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Abstract: Conversion of biomass-derived molecules involves
catalytic reactions under harsh conditions in the liquid phase
(e.g., temperatures of 250 88C and possibly under either acidic or
basic conditions). Conventional oxide-supported catalysts
undergo pore structure collapse and surface area reduction
leading to deactivation under these conditions. Here we
demonstrate an approach to deposit graphitic carbon to protect
the oxide surface. The heterogeneous catalysts supported on the
graphitic carbon/oxide composite exhibit excellent stability
(even under acidic conditions) for biomass conversion reac-
tions.

Biomass-derived molecules are sustainable feedstocks for
fuels, chemicals, and materials that need to be processed
under varying aqueous phase conditions, including high
temperatures and pressures as well as variable acidic, neutral,
and basic media.[1] When used in a packed-bed reactor, the
catalyst must be appropriately shaped to promote efficient
mass transfer and minimize the pressure drop. While carbon is
a suitable support for biorenewable conversions, it is difficult
to prepare pelletized carbon materials with high mechanical
stability.[2] On the other hand, oxide supports are available in
a variety of sizes and shapes and possess excellent mechanical
stability, making them suitable for large-scale industrial
applications. However, oxide supports undergo structural
collapse and phase transformation,[3] leading to deactivation
in liquid phase reactions for biomass conversion, even at a pH
of 7.[4]

One recent approach used for improving hydrothermal
stability is to deposit pyrolyzed sugars on the oxide.[5] The

stability of these materials has been investigated under static
conditions in an autoclave. We have found that these
materials may not be suitable for use under harsh aqueous-
phase conditions in a continuous fixed-bed reactor, because
the carbon may be leached from the material leading to
catalyst deactivation (see the Supporting Information (SI),
Figures S1 and S2). The oxygen-containing carbonaceous
species derived from sugars or other biomass-derived com-
pounds may be reactive and undergo reactions in the presence
of liquid water and the metal catalyst at elevated temper-
atures. We have also found that the pyrolyzed sugars may not
survive under strongly acidic or basic conditions, both of
which are important for biomass conversions. A more stable
form of carbon is needed for the harsh conditions necessitated
by reactions in biomass conversion.[6]

Here, we report the synthesis of graphitic carbon on
oxides by chemical vapor deposition (CVD). This approach is
applicable for the preparation of graphitic carbon on pellet-
ized oxide supports. Because g-Al2O3 is a versatile and widely
used support, possessing high surface area and mechanical
stability in pelletized form, we have used it as an example to
demonstrate the applicability of our approach. The graphitic
carbon/alumina composite (gc-Al2O3) was prepared by CVD
at 900 88C using CH4 as the reactant (Scheme 1). The decom-
position time of CH4 varied from 0.5–6 h, and the relative
carbon loadings for the gc-Al2O3 ranged from 6.4-45.2 wt%
(Table S1). When the decomposition time of CH4 is > 6 h, the
surface area of the obtained gc-Al2O3 composite is signifi-
cantly decreased, indicating pore blockage by carbon.

The graphitic carbon layer is more stable than carbon
deposited from the pyrolysis of sugars. In flowing air, the

Scheme 1. Preparation of graphitic carbon/oxide composites that is
applicable to powders as well as pellets.
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carbon on the gc-Al2O3 becomes oxidized at ca. 500 88C
compared to 250 88C for pyrolytic carbon (SI). Figure S3 shows
the TGA profiles of the g-Al2O3 and gc-Al2O3 composites in
a flow of air. Table S2 presents a summary of the temperature
at which the gc-Al2O3 is lost. The oxidation temperature of
the gc-Al2O3 shifted to a higher temperature as the carbon
content was increased, indicating that the gc-Al2O3 with
a high carbon loading was more difficult to oxidize.

