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In situ oxygen vacancy formation at the metal/
TiO2 interface during ammonia borane hydrolysis:
a study of CuCo nanoparticles supported on
various colored TiO2 samples†

Dinabandhu Patra,a Reeya Garg,b Ankita Singh,a Ujjal K. Gautam,b

Ramakrishnan Ganesan *a and Balaji Gopalan *a

The effects of in situ generated interfacial oxygen vacancies on the catalytic efficiency of copper–cobalt

(CuCo) supported on colored TiO2 nanoparticles were studied. These catalysts were synthesized via a

solid-state approach and tested for their hydrogen generation efficacy during ammonia borane (AB)

hydrolysis. The formation of in situ oxygen vacancies at the metal–TiO2 interface is proposed. The

in situ oxygen vacancies were studied by analyzing the rutile Raman band at 440 cm�1, and the change

in the intensity of the Raman band was related to the concentration of the generated oxygen vacancies.

We conclude that white TiO2 serves as a better support than reduced colored TiO2.

1. Introduction

The functionalities and catalytic efficiencies of many catalysts
are determined by the defects present in their crystal
structures.1–10 For example, TiO2 is an important photocatalytic
system in which defects impact catalytic efficiencies.11–17 The
interest was also in understanding the catalytic nature of mixed
TiO2 phases18,19 and colored TiO2 materials with tailored defect
structures have been reported in the literature.20–22 Theoretical
calculations play a crucial role in understanding the structural
and electrical properties, as well as the surface modifications of
different TiO2 phases, and their influence on catalytic activity
and environmental remediation.23–26 Black TiO2 comprising a
crystalline core and a nanometric disordered shell has been
eliciting interest due to dramatically enhanced photocatalytic
activities,15,27,28 and there have been studies on the role of
defects in the catalytic characteristics.29–33 The photocatalytic
activity of black TiO2 has been attributed to the thin disordered
surface layer that disrupts the bulk periodicity.32,34 The surface
characteristics of black TiO2 have been studied, and the con-
sensus is that the surface is disordered/amorphous.33,35,36 It is

proposed that the oxygen vacancies are located at the sub-surface
and are available for photocatalytic activity. One method of
creating oxygen vacancies is by manipulating the interface
between the oxide surface and the metal.37,38 The impact of
defects in TiO2 extends beyond catalytic applications to include
semiconductor devices as well.39 This interface depends on the
relative amounts of the metal, synthesis procedure, and the
characteristics of the underlying TiO2. Despite these advance-
ments, the understanding of the role of oxygen deficiency in
TiO2 when used as a support substrate is scarce.

On a different note, the hydrogen economy is poised to play
a significant role in the next generation energy sector, thanks to
the advancements in hydrogen generation strategies. However,
certain obstinate challenges associated with the storage and
transportation of this fuel warrant efficient catalysts to generate
it in an on-demand fashion from easily transportable hydrogen
sources/precursors like ammonia borane (AB). AB is a high
hydrogen containing compound with 19.6% hydrogen by
weight. Besides, it is lightweight, highly soluble in water under
ambient conditions, and stable at room temperature.40,41

Although noble metal-based catalysts have been extensively
studied towards this, due to their high cost and global reserve
scarcity, it is essential to develop affordable catalysts based on
non-precious earth-abundant metals.42 Although several works
have been carried out in this regard, only a few transition
metal-based catalysts have been reported that exhibit a turn-
over frequency (TOF) greater than 50 min�1.43,44

With the above understanding, we pose two questions: (i) if
the oxygen vacancies are located at the sub-surface, would
exposing the surface to air eliminate the defects due to re-
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oxidation? (ii) Would the re-oxidized surface layer respond to
reducing conditions?

To answer the above questions, we produced discontinuous
nanometric bimetallic islands of copper–cobalt (CuCo) on
nanostructured TiO2 by a solid-state synthetic approach and
studied their catalytic activity in AB hydrolysis that generates
hydrogen. Cu and Co metals exhibit good catalytic activity and
synergy for H2 generation reactions.45 Here, we screened a
series of CuCo mixed compositions and pure elements sup-
ported on TiO2 nanoparticles and performed in situ Raman
measurements to show the correlation between the formation
of oxygen vacancies during the reaction and improvements in
catalytic efficiencies.

2. Experimental section
2.1 Materials and sample preparation

The transition metal precursor cobalt(II) chloride hexahydrate
(CoCl2�6H2O) was procured from SD Fine Chemicals, India and
used as received. Copper(II) nitrate trihydrate (Cu(NO3)2�3H2O),
copper (o425 mm, 99.5% metals), and cobalt (2 mm, 99.8%
metals) powders, and TiO2 nanopowder (o100 nm, catalog
#634662) were purchased from MilliporeSigma. The reagents
sodium borohydride (NaBH4), ammonium sulfate (NH4)2SO4,
and tetrahydrofuran (THF) were procured from SRL Chemicals
Pvt. Ltd, India. Ammonia borane was synthesized following a
literature protocol.46 Milli-Q water was used throughout the work.

