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Introduction

Hydrogentransport propertyof polymer-derived
cobalt cation-doped amorphoussilica

Shotaro Tada,® Shiori Ando,® Toru Asaka,® Yusuke Daiko, * Sawao Honda,? Samuel
Bernard ° and Yuji Iwamoto *@

The effect of the local structure of Co-doped amorphous silica on the hydrogen transport property was
studied with the aim to improve the high-temperature hydrogen-permselectivity of microporous amor-
phous silica-based membranes. Co-Doped silica materials with measured Co/Si atomic ratios ranging
from 0.01 to 0.18 were successfully synthesized through the polymer-derived ceramic (PDC) route. X-ray
diffraction (XRD) and high-resolution transmission electron microscopy (HRTEM) analyses confirmed the
amorphous state of the polymer-derived Co-doped silica, while both X-ray photoelectron and Fourier
transform infrared (FT-IR) spectroscopy analyses revealed that the divalent Co cation (Co?*) modified the
matrix amorphous silica network to form hydrogen-bonded silanol. After dehydration treatment at 500
°C in argon, hydrogen (H)/deuterium (D) isotope exchange behavior on the surface silanol groups (Si-
OH/OD conversion) of the polymer-derived non-doped and Co-doped amorphous silica was in situ
monitored by measuring diffuse reflectance infrared Fourier transform (DRIFT) spectra at 500 °C. The
self-diffusion coefficient for OH/OD conversion of free silanol groups of non-doped silica was 6.1 x 10-%
m? s-1, while that on the hydrogen bonded Si-OH was found to reach 15.6 x 10-'> m? s-* by Co-doping
at the measured Co/Si atomic ratio of 0.05.The effect of the amount of Co** doping on the hydrogen
transport property was further studied by scanning transmission electron microscopy and electron energy
loss spectroscopy (STEM-EELS) analyses, and it was suggested that a rather small amount of Co-doping,
i.e. Co/Si atomic ratio of 0.05 was effective for enhancing high-temperature hydrogen permeance
through microporous amorphous silica-based membranes.

In this category of materials, doping silica with Co was
found to be effective for enhancing hydrogen permeance at

Microporous silica membranes with molecular sieve-like pro-
perties have relatively high gas permeances, and better
thermal stability in comparison with polymer membranes.1S
Thus, they are attractive for application in membrane reactors
such as in the steam-reforming reactions of natural gas57 and
in the dehydrogenation of chemical hydrides.811 Recently,
amorphous silica-based composite membranes including com-
posite membranes with an oxide system such as zirconium
(Zr)-doped silica (Si-Zr-0),12 nickel (Ni)-doped silica (Si-Ni-
0)13 and cobalt-doped silica (Si-Co-0O)14 have been investi-
gated in order to enhance the thermal and hydrothermal stabi-
lities of silica membranes for practical applications.
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500 °C.15 Nanostructural characterization of the Co-doped
amorphous silica-based composite membranes revealed that
fine particles having a size range of approximately 5 to 20 nm
were formed in situ within an amorphous silica matrix.15 The
selected area electron diffraction ring patterns derived from
the nanoparticles were mainly assigned to CoO and CozOs4;
and metallic Co was found as a minor phase.!5 These results
suggested that cobalt oxide in the amorphous silica matrix
plays an important role in the enhancement of hydrogen
transport.

More recently, amorphous silica-based composite mem-
branes were designed and synthesized through an alternative
synthesis approach based on inorganic/organometallic poly-
mers, namely polymer-derived ceramic (PDC) route, and their
gas permeation properties were investigated. As an illustration,
Co-doped ethoxy polysiloxane-derived silica membranes have
been reported to show reversible gas molecular sieving prop-
erty for high temperature gas separation.16 As the polysilox-
anes were partly condensed silica precursors, Co-doped silica
membranes were prepared by a sol-gel method without any



