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Abstract

Carbon aerogels doped with nanoscaled Co partvedee prepared by first coating
activated carbon aerogels using a wet-thin layaticg process. The resulting metal
doped carbon aerogels had a higher surface aré&7~ifg™) and larger micropore
volume (~0.6 crig?) than metal doped carbon aerogels synthesisedy watimer
methods suggesting their usefulness in catalytiplieggions. The hydrogen
adsorption behaviour of cobalt-doped carbon aenagslevaluated, displaying a high
~4.38 wt.% H uptake under 4.6 MPa at -8 The hydrogen uptake capacity with
respect to unit surface area was greater thanum parbon aerogel and resulted in
~1.3 H (wt. %) per 500 mg™*. However, the total hydrogen uptake was slightly
reduced as compared to pure carbon aerogel duesrntak reduction in surface area
associated with cobalt doping. The improved adsamgter unit surface area suggests
that there is a stronger interaction between thdrdgen molecules and the cobalt

doped carbon aerogel than for pure carbon aerogel.
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1. Introduction

Carbon aerogels (CAs) have drawn much attentioeffastive physisorbents and as
components in other energy storage applicationh sscfuel cells because of their
abundant pores and favorable electrochemical ptiepdf. — 4]. Recently, one area of
significant interest involves the incorporationnoétal species into the CA framework
with the goal of modifying its structure and catedyactivity [5]. Metal-doped CAs
have shown an increased enthalpy of adsorptiomydrogen [2], and as such have
been investigated as a hydrogen storage mediumioBsty, an ion exchange method
has been used to uniformly incorporate metal ioie a CA matrix. This process
involves producing a potassium-doped hydrogel Mealiase catalysed polymerization
of an aqueous solution of formaldehyde and a potassalt. The potassium ions can
then be replaced with the desired metal ion viaesohange and the metal-doped
hydrogels can then be pyrolysed to generate a rdefsdd CA [6]. This metal doping
method, however, lacks the crucial step of actorathat results in the high surface
area and microporosity typical of CAs. For exampléas been shown that for pure
CAs, activation leads to a 53% increase in surtaea (from 1005 cifg’ to 1539
cm? g1) and a 31% increase in micropore volume (from @&ig™* to 0.71 cmig?)
[7]. The activation process for metal doped CAswsided as the high temperature
that is required results in significant growth dfet metal particles as well as
deposition of a graphitic coating on the metal ipka$, hindering access for gaseous
molecules such as hydrogen. Additionally, it is eMperience that the presence of
cobalt during activation greatly accelerates carlmss, in accord with previous

findings [8].



Our goal herein was to develop a new method thatidvallow us to maintain the
high surface area and microporosity of pure CAIstlalso incorporating a uniform
distribution of metallic cobalt particles.

2. Experimental

In this study, CAs were prepared from resorcingl (#8.0%), furfural (F) (99.0%),
and Hexamethylenetetramine (HMTA) (99.0%), thatevall obtained from Sigma
Aldrich Pty. Ltd., Australia. The bare CA synthepi®cedure is detailed in Ref. [7].
A 0.1 M cobalt solution was prepared from coball) (hcetate tetrahydrate
(CH;COO)Co0l4dH,0, reagent grade, Sigma Aldrich) in deionised wdtar the
coating process. The solution of cobalt acetate tvas added to the CA dropwise
and the resultant cobalt slurry was centrifugedifdw to load the metal ions into the
pores of the CA. The cobalt acetate solution was tlowed to evaporate from the
CA and the cobalt acetate now contained withinGewas decomposed at 6@in
flowing nitrogen (N flow rate = 1.5 L/min). Given the quantity and centration of
the cobalt acetate solution and the fact that & exaporated from the CA means that
the maximum possible cobalt loading within the GA7.2 wt.%. Following this
cobalt acetate decomposition step, the sample ethged under a gas flow (10% H
and 90% Ar) at 50 for 2 hr. In summary, the synthesis method inesiv(1)
synthesis of the organic gel; (2) the carbonisatibtine organic gel under flowing,N
(3) activation in flowing CQ (4) the loading of the CA with cobalt acetate solu
(5) the decomposition of cobalt acetate to cobslie under flowing M and: (6) the
reduction of cobalt oxide to cobalt under a flowidg/Ar mixture. The pure carbon
aerogel and the Co-doped CA will be referred tacCAsand CA-Co-I, respectively.
For comparison, a further Co doped sample was @ispared by the ion-exchange

method [6], which is referred to as CA-Co-Il. ThA-Co-ll sample was not activated



under flowing CQ, and was only carbonised at 800under a flowing nitrogen
atmosphere (Nflow rate = 1.5 L/min).