In a typical synthesis, a calculated amount of the dry Co or
Cu precursor was ground well in a mortar for 5 minutes. The
exact amounts of the precursors used are given in Table S1
(ESI†). About 200 mg of TiO2 nanopowder along with 15 mL of
water was added to the mortar and the grinding was performed
for another 5 minutes. The obtained mixture was then dried at
70 1C for 15 min, followed by the addition of 10 equivalents of
solid sodium borohydride with respect to the transition metal
and further grinding for about 5 minutes. The resultant pro-
duct was washed twice with 30 mL of water and then with
15 mL of ethanol and finally dried in air. The samples are coded
as M-x, where M represents the white TiO2@CuCo and x repre-
sents the loading of the CuCo expressed in weight percentage of
metals. The percentages of metals were determined by X-ray
fluorescence (XRF). Prior to determining the elemental weight
percentages for the samples, a calibration curve was prepared
using samples mixed with known quantities of commercial
metallic copper, cobalt, and TiO2. The metal content in the
catalysts after the synthesis process was determined from the
calibration graph. In the M-x series, the ratio of Cu : Co was 1 : 1
which is as per the initial metal feed ratio. The samples G-M-3 and
C-M-3 represent grey-TiO2 and charcoal-TiO2 based samples,
respectively. Colored TiO2 samples were synthesized by following
a literature report.22 In brief, 1 g commercial TiO2 was mixed with
325 mg sodium borohydride in a mortar, then calcined at 300 1C
in a tubular furnace under an argon atmosphere for 30 and
60 min to obtain grey-TiO2 and charcoal grey-TiO2, respectively.
Fig. S1 (ESI†) shows the digital pictures of the colored TiO2

powders. After the reaction time, the furnace was cooled normally.
The sample code M(y : z)-3 means y and z are the weight ratios of
Cu to Co (as per the initial feed weight ratio) for the total metal
content of 3% by weight.

2.2 Characterization methods

High resolution transmission electron microscopy (HR-TEM)
images of the samples were collected using a JEOL JEM-F200.
X-ray diffraction (XRD) measurements were performed for all
the samples in the two-theta range from 201 to 801 at a step size
of 0.01 and a 11 min�1 scan rate using a Rigaku Ultima IV X-ray
diffractometer and a Cu-Ka source. SAXS measurements were
performed using the same XRD instrument. The measurements

were made using the 2y q ¼ 4psiny
l

� �
value of 0.061 to 21 at a

scanning speed of 0.031 min�1. The sample was placed and
spread over a scotch tape and data were recorded in transmis-
sion geometry. For all the samples, the results are presented
after due background subtraction. The data were analyzed
using the NANO-Solver software provided by the instrument
manufacturer. The weight percentages of all metals present
in the samples were confirmed by XRF (Panalytical Epsilon-1).
The core level X-ray photoelectron spectroscopy (XPS) was
performed using a Thermo Fisher K-Alpha furnished with a
monochromatic Al Ka X-ray source (hn = 1486.6 eV) and a dual
beam flood gun to identify the chemical states of the elements
present in the sample. Solid-state diffuse reflectance spectro-
scopy (DRS) measurements were conducted from 200 to 1000 nm
at a scan speed of 400 nm min�1 with a barium sulphate window
as a reference using a JASCO V-670. The band gap values were
determined from the intersection point of the two tangents in
the Kubelka–Munk plot. The room temperature electron para-
magnetic resonance (EPR) studies were carried out using an
X-band Bruker Magnettech ESR 5000 instrument under 5 mW
power and magnetic field scan between 320 mT and 350 mT in
60 s with twenty accumulations. Brunauer–Emmett–Teller (BET)
surface area measurements were performed by using a Microtrac
Bel BELSORP MINI II. The samples were degassed at 120 1C for
2 h under a nitrogen atmosphere before surface area measure-
ments. Raman spectroscopy measurements were performed
using a UniRAM-3300 Micro Raman Mapping Spectrometer. All
the experiments were performed at 50� air-immersion objective
with a laser power, an excitation wavelength, and an exposure
time of 10% (o0.5 mW), 532 nm, and 1 s, respectively. A 100�
objective was used to measure the Raman spectra at the end of
the reaction. The rutile (440 cm�1) to anatase (396 cm�1) peak
area ratio was calculated employing Fityk-curve fitting and peak
fitting software using pseudo-Voigt profiles. For M-x samples,
the ratio changed with power; besides the formation of a new
Raman band was also observed.