extended hydrolysistimeand acidic catalyst such asnitricacid
or hydrogen peroxide. As aconsequence, condensation results
incluster-clustergrowth toformveryopenfractalstructuresin
the polysiloxane sol-gel process.16 Thus, the proposed revers-
ible gas molecular sieving property was derived from the alter-
nating volume shrinkage/expansion governed by the reducing/
oxidizing (redox) state change of the Co oxide particles (Co
(OH)2 and CoO/Co304) dispersed within the amorphous silica
matrix derived from ethoxy polysiloxane.16 The results also
revealed that the oxidation state of Co remained II or [l under
the reducing conditions which is most probably related to the
use of polysiloxanes as polymeric precursors. As reported
previously,14.15 phase separation and subsequent crystalliza-
tion of Co oxides from the ternary Si-Co-O system easily pro-
ceeds during the thermal conversion of precursors prepared
through the conventional sol-gel route. This encouraged us to
design Co-doped silica membrane materials via the (i) chemi-
cal modification of a non-oxidic preceramic polymer as a silica
precursor with a Co source, (ii) detailed characterization of the
material at each step of the process (Co-modified precursors,
pyrolysisintermediates,...), (iii) investigation of the local struc-
ture located at the hetero interface between amorphous silica
and Co oxide particles, (iv) study of the relationships between
the atomic and/or molecular structure of the ternary amor-
phous Si-Co-0 system and (v) measurement of itshydrogen
transport property. Thus, in this study, a series of ternary Si-
Co-0O amorphous compounds with measured Co/Si atomic
ratios ranging from 0.01 to 0.18 were successfully synthesized
through the PDC route using polysilazanes as non-oxidic pre-
cursors of the silica phase and acetylacetonate precursors as
the Co source. The Co-modified polysilazane was characterized
in detail and then, thermo-chemically converted into Co-
doped silica. The as-pyrolyzed Co-doped silica samples were
chemically and structurally analyzed and hydrogen/deuterium
isotope exchange behavior on the surface silanol groups of the
amorphous Si-Co-O compounds was in situ monitored. The
contribution ofthe dopant Cotoaccelerate hydrogen transport
through microporous amorphous silica membranes was
discussed.

Experimental procedure

Synthesis of polymer precursors for Co-doped amorphous
silica

Commercially available perhydropolysilazane (PHPS, NN110-
20, 20 wt% in xylene solution) was provided by AZ Electronic
Materials Co., Ltd, Japan. 1H NMR (300 MHz, CsDs, 6/ppm):
1.6-0.3 (br, NH), 5.8-4.3 (br, SiH); IR (CsIwindows /cm~1): v(N-
H) =3374 (m), v(Si-H) =2125 (vs), 8(N-H): 1173 (m), d(N-Si-N)
=1020-840 (vs). Cobalt(m)-acetylacetonate (Co(acac)s, purity
>98.0%, Tokyo ChemicalIndustry Co., Ltd, Tokyo,Japan),and
super-anhydrous toluene (99.5% purity, Wako Pure Chemical
Co., Ltd, Osaka, Japan) were used as-received without further
purification. The chemical modification of PHPS with Co
(acac)s was carried out under a dry argon (Ar) atmosphere

using Schlenk line and glovebox techniques. The synthesis of
Co-modified PHPS samples was performed according to
various atomic ratios of Co in Co(acac)s to Siin PHPS (Co/Si) =
1/8;1/20;1/40 and 1/80. The resulting synthesized precursors
were labeled as CoPHPS1/8; CoPHPS1/20; CoPHPS1/40 and
CoPHPS1/80, respectively. Here, we describe the synthesis of
the CoPHPS1/8 sample which is well representative of the syn-
thesis process applied to prepare all polymeric samples. In a
typical experiment, a 100 mL two-neck round-bottom flask
equipped with a magnetic stirrer was charged with as-received
PHPS (5 mL, 20 wt% xylene solution) and toluene (10 mL). Co
(acac)s(1.099g,Co/Si=1/8)wasadded tothe solution at room
temperature. The mixture was then stirred at room tempera-
turefor2hfollowed byheatingat110°Cforadditional12hto
give the single source precursor of Co-modified PHPS
(CoPHPS1/8 sample) as a gelatinous compound.

Conversion to Co-doped amorphous silica

Toavoid the vigorous oxidation reaction during the pyrolysis at
high temperature, the Co-modified PHPS samples were oxi-
dized at room temperature as follows: after cooling down to
room temperature, the reaction mixture was poured into an
aluminum tray,and rinsed with acetone, then dried at room
temperature. To proceed with further oxidation, the dried
residue was exposed to a vapour from aqueous ammonia
(NHs) at room temperature for 24 h according to the previously
reported procedure.17.18 The resulting solid precursor was
ground to a fine powder using a mortar and pestle, then
placed inaquartzboatand heat-treated in an electric muffle
furnace (Model FUW220PA, Advantec Toyo Kaisha, Ltd, Chiba
Japan) under flowing air by heating from room temperature to
600 °Cin 6 h, maintaining the temperature at 600 °C for an
additional 1 h, and finally furnace cooling down to room
temperature to afford Co-doped amorphous silica samples
labeled as CoSiO1/8; CoSiO1/20; CoSiO1/40 and CoSiO1/80,
respectively.