The hydrothermal stability of the alumina, with and
without the graphitic carbon coating, was assessed in an
autoclave using water under static conditions at 220 88C and
autogenic pressure for 12 h. The phase compositions of the g-
Al2O3 and gc-Al2O3 before hydrothermal treatment are
shown in Figure 1a. As seen in this Figure, the increase of

the CH4 deposition time leads to the growth of a diffraction
peak centered at 2488, whereas the other diffraction peaks
corresponding to g-Al2O3 do not change. The diffraction peak
at 2488 corresponds to graphitic carbon. After the g-Al2O3 was
treated in liquid water at 220 88C for 12 h, the XRD pattern of
g-Al2O3 shows well-defined diffraction peaks of the boehmite
phase (Figure S5), indicating that the alumina has reacted
with water. For the gc-Al2O3 composites, the XRD patterns of
the gc-Al2O3 with low carbon loadings showed weak diffrac-
tion peaks of boehmite after treatment, whereas no significant

change was found in the XRD pattern of gc-Al2O3 with high
carbon loadings after treatment (Figure S5). These results
indicate that the deposition of graphitic carbon onto g-Al2O3

can effectively improve the stability of g-Al2O3 in liquid water
at elevated temperatures. The N2 physisorption data of the g-
Al2O3 and gc-Al2O3 before and after the treatment are shown
in Table S1 and Figure 1. The total pore volume decreased as
the carbon loading was increased, resulting in surface areas
ranging from 77–130 m2 g¢1. When the uncoated g-Al2O3 was
treated in static water at 220 88C for 12 h, the surface area
decreased by 80% and the total pore volume decreased by
90% (Figure 1). The gc-Al2O3 (gc-Al2O3-4 and gc-Al2O3-6)
showed no significant decrease in surface area, pore volume
and average pore size after treatment as compared to the
catalyst before treatment. The surface areas of gc-Al2O3 with
low carbon loadings increased dramatically after hydrother-
mal treatment. This behavior is attributed to a partial
structural change of the gc-Al2O3, revealed by the XRD
results. These results show that the gc-Al2O3 materials with
high carbon loadings have superior hydrothermal stability
compared to g-Al2O3 in static liquid water at elevated
temperatures.

The SEM images of g-Al2O3 and gc-Al2O3 with the highest
carbon loading (gc-Al2O3-6) are shown in Figures 2 and S6.
The SEM image of g-Al2O3 shows a spherical morphology
(Figure 2) which is preserved after carbon deposition in the
gc-Al2O3 (gc-Al2O3-6).

We acquired elemental carbon maps by energy-filtered
transmission electron microscopy (EFTEM) to investigate
the nanoscale distribution of carbon species on the gc-Al2O3-6
sample. Figure 3 shows the bright field TEM image (a), the
carbon K-edge EFTEM image (b), and the oxygen K-edge
EFTEM image (c). The bright-red regions in Figure 3b
indicate that carbon is deposited uniformly on the oxide
support. Images of other carbon containing samples are

Figure 1. XRD patterns of a) gc-Al2O3 with different deposition time of
CH4 ; b) the ratios after hydrothermal treatment to before hydrothermal
treatment (expressed as%) of surface area, total pore volume, and
average particle sizes for g-Al2O3 and gc-Al2O3.

Figure 2. SEM images of a) g-Al2O3 ; b) gc-Al2O3-6.

Figure 3. TEM and energy-filtered TEM (EFTEM) images of gc-Al2O3-6:
a) TEM image; b) elemental carbon map; c) elemental oxygen map.
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shown in Figure S7. In Figure 3b, the underlying holey carbon
film shows a lower intensity than the graphitic carbon,
whereas images of samples with lower loading (Figure S7)
show the carbon film having higher contrast.

Raman spectroscopy was used to determine the type of
carbon, degree of structural ordering, and the presence of
defects in the carbon materials.[7] An optical micrograph of gc-
Al2O3 (gc-Al2O3-6, Figure 4 a) shows similar spherical mor-