2.3 Catalytic hydrolysis of AB

For hydrogen generation experiments, 50 mg catalyst was
dispersed in 13 mL of water in a 25 mL two-necked round-
bottom flask. The bottom of the flask was partially immersed in
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a water bath of a mild ultrasonicator (Bio-Technics, India, 230 V
AC 50 Hz). One neck of the flask was connected with a water-
filled inverted burette, while the other neck was closed with a
rubber septum. About 2 mL of aqueous solution containing
1 mmol (30.8 mg) of AB was injected into the reaction solution
under sonication, and the amount of H2 gas generated was
monitored by water displacement in the burette. The entire
experiment was performed at room temperature. After every
cycle of hydrogen generation, the catalyst was collected by
centrifugation of the solution. The next cycle was performed
by adding a fresh aqueous ammonia borane solution. Further
cycles were performed at 5 min intervals.

The TOF of the catalysts was calculated from the equation:

TOF ¼ 3�moles of ammonia borane

moles of the transition metal catalystðsÞ time

2.4 In situ Raman experiments

For the in situ Raman experiments, we mixed the catalyst and
AB, and the mixture was placed on a glass slide and smeared.
Then, a little amount of water was added using a micropipette on
the periphery of the solid mixture, thereby allowing water to seep
through the catalyst. The Raman spectra (during the catalysis
reaction) were recorded in the water seeped region (at the time of
measurement, the catalyst appeared darkish when compared to
its initial color). More water was added to the darkish region and
the spectra (after catalysis) were recorded again at the same spot.
The intensity ratio did not change with magnification and power
for commercial TiO2 under the experimental conditions.

3. Results and discussion

Transition metal nanostructures were prepared by aqueous
reduction of metal salts using sodium borohydride.47 On the other
hand, Hutchings et al. reported the synthesis of supported Au
nanoclusters by solid-state mixing of precursors with the support
followed by heat treatment.48 Pradeep et al. and Jagirdar et al. used
solid sodium borohydride to prepare atom-precise Ag nanoclusters
and noble metal nanoclusters, respectively.49,50 In our work, a
solid-state synthetic approach that combines the above methods
was employed to prepare the catalysts. We have employed a solid-
state method for the synthesis of white-TiO2 supported monome-
tallic and bimetallic systems. However, only the CuCo based
bimetallic system will be discussed for reasons that will be evident
later in this paper. The samples are coded as M-x where M denotes
a 1 : 1 alloy of Cu and Co unless otherwise specified, while x is the
wt% of the CuCo alloy on the TiO2 support structure. The catalysts
with 3 wt% CuCo on commercial TiO2 nanostructures with vari-
able ratios of Cu and Co are referred to as M(y : z)-3. Catalysts
containing 3 wt% of CuCo (1 : 1) supported on grey- and charcoal
grey-TiO2 are labelled as G-M-3 and C-M-3, respectively. Table S2
(ESI†) presents the chemical compositions of various catalysts
based on their feed ratios and post-synthesis determined by
XRF. In general, the trend in the molar ratio between Cu and Co
aligned with that of the feed ratio, though the loading of Cu in the
final composition was found to be slightly lower. This could be

attributed to the leaching of a small amount of Cu from the
surface of TiO2 nanoparticles, which was not the case with Co.
Fig. S2 (ESI†) shows the SEM–EDX elemental mapping for M-10
and M(1 : 4)-3. It can be observed that both Co and Cu are
uniformly dispersed everywhere in the M-10 catalyst, and for the
M(1 : 4)-3 catalyst, Cu is less than Co as the feed ratio of Cu to Co
was 1 : 4. Nevertheless, we will continue to refer to the catalysts
according to their feed ratios. Fig. 1 shows the high-resolution
transmission electron microscopy (HRTEM) images of M-3, which
revealed lattice fringes of 0.36 and 0.24 nm corresponding to the
(101) planes of anatase and rutile phases, respectively. Neither
discrete Cu nor Co particles in the TEM images were observed, and
there were no strong diffraction peaks in the XRD pattern. We
assume that their sizes are rather small and, therefore, form a
good dispersion on the surface of TiO2. Similar observations were
made in other samples as well, which confirmed that metal
loading does not change the TiO2 morphology (Fig. S3–S5, ESI†).
Another set of lattice fringes measuring 0.21 nm was occasionally
observed (Fig. S4 and its inset, ESI†), which may be assigned to
either the (111) plane of Cu (0.215 nm) or Co (0.204 nm). The
presence of Cu/Co was confirmed by the presence of the (111)
peaks in the selected area electron diffraction (SAED) patterns of
all the samples (Fig. 1(d) and Fig. S3–S5, ESI†).