Characterization

The attenuated total reflection-infrared (ATR-IR) spectra were
recorded on the as-received Co(acac)s, as-received PHPS and
chemically modified PHPSs (CoPHPS1/8, CoPHPS1/20, and
CoPHPS1/40)with adiamond prism underanincidence angle
of 45° (Model Spectrum 100, PerkinElmer, Waltham, MA,
USA).

To study the effect of Co2+-doping on the hydrogen trans-
port property on the amorphous silica surface, hydrogen (H)/
deuterium (D) isotope exchange in the surface silanol groups
(Si-OH/OD conversion) of the polymer-derived Co-doped amor-
phous silica was in situ monitored by measuring IR absorption
spectroscopy adopted diffuse reflectance infra-red Fourier
transform spectroscopy (DRIFTS) technique (Model Spectrum
100, PerkinElmer, Waltham, MA, USA) according to the follow-
ing procedure: the Co-doped silica sample was placed within a
diffuse reflection cell (Model STJ900C Diffuse IR Heat Cham,
S.T.JAPANInc., Tokyo, Japan), and subjected to pre-drying to
remove adsorbed water at 500 °C for 20 h under an argon (Ar)



flow (4 mL min-1). The sample was subsequently heat-treated
at 500 °C for an additional 3 h under a hydrogen flow (4 ml
min-1), and the initial IR spectrum was recorded. Then, under
flowing 10% deuterium (D2)/Ar (4 mL min-1) at 500 °C, the Si-
OH/OD conversion was in situ monitored by measuring DRIFT
spectra at a specific time interval of 1, 5, 10, 20, 30, 60, 90,
120, 150 and 180 min. After the background noise removal,
the normalized absorption band intensity in each DRIFT spec-
trum was calculated by shifting the whole spectrum soas to
make the peak intensity at 4000 cm~! zero. Then, the time
dependence on the absorption band intensities of free deuter-
oxyl (Si-OD) and D-bonded Si-OD in the DRIFT spectrawas
examined.

Elemental analyses for oxygen, nitrogen and hydrogen
(inert-gas fusion method, Model EMGA-930, HORIBA, Ltd,
Kyoto, Japan), and carbon (non-dispersive infrared method,
Model CS844, LECO Co., St Joseph, MI, USA) were performed
for the Co-doped and non-doped silica samples. The Co
content in the Co-doped silica samples were analyzed by the
energy dispersive X-ray spectrometer (EDS) mounted on a scan-
ning electron microscope (SEM, Model JSM-6010LA, JEOL Ltd,
Tokyo, Japan), and evaluated as Co/Si atomic ratio. The chemi-
cal compositions of the polymer-derived samples after the
heat-treatment in air at 600 °C are listed in Table 1.

Particle size distribution of the samples after heat-treat-
mentin air at 600 °C was characterized by the laser diffrac-
tion/scattering method (Model 7995-10 SPA, Nikkiso Co., Ltd,
Tokyo, Japan). The average particle size was evaluated as
median diameter (Dso) and is listed in Table 2.

X-ray diffraction (XRD) measurement was performed on the
600 °C heat-treated samples (Model X'pert Pro al, Philips Ltd,
Amsterdam, The Netherlands).

X-ray photoelectron spectroscopy (XPS) analysis was per-
formed on the heat-treated samples (Model PHI-5000, Ulvac-
phi, Kanagawa, Japan). The photoelectron binding energy was
referenced to the C 1s peak (at 284.8 eV) of adventitious
carbon. The peak intensity normalization of the XPSspectra

was carried out by dividing all intensity at each spectrum to
the peak intensity of oxygen 1s in the spectrum.
Transmission electron microscopy (TEM) observations and
high-angle annular dark-field-scanning transmission electron
microscopy (HAADF-STEM) observations were performed on
the heat-treated powder samples (CoSiO1/20 and CoSiO1/8) in
aJEOL JEM-ARM200F operated at an acceleration voltage of
200 kV. The size of the electron probe was approximately

Table 1 Chemical composition of polymer-derived samples after heat-
treatment at 600 °C in air

Co/Siratio (—) Content (wt%)
Sample Calc. Obs. Carbon Nitrogen Oxygen
CoSi01/80  0.01 0.01 0.15 0.07 45.46
CoSi01/40  0.03 0.03 0.07 0.00 37.74
CoSiO1/20  0.05 0.05 0.00 0.20 41.95
CoSiO1/8 0.13 0.18 0.07 0.24 32.37

Table 2 Dsp of polymer-derived non-doped and Co-doped silica samples

Sample SiO, CoSiO1/80 CosiO1/40 CoSiO1/20 CoSiO1/8

Dso (um) 20.10 21.50 20.44 23.46 23.30

0.1 nm. The convergent angle and the detector collection
angle were 22 mrad and 68-280 mrad, respectively. Analytical
investigations were carried out by electron energy loss spec-
troscopy (EELS) using a Gatan Quantum ERS with an incident-
electron beam-energy of 200 keV.