The decomposition of cobalt acetate within the C#swerified to reach completion
via TGA/DTA analysis performed on an SDT V3.0F (@P&hstrument under flowing
nitrogen. The X-ray diffraction (XRD) patterns weobtained from a Bruker D8
Advance to identify the crystalline phases presesitig a wave-length] = 0.15406
nm (CuKg) with a Lynx Eye area detector for rapid data extibn. TEM was
performed with a JOEL-2000FX microscope operating0d® kV. TEM Samples were
deposited onto carbon coated copper grids fromnethsuspensions. After synthesis
was complete all samples were evacuated aP@%f/ernight, and the hydrogen
uptake was evaluated over the pressure range OMP& at -198C and room
temperature (RT). Hydrogen sorption experimentsewgerformed in a Sieverts
manometric apparatus. For ambient temperaturesH#émemes equation of state [9]
was used following the method of McLennan and GfH3] to account for the
compressibility of hydrogen. FAr = -196'C, the NIST Standard Reference Database

Number 69 was used [11].

3. Results and discussion
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Fig. 1 DTA-TGA curves representing the decompositd (CH,COO),C04H,0O contained

within a CA (CA-Co-) at a heating rate of°@min™ in N,.

DTA/TGA results for the decomposition of cobalt tate contained within the CA
are presented in Fig. 1. These results show 9.20%s loss up to ~12C associated
with water loss. A further 17.20% mass loss ochesveen 1218 and 575.8C.
This second mass loss arises due to the decongpositithe cobalt acetate into cobalt
oxide via the intermediate compounds acetyl cola&ktate and cobalt acetate
hydroxide [12]. Finally, metallic Co is formed alpmwith unfavourable Co oxides.
Co30, is detected if the sample is pyrolysed in air, kgas CoO is found if the
sample is pyrolysed under a nitrogen atmospher¢ [h2the presence of excess
oxygen during pyrolysis, the CoO is oxidised atpenatures of 400 — 500°C forming

blue cobalt (11,111) oxide (CgO4) which has the spinel structure.
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Fig. 2 X-ray diffraction patterns for (a) Co—CA-after impregnation and decomposition of
cobalt acetate in flowing nitrogen at 6@0for 1 hr and (b) Co—CA-I after impregnation and
decomposition of cobalt acetate in flowing nitrogetiowed by reduction under flowing

H./Ar gas at 508C for 2 hrs.

Fig. 2 shows X-ray diffraction patterns for (agtcobalt doped CA (CA-Co-I) after

cobalt acetate decomposition under flowing nitrogend (b) after cobalt oxide



reduction under flowing HAr. XRD showed that the samples contain both oxide
phases, in addition to metallic cobalt. The diffrac peaks from Cs, and CoO
dominate the XRD pattern for the unreduced sam(plies 2a). The cobalt oxides can
be transformed into pure metallic cobalt by hydrogeduction as outlined below, and
as evidenced in Fig. 2b.

Co,0, +4H, [T - 3Co+4H,0(g) 1 1)
CoO+H, I - Co+H,0(g) 1

Fig. 3. TEM micrograph of a typical cobalt dopedbzan aerogel sample (CA-Co-I) (scale
bar in the figure is 100 nm) showing well dispersadoscaled particles with the sizes

between 2 and 8 nm (black dots).

A TEM micrograph of CA-Co-l is shown in Fig. 3,hwh displays metal-
containing particles well dispersed in the CA wpHrticles sizes between 2 and 8 nm.
The microstructure of the pure CA and its poresaan be seen in this image as an
interconnected bead structure analogous to thigfpafal aerogels prepared by Pekala
[1]. These beads are generally several nanometesize, and many micropores can
be found with pore sizes in the range of 1 - 2 detdrmined via a pixel counting
method using DigitalMicrograph software (Gatan, Ypavhich agree with small

angle X-ray scattering (SAXS) average pore sizesoregnents [7].



Hydrogen sorption measurements were performed tht to@m temperature and at
cryogenic temperature (-198), with results presented in Fig. 4. The densitie€A
and Co-doped CA were used as 1.8 g3camd 1.9 g cii in our measurements,
respectively. The mass for each sample is apprdrign@.5 g used to evaluate the
hydrogen uptake capacity. The hydrogen sorpticio@n temperature is much lower
than at -198C because physisorption is a function of van deaM/forces. For a low
pressure, the isotherm reduces to Henry’s law, /tiex coverage of hydrogen on the
carbon aerogels is proportional to the pressurewsly near-linear behaviour
between hydrogen uptake and equilibrium pressure.hlydrogen adsorption for CA-
Co-I displays a high level of hydrogen uptake (4/@3%) at -196C and 4.6 MPa.
The measured excess wt.% of hydrogen is much higlaerthat of metal-doped CAs
previously presented in the literature (2.1 wt.% @@—CA and 2.3 wt.% for Ni-CA)
[2]. The higher hydrogen storage capacity in the@A-I is attributed to the higher
surface area and large micropore volume obtainedubyefficient synthesis method.
However, the hydrogen uptake in CA-Co-l is appraatety 10% lower than the
uptake in pure CA as shown in Table 1. This phemmmes mainly related to the
decrease in micropore volume in the cobalt-dopetpss i.e. from 0.7 ciy™ for CA
to 0.6 cnig’ for CA-Co-I. There is a large decrease (~67%)ydrbgen uptake for
CA-Co-ll because of the large decrease in surfaga &7%) and micropore volume
(71%). This is because the potential field generdtg the micropore walls acts to
enhance the binding energy between hydrogen me&eand carbon adsorbent. The
decrease in the pore volume suggests that mepalticcles are filling the larger pores,
i.e. mesopores, which leads to a drop in the fooaé volume from 1.32 cig* for
pure CA to 0.70 cig™ for the CA-Co-I. There is a small decrease in opore