The XRD patterns of the synthesized samples were the same
as that of commercial TiO2 (Fig. 2), consisting of anatase
(JCPDS # 84-1286) and rutile (JCPDS # 88-1175) phases. The
percentage of the rutile phase in the mixture was determined
(using HighScoret) to be 10%. The grey and black TiO2 were
also found to have a similar composition to white TiO2. As the
grey and black TiO2 samples were formed by the reduction of

Fig. 1 (a) and (b) Low-magnification TEM images and (c) HRTEM image of
the M-3 sample. Inset images (i) and (ii) in (c) highlight the selected regions
of the sample showing lattice fringes corresponding to the rutile and
anatase phases of TiO2 (labelled with boxes 1 and 2). (d) Typical SAED
pattern of the sample.
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white TiO2, it is most likely that the oxygen vacancies were
created at the surface. Hence, we presume that the structure of
grey and black TiO2 has an oxygen-deficient coating at the
surface and can be expressed as TiO2@TiO2�x. Since the creation
of oxygen vacancies has not impacted the crystalline structure and
composition, the surface TiO2�x is considered to be amorphous.
For M-3, M-4 and M-5 samples, the pattern looked similar to that
of commercial TiO2. For M-10 (Fig. 2a), in addition to the
characteristic peaks of TiO2 (no change in the percentage of rutile
phase was observed), two small peaks at 43.31 and 50.41 corres-
ponding to the (111) and (200) planes of the fcc metallic copper
were observed (JCPDS # 04-0836). This result showed the success-
ful reduction of Cu2+ to Cu0 over the TiO2 support. The 2y values
for Cu0 also indicated that the synthesized catalysts were bime-
tallic contact aggregates in nature. The absence of Co metallic or
oxide forms (due to aerial oxidation) in these catalysts could be
attributed to the high dispersion and/or amorphous nature of the
Co and its oxides. In M(y : z)-3 samples, TiO2 peaks were observed
with no signatures of Cu and Co components (Fig. 2b). For grey-
TiO2 and charcoal grey-TiO2, the XRD features remained intact,
including rutile percentage and crystallite size. The TiO2 crystallite
size did not change and was B18 nm (Fig. 2c). The small-angle
X-ray scattering (SAXS) pattern remained unchanged, indicating
that the physical attributes of TiO2 did not change due to
reduction (Fig. S6, ESI†). The SAXS data were fitted with a
spherical model and the particle size of various TiO2 samples
was B20 nm. The particle size distribution also did not change
(Table S3, ESI†). The SAXS patterns of the normal M(1 : 4)-3
sample are given in Fig. S7 (ESI†) and the corresponding fit
parameters are tabulated considering the TiO2 core-metal shell
model in Table S3 (ESI†). A shell size of 0.1 nm was obtained;
however, the particle size did not change appreciably during the
catalyst synthesis. However, with a scattering intensity-based
analysis, a higher intensity observed for the M(1 : 4)-3 sample
compared to commercial TiO2 at all ‘‘q’’ values indicates the metal
dispersion over the TiO2. In general, the scattering intensity
depends on the number of electrons and it increases with
increasing atomic number of the scatterer. Thus, only the
presence of a metallic shell (Co and Cu) over TiO2 could enhance
the scattering intensity. Such variation of the SAXS intensity of the
Fe3O4 core due to shell metals has been reported in Fe3O4@Au and

Fe3O4@Ag core–shell nanostructures.51 For G-M-3 and C-M-3 sam-
ples, the XRD patterns were dominated by the pattern of commer-
cial TiO2. ED-XRF was employed for determining the metal loading
over TiO2. Peaks at 4.5 and 4.9 keV are due to Ti Ka and Ti Kb, while
those at 6.9, 7.6, 8.0, and 8.9 keV correspond to Co Ka, Co Kb, Cu
Ka, and Cu Kb, respectively. The elemental compositions of the
final samples and their feed ratios are given in Table S2 (ESI†).

The Ti 2p edge spectra (measured without sputtering) in the
X-ray photoelectron spectroscopy (XPS) were observed to be
broadened due to the presence of Ti3+. From M-3 to M-10
(Fig. 3a), the peak broadening increased and the peak shifted
towards lower binding energies than normal TiO2. For C-M-3
and G-M-3 samples, both the peak shift and broadening were
more than those for M-x samples. At the Ti-edge, there was a
peak shift for G-M-3 and C-M-3 by 0.6 and 0.4 eV, respectively.
And for M-10, the peak shift was 0.2 eV. The peak has shifted
slowly from M-3 to M-10 towards lower binding energies.

At the Cu edge (Fig. S8b–d, ESI†), for M-10, the deconvolu-
tion of the Cu 2p3/2 peak revealed two features at 932.4 eV and
933.8 eV, due to the presence of Cu0 and Cu2+, respectively. The
satellite peaks for Cu2+ at 943.8 eV and 962.5 eV were also
observed.52 Except for a thin oxide layer at the surface and at the
copper–TiO2 interface, copper was in the metallic state, which
agrees with the XRD data. At the Co edge in M-10 samples, where
both Co2+ at 780.7 eV with a satellite peak at 786.6 and a small
amount of metallic cobalt peak at 778.2 eV were present. The
presence of the dominant oxidized form of Co is due to aerial
oxidation. For the O edge (Fig. S8b, ESI†), broadening was
observed as before, suggesting the presence of more than one
type of oxygen species, which is oxygen vacancy. The relative
amount of oxygen vacancies was found to increase with increasing
metal loading. The metal ratio was also obtained from XPS, and
the values are 0.61, 0.6, 0.59, and 0.72 for M-3, M-4, M-5, and M-
10, respectively. This indicates more Co is present at the surface.
For M(y : z)-3 samples, the ratio was 0.17, 0.3, 1.04 and 8.29 for
M(1 : 4), (1 : 2), M(2 : 1) and M(4 : 1), respectively, indicating that
more Co is present at the surface with increasing Co feed content.
At the O edge, the line broadening increased with G-M-3 and C-M-
3 samples. The spectra of the M(y : z)-3 samples looked similar to
those of the other samples, except for higher Co0 intensity in Co-
rich samples (Fig. S9, ESI†).