Results and discussion
Synthesis of cobalt cation-doped amorphous silica

Chemical structure of Co-modified PHPS. The typical ATR-IR
spectra of Co-modified PHPS samples (CoPHPS1/8, CoPHPS1/
20 and CoPHPS1/40) were compared with those recorded for
PHPS and Co(acac)s as shown in Fig. 1. The as-received PHPS
exhibited absorption bands at 2152 cm~-1 (vSi-H), 1175 cm~!
(dN-H) and 832 cm-! (8Si-N-Si).19 The as-received Co(acac)s
presented absorption bands correspond to the ligand acetyl-
acetonate (acac) at 1573 cm-! (dCwO) and 1518 cm-!
(6CwC).20 In addition to the characteristic absorption bands
attributed to the Si-H, N-H and Si-N-Si of PHPS, Co-modified
PHPS samples exhibited a new absorption band around
930 cm-1!assigned to Si-O-Co(Fig. 1b).21 Moreover, the follow-
ing changes in the spectrawere detected: a new absorption
band appeared around 1110 cm~-1! assigned tothe C-Nbond,?22
the C-N band intensity increased with increasing the Co/Si
atomic ratio. Oppositely, the Si-H band intensity decreased
with increasing the Co/Siatomic ratio. The CoPHPS1/8 sample
presented absorption bands attributed to the CvO and CwvC
of the acac ligand. However, the detected C\wvO band became
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Fig. 1 (a) ATR-IR spectra of the as-received PHPS, Co(acac)3 and typical
Co-modified PHPS samples (CoPHPS1/8, CoPHPS1/20 and CoPHPS1/40
samples): 2300 to 1000 cm~" and (b) 1100 to 650 cm~".



broader and shifted toward a higher wavenumber, which
suggested that the electron density of a certain number of the
CvO double bond increased as a result of Si-O-Co bond
formation.

Based on the results obtained by the FTIR spectroscopy
analysis, a possible reaction scheme for the present chemical
modification of PHPS with Co(acac)s has been suggested as
shown in Fig. 2: the nucleophilic conjugate addition of the N-
H group in PHPS to the acacligand of Co(acac)s led to the for-
mation of enamine derivative (1) associated with the elimin-
ation of (acac)2Co-OH (2). Subsequently, Si-O-Co bond for-
mation proceeded via the dehydrocoupling reaction between
the Si-H group in PHPS and the (acac)2Co-OH formed in situ
to give the Co-modified PHPS represented by a series of four
precursors labeled as CoPHPS1/8, CoPHPS1/20, CoPHPS1/40
and CoPHPS1/80.

Conversion to Co-doped amorphous silica. The as-syn- thesized
precursors were heat-treated at 600 °C in flowing air to form
the title samples labeled as CoSiO1/8, CoSiO1/20, CoSiO1/40
and CoSiO1/80. Table 1 lists the chemical compo- sitions of
the polymer-derived samples after theheat-treatment in air at
600 °C. The measured Co/Siatomic ratios of the heat- treated
samples were well controlled as fixed at the polymer level,
except for the CoSiO1/8 sample which was found to be 0.18,
higher than the calculated value (0.13) used for the single
source precursor synthesis. One possiblereason for the higher
Co/Siratiois due the side reaction:23 With increasing amount
of alcohol derivative to modify PHPS, Si-N bond clea- vage
tends to proceed which lowers the polymer-inorganic
compound conversion yield due to the volatilization during
pyrolysis up to 600 °C of low molecular weight silazane species
formed insituby the Si-N cleavage. As aresult, the Sicontent
in the Co-doped SiO2 decreased, i.e. Co/Siratio became larger
than the nominal one. The residual C and N in the pyrolyzed
samples were lessthan0.2 and 0.3 wt%, respectively. The com-
bination of the FTIR and elemental analysis results revealed
that (i) the chemical modification of PHPS occurred via the
formation of Si-O-Co bridges in the derived polymers com-
posed of Si, C, N, O, Hand Co and (ii) the heat-treatment in
air at 600 °C completed the oxidative cross-linking of the
polymer to form ternary ceramics only composed of Si, O and