volume (~drop 7 %) which may be suggestive of aeke@f micropore blocking from



the cobalt particles. It is therefore suggested tudbalt acetate molecules mainly
diffuse into the bigger pores, instead of the npores. This is consistent with the
TEM results which show particle sizes larger tham? It is worth pointing out that
the micropore volume of the CA-Co-Il is dramatigdwer than that of the CA-Co-l,
although the total pore volume is actually largeant that of CA-Co-l. The high
surface area and large micropore volume associaidd cobalt doped CA-Co-I
suggests that samples synthesised with this metteydbe suitable for a variety of
applications including gas sorption and catalysie tb the high degree of control
during the synthesis method over surface area, poleme, dopant species and

dopant levels.
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Fig. 4 (a) Hydrogen uptake per unit surface area@3C and hydrogen sorption isotherms

of CA, CA-Co-l and CA-Co-ll at (b) -19€ and (c) room temperature (£3.

The hydrogen uptake per unit surface area of CAwshin Fig. 4a) is similar to that
for activated carbons. i.e. 1 wt.% for every 50%™of surface area [2], i.e. “Chahine

rule” [13]. It is worth noting that the hydrogentake per unit surface area of cobalt-



Table 1 The pore structure properties as deternbigetitrogen adsorption at -195.

Sample Surface arep  Total pore Micro-pore Max. H, (wt.%) Max. H,
Seer volume (cmg™) volume (-196°C) (Wt.%) per
(m'g’?) (g™ 500 nfg™
CA 2206 1.32+ 0.02 0.70+ 0.02 4.88 (4.6 MPa) 1.1
CA-Co-l 1667 0.70£0.01 0.60+ 0.01 4.38 (4.6 MPa) 1.3
CA-Co-ll 518 0.92+0.01 0.20+ 0.01 1.82 (3.8 MPa) 1.8

doped CAs is higher than that measured for the @&e(~1.1 wt.%). CA-Co-I

contains 1.3 wt.% KHand CA-Co-Il 1.8 wt.% bifor every 500 rfg” of surface area,
respectively. The results suggest that there eixitdractions between metallic
particles and carbon surface which give rise toaaobhd hydrogen adsorption
capacity. In the case of CA-Co-ll, this increaseteriaction strength comes with a
significant penalty to the surface area and, ultélya the total hydrogen uptake.
Previous hydrogen desorption measurements on pAraldCnot show hysteresis.
Additionally, Kabbouret al. [2] have shown that there is no hysteresis aasatiwith
hydrogen desorption in their cobalt and Ni dopedsCAs such we expect little or no
hysteresis to be associated with hydrogen desorftoon CA-Co-I. The method we
have used to dope carbon aerogels is actually depéron the carbon aerogels
having mesoporosity. Activated carbons are typycalinost completely microporous
(pore size < 2 nm) [14]. Hence, the size of soldatebalt acetate tetrahydrate
molecules is typically too large to fit into most these pores (~13.5 A by our
calculations) and any cobalt particles formed wdwdexternal to the pore structure.
Having the cobalt particles within the pore struetwill take advantage of the high
surface area for catalytic applications and gasmaden. Producing cobalt within the
smaller pores of activated carbon would be depanaierfinding a reagent that has a
smaller solvation size yet can still be reducedkiiaametallic cobalt. On the basis of
our results, the flexibility of chemistry synthesepproaches allows for the

incorporation of metal dopants into a porous carbmairix to enhance hydrogen



uptake in Co doped CA with respect to unit surfacea or micropore volume.
However, whether the adsorption mechanism is dusuttace heterogeneity, to the
interaction among adsorbed molecules, or to therastion between hydrogen
molecules and metallic particles is yet to be deiteed from our measurements.
Research is now in progress to clarify the rolenetallic particles during hydrogen

adsorption, e.g. the effects of metal dopants erhgat of adsorption.

4. Conclusions

In this communication, metal doped CA with metatiobalt particles between 2 and
8 nm were prepared by a wet-thin layer coating weibf cobalt acetate followed by
decomposition at 66C under a nitrogen atmosphere and reducing atG0@der a
hydrogen atmosphere. After synthesis was complebégla hydrogen uptake was
obtained (~4.38 wt.%) at 4.6 MPa and -X®6 which is greater than twice the
adsorption measured for Co-doped CA derived fromicemexchange method. A
hydrogen uptake of 0.47 wt.% can be achieved atMP# and 2%C. The results
demonstrate that this new method of metal-dopeds@ahesis results in high surface
area samples with large micropore volumes thabareficial to hydrogen sorption.
An enhanced hydrogen uptake with 15% increase ftdmwt.% for every 500 fg™
of surface area can be obtained in the metallieddpA with respect to unit surface

area.
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