Fig. 2 XRD patterns of all synthesized (a) M-x, (b) M(y : z)-3, and (c) G-M-3 and C-M-3 samples. The peak at 2y = 43.31 corresponds to metallic copper
(shaded area).
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Solid-state diffuse reflectance spectroscopy (DRS) (Fig. 3b) of
commercial TiO2 showed low reflectance in the entire UV
region but high reflectance in the visible light region. In the
case of M-x samples, there was high absorbance in the visible
light range along with the characteristic TiO2 absorbance
patterns. At wavelengths 4 400 nm, the reflectivity decreased,
and the bandgap remained constant around 3.3 eV with an
increase in bimetallic loading (Fig. S10, ESI†). This indicated
that the metals were well-dispersed on the surface of the TiO2

nanoparticles and the decrease in the reflectivity can be attrib-
uted to the presence of oxygen vacancies at the TiO2 and
bimetal interface at the surface. It is worth noting that the
reflectivity was higher in the visible region for the samples
prepared by simply mixing Co2+ and Cu2+ salts with commercial
TiO2, which is different from the spectra of catalyst samples.
This indicates the presence of Co and Cu in their elemental
state due to reduction by sodium borohydride during the
synthesis. There is no shift in the band gap in the G-M-3 and
C-M-3 samples; however, the reflectivity decreased from M-3 o
G-M-3 and C-M-3 samples. The spectral features were found to
be dependent on the composition (Fig. S11a, ESI†). For M(y : z)-
3, the reflectivity was found to depend on the Co content. On
the other hand, the decrease in reflectivity was also observed in
colored-TiO2 samples (Fig. S11b, ESI†). Thus, the similar nature
of surface in colored TiO2 and metal-supported commercial
TiO2 is revealed.

Fig. S12 (ESI†) shows the merged EPR spectra of white TiO2,
M(1 : 4)-3, and M10 catalysts. A peak in the EPR spectrum (g =
2.005) indicates the presence of oxygen vacancies, arising from
the paramagnetic centers associated with Ti3+ ions.11,14 As all
the spectra were recorded under identical instrumental condi-
tions and amount, the difference in the intensity indicates the
difference in the amount of oxygen vacancies present in the
samples. The sample M-10 has the highest number of oxygen
vacancies among the three measured samples due to higher
metal content. This supports our hypothesis (in this study) and
corroborates the DRS data.

The surface area values obtained from the BET studies for
the various catalyst compositions are summarized in Table S5
(ESI†). It can be seen from the table that the surface area of the
pristine TiO2 support was found to be 64 m2 g�1. The surface
area of grey-TiO2 and charcoal grey-TiO2 was 60 and 51 m2 g�1,
respectively. The surface area was not affected when the differ-
ent colored TiO2 was loaded with 3% CuCo. The surface area
decreased with increasing the bimetallic loading to 55 m2 g�1

for M-5, but the value increased to 71 m2 g�1 for M-10. Never-
theless, the surface area of all the catalysts supported over TiO2

can be deemed to be in a closer range for practical purposes.
The time required for the catalysts to produce the maximum

amount of hydrogen was found to be in the order TiO2–Cu-10
4 TiO2–Ni-10 4 TiO2–Co-10. All the catalysts exhibited an
induction period in the first two cycles. Therefore, the TOF
values are reported for the third cycle. The TOF values of the Fe,
Cu, Ni and Co monometallic catalysts were found to be 12.1, 16,
and 20.2 min�1, respectively. The supported Fe catalyst was
found to be inactive and such observations have been reported
earlier.53 The TOF values of the CuFe, FeNi, CoNi, CuNi and
CuCo bimetallic catalysts obtained in the third cycle were
found to be 7.1, 13.2. 14.2, 17.2 and 55 min�1, respectively.
Since CuCo bimetallic catalysts were more active, we studied these
systems in detail. The catalytic efficiencies of the as-synthesized
M-x catalysts on AB hydrolysis were then investigated. The TOF
values for M-3, M-4, M-5, and M-10 were 66.7, 66.3, 61.1, and
55.0 min�1, respectively (Fig. 4a). The TOF decreased with an
increase in catalyst content beyond 4 wt%. In catalytic hydrolysis
using M(4 : 1)-3 (Fig. S13, ESI†), the TOF was 49.3 min�1 during
the third cycle. With an increase in cobalt loading, the TOF was
found to increase and the catalyst M(1 : 4)-3 exhibited the highest
activity. The plausible reason for this observation is explained as
follows. Metallic copper grows quickly due to its higher diffusion
coefficient compared to cobalt. This was confirmed by the appear-
ance of the Cu(111) diffraction peak when the copper loading in
the catalyst increased, a phenomenon not observed with
increased cobalt loading. In the current study, metallic copper