Coelements. Heat-treated samples were found as X-ray amor-
phous as shown through the XRD patterns of the four investi-
gated ceramic samples (Fig. 3(a)). In order to investigate the
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Fig. 3 (a) XRD patterns and (b) XPS spectra of polymer-derived Co-
doped amorphous silica samples.
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oxidation state of the Co-doped silica samples, XPS has been
applied. Theresults are shown in Fig. 3(b). Consistent with the
analytical Co/Siatomicratiofrom 0.01 (CoSiO1/80 sample)to
0.05 (CoSiO1/20 sample), a broad peak centered at 782 eV
increased in intensity. This peak was assigned to Co2*.24 At the
Co/Siatomic ratio of 0.18 (CoSiO1/8 sample), another broad
peak appeared ataround 788 eV corresponding to a Co2* satel-
lite peak (labeled * in the graph), while those due to Co3*
(779.9 eV) and metallic-Co (777.8 eV)25 were not observed. In
this study, the Co modification within PHPS was performed at
the molecular level via the formation of the Si-O-Co bridge.
Thus, Co species were highly dispersed within the Co-doped
amorphous silica as shown in XRD patterns (Fig. 3(a)). These
results revealed that crystallization of Co species was sup-
pressed to afford Co2+-modified amorphous SiO2 through the
PDC route investigated in this study.

To investigate the bonding state of the sample surface,
DRIFT spectra were recorded and are shown in Fig. 4. As
shown in Fig. 4(a), the DRIFT spectrum of the as-synthesized
amorphous silica presented a very broad absorption band
around 3400 cm-! due to adsorbed water. In order to remove
the adsorbed water and to construct the surface conditions of
hydrogen transport at high temperature (500 °C),!5 an
additional heat treatment was performed at 500 °C for20 h
under an Ar flow within the DRIFTS chamber. When the
adsorbed water was removed, the spectrum presented one dis-

tinct peak at 3732 cm~! assigned to the Si-OH group
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Fig. 4 DRIFT spectra in situ measured for PHPS-derived amorphous silica,
(a) as-synthesized, (b) after dehydration treatment at 500 °C in a vacuum,
and (c) Co-doped amorphous silica (CoSiO1/20 sample) after dehydration
treatment at 500 °C in Ar, which suggested (d) the for- mation of hydrogen
bond in the Co?*-doped amorphous silica around 3690 cm-".

(Fig. 4(b)).26.27 As a typical result, the DRIFT spectra of the
CoSi01/80 sample after the dehydration treatmentat 500 °C
are shown in Fig. 4(c). In addition to the sharp adsorption
band assigned to free Si-OH at 3733 cm~!, the spectrum
exhibited a broad absorption band around 3690 cm-! attribu-
ted to hydrogen (H)-bonded Si-OH groups.2829 Such a broad
absorptionband was observed for allthe Co-doped amorphous
silica samples (Fig. S1t). This indicates that the divalent Co2*
cation modifies the amorphous silica network to form H-
bonded silanol as shown in Fig. 4(d).

Si—-OH/OD conversion behaviors

To study the hydrogen transport property, OH/OD conversion
behaviors were studied for free Si-OH and H-bonded Si-OH,
respectively. After the dehydration treatment at 500 °C, DRIFT
spectra were recorded for all the samples at 500 °C under a
10%-D2/Ar flow at the specific time interval from 1 to 180 min.
Fig. 5(a) shows the DRIFT spectra for the non-doped amorphous
silica measured as a reference sample. Consistent with the D2
exposure time, the intensity of the absorption band due to the
free Si-OH at 3732 cm~-! decreased, while a new band at
2752 cm-1increased in intensity. After 180 min, the new band
became dominant.

Based on the detected wavenumbers of von and Vnew as vVob,
the isotope shift factor (i) was evaluated:

o1b

Vnew

Theexperimentalivaluewas 1.356 and well consistent with
the literature data (1.35-1.36).30 Thus, the new band was
assigned to deuteroxyl (Si-OD). In addition to the free Si-OH,
the OH/OD conversion for H-bonded Si-OH was successfully
monitored for all the Co-doped samples (Fig. S11). As a typical
result, the DRIFT spectra for the CoSiO1/20 sample are shown
in Fig. 5(b). Aslisted in Table 3, the i values evaluated for the
free Si-OH and the H-bonded Si-OH were in the range of
1.356to 1.360, and they were also compatible with the above-
mentioned literature data.30

The OH/OD conversion behaviour was further assessed
using the self-diffusion coefficient of deuterium evaluated
according to the procedure reported by Fishman et al.31.32 The
following equation based on Fick’s second law has been
derived in order to estimate the diffusion coefficient for the
180 and 160 exchange in oxide-ion conductors:

]
_6x_1 exp n_TrQDt DSA
™ i 12 r r

ct;rb Yoo 1 02p

where D [m2 s-1] is the self-diffusion coefficient; » [m] is
the particle radius; ¢ [at%)] is the 180 concentration; co [at%)]
is the
180 concentration of the sample oxide equilibrium to the 180
atmosphere; A[m]is themonolayer thickness;?[s]is theiso-
thermal annealing time.

