunities in
oxide nanomaterials and has become a new tool for scientists to
manipulate the properties and applications of oxide and
non-oxide nanomaterials. Hydrogenation treatment of oxide
nanomaterials can introduce many unique structural, chemical,
electronic, and other property changes. Those property changes
can largely improve their performance in many applications
such as photocatalysis, electrocatalysis, photoelectrocatalysis,
rechargeable batteries, supercapacitors, and also trigger some
new applications such as photothermal image/therapy, field
emission, ferromagnetism, and microwave absorption. Further
studies may reveal more interesting properties and applications.

Tuning the hydrogenation condition can control the chemi-
cal reaction and the final product, and generate new structures
and chemical composition. However, understanding of the hy-
drogenation reaction itself is far from satisfactory, although the
property changes caused by the hydrogenation treatment are
well studied. Studies on the chemical reaction kinetics, in situ
or ex situ, will help us to better understand and thus control
the property changes by hydrogenation, which may reveal
new applications. The large visible-light absorption induced
by hydrogenation in some oxide nanomaterials has not yet
been efficiently utilized. Continuing exploring the synthetic ap-
proaches and procedures may provide a promising future as
seen from the recent developments, which sometimes are ac-
companied with frustrations and excitements. The mechanical
and biological properties of the hydrogenated oxide nanomate-
rials are not yet studied. Studies in those properties may reveal
better or new applications. For example, the crystalline/disor-
dered nanoparticles may be better building units for construct-
ing stronger bulk materials. In addition, the surface wettability
of hydrogenated nanoparticles is not yet explored. As hydroge-
nation changes the oxygen vacancies and hydroxyl groups, it is
expected that the surface wettability will be affected as well.
Meanwhile, expansion of hydrogenation treatment to other
oxide and non-oxide nanomaterials or their combinations
may open new opportunities. For example, hydrogenation of
FeP nanoparticles leads to an apparent reduction in the overpo-
tential for hydrogen evolution,[109] and complex metal/oxide
FeNi3/NiFeOx nanocomposites are obtained as highly efficient
bifunctional electrocatalysts for overall water splitting with a
small potential of 1.55 V to reach the critical current density
of 10 mA/cm2 after hydrogenation on NiFeOx nanosheets.
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