Fig. 3 (a) Ti 2p edge narrow scan and (b) solid-state DRS spectra of the catalysts.
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grew faster, forming larger particles, which resulted in copper
leaching due to a decreased metal–support interface area. Conse-
quently, as copper leaching increased, the hydrogen generation
reaction rate decreased. In contrast, cobalt leaching was minimal
or nonexistent due to the strong Co–TiO2 interface, resulting in an
increased reaction rate with higher cobalt loading. In earlier
reports, Co-rich samples exhibited better catalytic activity than
the Cu-rich samples with TiO2 as a support in H2 generation from
AB.54–57

A comparison of the catalytic efficacy of bimetallic transition
metal catalysts anchored over various supports is presented in
Fig. 4b. The G-M-3 and C-M-3 catalysts showed TOF values of
36.7 and 27.3 min�1, respectively; the trend in activity was
M-3 4 G-M-3 4 C-M-3. A maximum TOF value of 69.2 min�1

was recorded in the fourth cycle for M(1 : 4)-3, which was
preserved until the tenth cycle (Fig. 4c), indicating good catalytic
stability. The TOF value at every cycle was calculated and is
presented in Table S6 (ESI†). For M-10, the TOF remained
constant (55 min�1) up to the fifth cycle. The kinetics and
thermodynamics studies are presented in Fig. S14 (ESI†).

The initial color of M-3, M-4, and M-5 was dirty white. Upon
adding AB into the reaction medium, the catalyst turned dark,
after which the reaction rate increased rapidly. Since M-10 was
initially dark in color, the color change during the hydrogen

generation reaction was unclear. This observation indicates the
in situ formation of dark TiO2.28,58 However, the dark color
disappeared slowly after AB was consumed completely and the
catalyst returned to its original color. Upon exposure to air, it
took a long time for the DRS spectra of the recovered catalyst to
match with those of the fresh sample. The DRS study was
carried out using the M-3 (optimal) catalyst after recovery from
the solution (Fig. 4d). After 30 min, the absorbance of the
recovered catalyst was found to slightly decrease, indicating the
regeneration of the original TiO2 support. We propose that the
intermediate dark color is due to reactive oxygen vacancies at
the metal–TiO2 interface and that their presence promotes H2

generation rate. The number of vacancies increases during the
reaction, and vacancies are continuously generated during the
AB hydrolysis reaction.

In general, the absolute quantification of oxygen vacancies is
difficult. Instrumental techniques like DRS, electron spin reso-
nance (ESR) spectroscopy, X-ray absorption near edge structure
(XANES), XPS, and Raman spectroscopy are some of the com-
monly employed ones.11,59 However, in the context of the
current study, the transient nature of the oxygen vacancy in
the catalysts is responsible for the high catalytic activity. The
transient oxygen vacancy then gets re-oxidized upon exposure
to the atmospheric oxygen after the reaction, which increases

Fig. 4 Catalytic hydrogen generation from the hydrolysis of ammonia borane with (a) M-x, (b) G-M-3, and C-M-3 catalysts; insets show the
corresponding turnover frequencies; (c) hydrogen generation recyclability with the M(1 : 4)-3 sample; and (d) solid-state DRS spectra of the M-3 sample
measured every 30 min after reaction completion.
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the complexity of stabilizing and probing the same. DRS can be
used if the component is a semi-conductor, and hence we
employed the same and observed a clear decrease in the
percentage reflectance soon after the reaction, wherein the
spectral profile qualitatively indicated the formation of oxygen
vacancies in TiO2 (Fig. 4). The DRS spectral profile was found to
return to the initial state due to re-oxidation. Apart from this,
indirect evidence for oxygen vacancies can be provided through
IR spectroscopy, Raman spectroscopy and XPS using line
broadening. Besides, we note that the number of vacancies
formed during the synthesis of the samples does not affect the
AB hydrolysis. But the ability to generate in situ oxygen vacan-
cies plays an important role. We have observed that the TOF is
dependent on the nature of the TiO2 support for a fixed metal
content and composition. The TiO2 undergoes a change during
the reaction, which is evident from the Raman spectrum and
DRS data of the used catalysts. While we propose that oxygen
vacancies activate the water, the lattice oxygen from TiO2 is also
consumed. It is important to note that (1) bare TiO2 does not
catalyze the AB hydrolysis reaction, and (2) metal centers are
the active catalysts.