In general, the surface diffusion coefficient of oxygenis
much higher than the volume diffusion coefficient. For
instance, in the case of LaMnOgs+s perovskite, it was found that
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Fig. 5 Si-OH/OD conversion behavior of (a) non-doped and (b) Co-doped amorphous silica with analytical Co/Si = 0.05 (CoSiO1/20 sample) in situ

monitored by measuring DRIFT spectra under 10% D2/Ar flow at 500 °C.

Table 3 OH/OD isotopic shift factor and wavenumber conversion for non-doped and Co-doped amorphous silica synthesized in this study

Wavenumber (cm~1)

Isotopic shift factor, i

Free OX X-bonded OX
Co-Doped SiO2 analytical Co/Si ratio (—) OH OD OH OD Free H-bonded
0 3737 2753 — — 0.357
0.01 3733 2747 3693 2717 1.359 1.359
0.03 3732 2746 3689 2716 1.359 1.358
0.05 3736 2748 3681 2711 1.360 1.358
0.18 3735 2750 3684 2712 1.358 1.358

the surface diffusion coefficient and volume diffusion
coeffi- cient were in the order of ~10-17 m2 s-1 and ~10-24
m?2 s-1, respectively.32 In this modelling expressed in eqn (2),
the sum-

mation was performed for running indices up ton = 5. This
model can be applied for a very fast exchange on the surface of
an oxide particle, whereby Ais around 0.5 nm for typical oxides.33
In the present study, the self-diffusion coefficient (D) was
adopted as an index ofthe Si-OH/OD conversion rate on the non-
doped and Co-doped amorphous silica surface. The D values
were evaluated for the free Si-OH and the H-bonded Si-OH and
were denoted as D(Free) and D(H-bonded), respectively. The D
values were estimated by detecting OD generated by exchange on
the surface Si-OH group by DRIFTS analysis, and co in this study
was renamed as ¢p eq (the equilibrium deuterium concentration
of the sample). Moreover, in this isotope exchange reaction, the
monolayer (A) had a nanometer scale thickness, while the radius
of the sample particle synthesized in this study had approxi-
mately 10 pm (one half of Dso in Table 2), thus eqn (3) with

assuming r > 3Ain eqn (2) was employed:
exp Dt y
At 2

2 r
m nY%l

6> 1

cOt; rPVacp eq 1 a3p

Time dependence on the absorption band intensities of
free Si-OD and D-bonded Si-OD in DRIFT spectra was fitted to
the non-linear curve using eqn (3) using » as one half of Dso
listed in Table 2 with two free parameters, D and ¢p eq.

As a typical result, Fig. 6 presents the D2 gas exposure time
dependence of the absorption band intensity evaluated for the
free Si-OD and the D-bonded Si-OD in the CoSiO1/20 sample.

Each fitted line described the experimental data very well,
suggesting that OH/OD conversions for both the free and
H-bonded Si-OH investigated in this study were diffusion con-
trolled. In the same manner, the D and ¢p g were evaluated
for both free and H-bonded Si-OH in the Co-doped amor-
phous silica samples (Fig. SI2t), and the results are listed in
Table 4. As shown in Fig. 7, the D(H-bonded) exponentially
increased with the Co/Si atomic ratio and reached the
maximum at Co/Si=0.05, then decreased with increasing Co/
Siatomic ratio. The D(Free) also exhibited a similar depen-
dency on the Co/Si atomic ratio, however, at all the Co/Si

atomic ratios, the D(H-bonded) was higher than D(Free). This
suggested that the polar H-bonded Si-OH formed with the

doped Co2*+ accelerated the OH/OD conversion rate.

Toexamine the Co/Siatomicratiodependencyofthe Din
more details, TEM observations were performed on the
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Fig. 6 Si-OH/OD conversion of Co-doped amorphous silica with
analytical Co/Si = 0.05 (CoSiO1/20 sample).

samples with measured Co/Si=0.05 (CoSiO1/20 sample) and
0.18 (CoSiO1/8 sample), and the results were shown in Fig. 8
and 9, respectively. CoSiO1/20 and CoSiO1/8 samples were
X-ray amorphous (Fig. 3(a)), and the selected area electron
diffraction patterns shown in Fig. 8(a) and 9(a) supported the
amorphous state of these materials. However, CoSiO1/20
samples sample exhibited some spots with darker contrastless
than approximately 2 nminsize (Fig. 8(b)), and the size ofthe
spots observed for the CoSiO1/8 sample was larger (Fig. 9(b)).
As shown in Fig. S3(a),t the CoSiO1/20 sample exhibited a
narrow and unimodal spot size distribution, and the mean
size was determined as 1.8 nm. On the other hand, the
CoSiO1/8 sample showed a wider size distribution with a
larger mean size of 3.4 nm (Fig. S3(b)1). Then, STEM obser-
vation was performed for further analysis of the spots. The
darker spots observed in the bright field (BF)-images (Fig. 8(c)
and 9(c)) were highlighted with bright contrast in the annular
dark-field (ADF)-STEM images (Fig. 8(d) and 9(d)), and the
simultaneous electron energy loss spectroscopy (EELS) analysis
for the spots shown in Fig. 9(d) resulted in the detection of
Co2+ as indicated by the Co Lui/Lu EELS ratio of ~2 (Fig. 9(e)).

Table 4 Deuterium diffusion coefficient at the surface (D) and ¢p eq for
polymer-derived amorphous silica and Co-doped amorphous silica syn-
thesized in this study

D (10-15 m2 s-1) Cp e (1072 at%)

Co-Doped SiO2 analyticalCo/  Free H- H-

Si ratio (—) OX bonded Free bonded
0 6.1 — 9.5 —

0.01 3.2 4.8 49 3.5
0.03 5.3 7.9 4.0 3.7
0.05 7.6 15.6 58 6.3
0.18 5.5 9.1 5.1 4.1

A Free (non-doped)
O Free (Co-doped)
20— @ H-bonded (Co-doped)
e 15 — ,,—.’"~\\~
‘g’ ,,l ~\\\‘~
:Ic_> Ly l/ \\\\\\“
x Q@ O
Q Zk "‘ ',/O _________________
se O =i
O”
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0.00 0.05 0.10 0.15

Analytical Co/Si atomic ratio (-)

Fig. 7 Co/Si atomic ratio dependence of the deuterium surface
diffusion coefficient, D.

1O il
| —

Fig. 8 Nanostructure observation of Co-doped amorphous silica with
measured Co/Si = 0.05 (CoSiO1/20 sample). (a) TEM image and SAED
pattern obtained from the image, (b) high-magnification TEM image (c)
BF-STEM image and (d) ADF-STEMimage.

This oxidation state of Co was well consistent with the result
obtained by the XPS analysis (Fig. 3(b)).

To study the Co(n)-cluster formation in more detail,
HRTEM observation was performed on the samples with a
lower Co/Siratio below 0.05. However, these samples exhibited
featureless nanostructures. Then, intensive STEM observation
was performed. As a result, the CoSiO1/80 sample exhibited a
trace amounts of bright spots with a size of about 1-2 nm
under the ADF-STEM imaging mode (Fig. SI41). In the case of
the CoSiO1/40 sample, it was also rare to find some spots
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Fig. 9 Nanostructure observation of Co-doped amorphous silica with
measured Co/Si = 0.18 (CoSiO1/8 sample). (a) TEM image and SAED
pattern obtained from the image, (b) high-magnification TEM image (c) BF-
STEM image, (d) ADF-STEM image and (e) EELS characterization for the
spot with bright contrast in (d).

suggested as Co(n)-cluster approximately 2 nm in size
(Fig. SI5t).

As shownin Fig. 7, H-bonded Si-OH groups played a key
role in the acceleration of the OH/OD conversion rate. Since
the parameter of ¢p ¢ reflected the number of Si-OH which
was converted to the Si-OD at the sample surface, Dvalues
were plotted as a function of cp ¢ (Fig. 10). Consistent with
the ¢p eq, the D(H-bonded) apparently increased, which indi-
cated that the increase of the number of H-bonded Si-OH
accelerated the OH/OD conversion rate of Co2*-doped amor-
phoussilica. Moreover, asshown in Fig. SI16, 1 the wavenumber
of the H-bonded OH (v(OH)/cm-1!) in the Co-doped silica
samples detected by the IR spectroscopy analysis (Table 3)
decreased consistently with cp eq, i.e. the acidity (polarity) of
the H-bonded OH increased with ¢p eq.