NH3-BH3 + 2H2O - NH4BO2 + 3H2 (1)

xH2 + TiO2 - TiO2�x + xH2OL (2)

TiO2�x + xH2O - TiO2 + xH2 (3)

where the superscript ‘‘L’’ indicates the lattice oxygen. The
water activation step (eqn (3)) occurs at both metal and metal–
TiO2 interfaces. The oxidation of TiO2�x is fast if the catalysts
were exposed to air. Even the well-known ceria in catalytic
converters reacts first, but then gets regenerated later.60,61

Raman spectroscopy is generally used to study the presence
of anatase and rutile phases in TiO2, including in the colored
forms.62 Colored TiO2 has been produced by reducing white or
normal TiO2 samples.22,29,63 In our samples, the Raman bands
were similar to those of the reported values for P25.64

The Raman bands assigned for anatase are as follows: Eg

(144 cm�1), Eg (196 cm�1), B1g (396 cm�1), (A1g + B1g)
(518 cm�1), and Eg (636 cm�1), and for rutile: Eg (440 cm�1)
and A1g (610 cm�1). We inferred from the earlier reported
Raman data that the intensity of the 440 cm�1 band may be
correlated to the color of TiO2 (i.e., decreases with the degree of
reduction). Our study also showed a drop in the intensity of the
440 cm�1 band (rutile Eg) with the degree of reduction (Fig. 5a).
The rutile Eg band is related to Ti–O bonds and any decrease in
the intensity of Eg signifies a change in the Ti–O bond. The
decrease in the intensity may also be due to the broadening of
the band leading to an overlap with the 396 cm�1 (B1g) anatase
band. Thus, the ratio of the intensity of 440 cm�1 and 396 cm�1

Fig. 5 (a) Raman spectra of various colored TiO2 samples; in situ Raman spectra of (b) M-3, (c) M-10, and (d) G-M-3 samples. Inset: The intensity was
normalized to the peak value.
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bands can be used to study the relative change in oxygen
vacancies. The ratios of the intensities of the 440 cm�1 and
396 cm�1 bands were 0.68, 0.56, 0.13, and 0.09 for white, grey,
charcoal grey, and black TiO2, respectively. Interestingly, the
intensity of the band at 440 cm�1 corresponding to rutile
decreased with increasing metal loading and the ratios were
0.35 and 0.13 for M-3 and M-10 samples, respectively. The
changes in the Raman peak area ratio for different catalysts are
summarized in Tables S7–S9 (ESI†).

We propose that the rutile phase acts as the nucleation
center for the metals. Both metals and oxygen vacancies are
located here, i.e., oxygen vacancies are located at the metal and
metal oxide interfaces. Fig. 5b shows the Raman spectra of the
M-3 catalyst; it can be seen that the intensity of the 440 cm�1

band decreased during the reaction. On exposure to air, the
intensity increased again due to re-oxidation. In M-10 (Fig. 5c),
there were two salient features: (1) the extent of intensity
reduction of the Raman band was small, and (2) the time taken
for re-oxidation was large, unlike for M-3. Therefore, the
relative change in the intensity of the 440 cm�1 band signifies
the relative concentration of in situ oxygen vacancies formed
during the H2 generation reaction. The rate of H2 production
was dependent on the number of O2 vacancies produced in situ.

The changes in the intensity of the 440 cm�1 Raman bands in
M-3, G-M-3 (Fig. 5d), and M-10 were 49%, 45%, and 36%, respec-
tively. It should be noted that, for M-3 and G-M-3 samples, the
catalyst parameters like the surface area, metal loading and catalyst
loading were similar and thus the catalytic activity can be compared
directly to the change in the intensity of the Raman band. Therefore,
M-3 was more active than the G-M-3 and C-M-3 catalysts. This
indicates that the in situ oxygen vacancies are more reactive than the
already existing oxygen vacancies created during the synthesis step.
The amount of oxygen vacancies created is proportional to the
amount of oxygen available during the reaction. As the commercial
TiO2 is rich in oxygen, it serves as a better support. The higher
activity of M-10 over G-M-3 and C-M-3 is due to a higher metal
content. And the TOF of M-3 compared to the existing literature for
non-noble metal-based AB hydrolysis also indicates that CuCo
supported by white TiO2 prepared by a solid-state approach shows
a high activity (Table 1). The TOF values shown in Table 1 were
calculated at the end of the hydrogen generation. Furthermore, the
dark color was also observed while using sodium borohydride as the
hydrogen source. Thus, the color is not due to any ammonia–Co2+/
Cu2+ complex, as the complex formed between a transition metal
ion and amine groups is generally blue in color. Besides, cobalt has
a tendency to oxidize and, therefore, would exist as CoO, which
upon reduction by AB may form Co, imparting a dark color. We
observed the dark color in pure Cu based catalysts as well in which
Cu exists as Cu(0) as ascertained from XRD and XPS. The SAXS
pattern of the used M(1 : 4)-3 catalyst is similar (Fig. S7, ESI†) to that
of the fresh catalyst and the fitting parameters are given in Table S4
(ESI†). The physical attributes of particles did not change after the
H2 generation reaction. Thus, the dark color is not due to metal
formation during the H2 generation reaction. In order to show the
applicability of these results, we performed the characterization and
catalysis reaction of TiO2@Cu-5 samples (Fig. 6). The observations

are similar to CuCo systems, including the in situ Raman character-
ization, in which the intensity of the 440 cm�1 band decreased
during the reaction and increased when subjected to re-oxidation in
air. In the initial cycle of hydrogen generation, there was a 2-minute
induction period, which was not observed in subsequent cycles.
This induction period is attributed to the reduction of TiO2 and
surface oxidized metals to metal nanoparticles. Since the metal
oxides are only present on the surface of the Cu and Co metallic
nanoparticles, it is expected that this layer would be reduced in the
first cycle. In subsequent cycles, there is no induction period and
the rate of hydrogen generation continued to increase up to the fifth
cycle. These two observations are attributed to the reduction of the
TiO2 layer in each cycle, thus enhancing the hydrogen generation
rate. This is further supported by the catalyst turning black during
hydrogen generation. The hydrogen generation cyclability with the
M(1 : 4)-3 catalyst and the hydrogen generation using the TiO2@Cu-
5 catalyst suggest that the black color formation during hydrogen
generation is due to the reduction of TiO2 at the metal–TiO2

interface, rather than the surface reduction of metal oxides.
The hydrogen dissociation from water and AB occurs at the

metal sites. The TiO2 in the vicinity of the metal is reduced,
thereby creating in situ vacancies during the reaction. The oxygen
vacancies thus created are reactive and have an affinity towards
oxygen, thereby activating the H2O molecules.64,72–74 For
instance, it has been reported that oxygen vacancies activate
water on the surface of Co3O4 nanocrystals.75 The unusually high
reactivity of oxygen vacancies is because these are formed at the
surface and activate water before it can diffuse into the sub-
surface. The activity of CuCo coated black TiO2 is indeed less
than that of the normal TiO2 supported CuCo system. Thus, it
can be understood that the reaction involves metal–support
interaction. The Co-rich samples are better catalysts because
the rate of hydrogen generation from the AB is higher for the Co
rich sample than Cu-rich based samples. This, in turn, generates
more in situ vacancies, leading to more activation of water. Thus,
on increasing cobalt content, the TOF increases.

The re-oxidation seemed to depend on the nature of the
support and the metal content. For commercial TiO2 and low
metal content, re-oxidation was faster and easier. In situ dark
TiO2 is different from stable black TiO2 because the Raman
band at 440 cm�1 was not observed at all in the latter and could
not be reversed. However, in the in situ dark TiO2, the intensity of

Table 1 Catalytic activity in AB hydrolysis with CuCo based catalysts

Sample TOF (min�1) Ref.

CuCo@MIL-101 (30:70) 19.6 49
CuCo/C (49:51) 45 65
CuCoO–GO (80:20) 70 66
CuCo/MCM-41 (20:80) 15 67
CuCo (48:52) 3.4 68
CuCo/g-C3N4 (7:93) (dark) 34.8 55
CuCo/g-C3N4 (7:93) (light) 75.1 55
CuCo/HPC (20:80) 19.1 54
CuCo/PDA–rGO (20:80) 51.5 69
CuCo/rGO (91:9) 9.1 70
CuCo@SiO2 (50:50) 5.3 67
(CuCo)2/Al-cat (50:50) 2.7 71
CuCo/TiO2 (20:80) 69.2 This work
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440 cm�1 changed on exposure to air. The above observations
answer the two questions posed in the Introduction section as
follows: (i) exposing the catalyst surface to air eliminates the
defects due to re-oxidation and (ii) reducing conditions regener-
ate oxygen vacancies during repeated catalytic reactions.

4. Conclusions

We have synthesized metal-loaded TiO2 catalysts by a solid-state
method and shown the effects of interfacial oxygen vacancies on
the catalytic efficiencies of the synthesized nanocatalysts. By ana-
lyzing the Raman spectra of various catalysts, we have shown that

the in situ formation of oxygen vacancies (TiO2�x) during catalytic
AB hydrolysis enhances the rate of the reaction. We have also
identified the optimum catalytic formulation (M-3). The study also
offers scope for exploring other synthetic strategies for an efficient
metal–metal oxide interface and the use of other reducible oxides
as supports in modulating the interfaces for the catalytic hydrolysis
of AB and other such chemical transformations.
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Fig. 6 (a) XRD pattern, (b) Cu narrow scan XPS spectra, (c) DRS spectra, and (d) the corresponding Kubelka–Munk plot for TiO2@Cu-5. The DRS data were
also compared with pure TiO2. (e) H2 generation from AB hydrolysis with the TiO2@Cu-5 catalyst. (f) In situ Raman spectra of the TiO2@Cu-5 catalyst.
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