As mentioned above, in the case using the conventional
sol-gel technique for the synthesis of Co-doped SiOz2, CozO4
crystallization easily proceeds to afford the binary Co304-SiO2
composite.1415 In the present study, amorphous Co(i)-nano-
cluster formation proceeded to some extent, however, at the
Co/Si ratios ranging from 0.01 to 0.05, the concentration of
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Fig. 10 cp eq dependence of the deuterium surface diffusion coeffi- cient,
D.

Co2* which modified the amorphous silica matrix network
increased, i.e. number of hydrogen bonds by the doped-Co2*
(Si-O% H?+--0O-Co02+) shown in Fig. 4 increased consistently
with the Co/Si ratio. This relation was successfully achieved
through the present PDCs route: during the thermal conver-
sion of polymer to inorganic compound, the molecular struc-
ture having the Si-O-Co bond was preserved to afford the
Co2+-induced H-bonded OH group within the amorphous
silica matrix.

Recently, Nogami et al. reported the hydrogen diffusion
coefficient through sodium aluminosilicate glasses (Na2O-
Al203-Si02) prepared by the melt-quenching technique.34 The
diffusion coefficients of hydrogen at 400-600 °C estimated for
this glass with an Al/Na atomic ratio <1 were 10-16-10-15 m?2
s—1 order; as a typical example, the diffusion coefficient at
500 °C estimated for 20Na20-10Al203-70Si0O2 glass was 1.8 x
10-15m2s-1.29In this study, as listed in Table 4, the D(Free) at
500 °C estimated for non-doped amorphous silica was 6.1 x
10-15 m2 s-1. This value was compatible with the reported
value, while the D(H-bonded) value of 15.6 x 10-15m?2 s-1 was
approximately one order of magnitude higher than the
reported value. Generally, silica-based materials for gas separ-
ation membranes are composed of a microporous looser amor-
phous network which can exhibit molecular sieve property.
Thus, hydrogen can permeate through themicropore channels
within the amorphous silica, which is recognized as activated
diffusion.3 The enhanced value of the D(H-bonded) estimated
in this study suggests that Co2*-doping can offer an additional
hydrogen facilitate transport property at the surface of the
micropore channel wall composed of the Co-doped amorphous
silica, i.e. enhancing hydrogen permeance via the surface
diffusion mechanism even at the high temperature of 500 °C.
Alternatively, applications up to 300 °C will be also attractive;
forinstance, the hydrogen separation/purification process for
the dehydrogenation of chemical hydrides35.36¢ under
reduction conditions in novel hydrogen storage-transportation



systems. Further study on the evaluation of membrane per-
formance aswell as lifetime of Co-doped amorphous silicais
under progress.

Conclusions

In this study, the effect of the local structure of polymer-
derived Co-doped amorphous silica on the hydrogen transport
property was intensively studied and the results can be sum-
marized as follows:

(1) Co2*-doped amorphous silica materials with Co/Si
atomic ratios ranging from 0.01 to 0. 18 were successfully syn-
thesized through the PDC route.

(2) The doped Co2+ modified the amorphous silica network
to afford H-bonded Si-OH. The number of the H-bonded Si-
OH increased consistently with the amount of the doped Co2*
and reached the maximum at the Co/Si atomic ratio of 0.05,
then decreased with increasing the Co/Si atomic ratio above
0.05.

(3) HRTEM and STEM analyses revealed that the segre-
gation of Co2+ started at the Co/Siatomic ratio of0.05, and the
amount of Co2* which modified the amorphous silica network
deceased with increasing the Co/Siatomicratioabove 0.05.

(4) The OH/OD conversion behavior for surface silanol
groups was in situ monitored by measuring the DRIFT spectra,
and the self-diffusion coefficient of deuterium at the sample
surface (D) was evaluated. The D(H-bonded) at 500 °C esti-
mated in this study was 15.6 x 10-15m2 s-1. This valuewas
approximately one order of magnitude higher than the
reported D value at 500 °C estimated for sodium aluminosili-
cate glass.

(5) Itwas found that the enhanced polarity of the H-bonded
Si-OH formed by the Co2*-doping accelerated the hydrogen
transport at the amorphous silica surface network.

(6) The results obtained in this study suggest that a rather
small amount of Co2*-doping, expressed as a Co/Siatomic
ratio of 0.05 is effective for enhancing hydrogen permeance
through microporous amorphous silica membranes at 7>
500 °C.
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