phology to that observed by SEM (Figure 2). A Raman
spectroscopy mapping corresponding to the square in Fig-
ure 4a is shown in Figure 4b. Graphitic carbon formed on the
g-Al2O3 is indicated in yellow. The centers of some particles
appear to show lower intensity in Figure 4 b, but the higher
magnification view in Figure 4d confirms the presence of
carbon uniformly throughout the alumina spheres. The
Raman spectrum obtained from the gc-Al2O3 (Figure 4c,
curve 1) shows two peaks located at 1350 and 1590 cm¢1,
whereas pyrolyzed carbon on alumina or blank alumina show
no such features (Figure 4c, curves 2 and 3). The first peak at
ca. 1350 cm¢1 corresponds to the disorder-induced band (D-
band), the second peak at about 1590 cm¢1 corresponds to the
tangential band (G-band).[8] The peaks were deconvoluted
and the IG/ID ratio of gc-Al2O3-6 is 0.71, indicating that the
carbon overlayer is highly graphitized.[9] Both the overview
and cross section maps show that graphitic carbon is dispersed
on the surface of g-Al2O3 (Figures 4b and S8). A high
magnification 3D image of the sample is shown in Figure 4d.
This Figure is a composite of the 2D images acquired from the
surface of the particle, and then focusing progressively on

sections below the surface (in increments of 10 nm). The
image shows domains of 0.1–0.4 mm, which correspond to
graphitic carbon uniformly dispersed on the alumina surface
(Figure 4d).

High-resolution transmission electron microscopy
(HRTEM) was used to investigate the morphology and
distribution of the graphitic carbon species on the g-Al2O3.
The representative HRTEM images are shown in Figures 5

and S9. We found that the presence of lattice fringes with d-
spacing of 1.8 and 2.5 è correspond to g-Al2O3, whereas the
3.4 è lattice fringe corresponds to the (002) planes of
graphitic carbon.[10] The graphitic carbon can be seen to
cover the alumina surface. Furthermore, the number of the
graphitic carbon layers on the gc-Al2O3-6 was calculated and
it is in agreement with the TEM observation (SI).

Two biomass-related reactions were used as model
reactions to demonstrate the stability of heterogeneous
catalysts under harsh, aqueous-phase conditions when using
the graphitic carbon/Al2O3 composite as a support. The
stability of the gc-Al2O3 supported Pt catalyst (1 wt % Pt
loading) was investigated in neutral conditions for aqueous-
phase reforming (APR) of ethylene glycol (EG) at 250 88C and
70 bar. The catalytic activity as a function of time on stream
for Pt/g-Al2O3 and Pt/gc-Al2O3 catalysts is shown in Figure 6.
As can be seen, the Pt/gc-Al2O3 catalyst showed a two-fold
higher activity than Pt/g-Al2O3 for APR of EG. ICP-OES
results showed that Pt and Al were detected in the liquid
phase product, indicating that catalyst leaching was occurring
for the Pt/g-Al2O3 catalyst during the first 250 h of the run. No
Pt or Al was found with the Pt/gc-Al2O3 catalyst. The XRD
results of the spent Pt/g-Al2O3 catalyst showed that the g-
Al2O3 phase was completely converted to boehmite, whereas
the gc-Al2O3 did not change under APR reaction conditions
(Figure S10). The STEM images of the Pt catalysts before and
after reaction showed that the Pt particles on the Pt/g-Al2O3

catalyst increased in size after reaction (Figures 6d and S11),
while the Pt particles did not change significantly for the Pt/
gc-Al2O3 catalyst. Thus, the deactivation of the Pt/g-Al2O3

catalyst can be attributed to Pt sintering and catalyst leaching,
which is caused by the alumina reacting with liquid water,
whereas the Pt/gc-Al2O3 catalyst was stable and maintained

Figure 4. Raman spectroscopy mapping and spectra of gc-Al2O3-6
prepared by chemical vapor deposition: a) Optical micrograph of the
gc-alumina sample; b) Raman spectroscopy map of the region marked
in the box in (a); c) Raman spectrum of the gc-alumina (1), uncoated
alumina (2), and 10% carbon on alumina deposited via pyrolysis of
sugars (3); d) high-magnification view showing a composite of 10 nm
sections of a spherical particle showing uniform distribution of carbon.

Figure 5. High-resolution TEM image of gc-Al2O3.
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high activity at the high pressure and temperature encoun-
tered during APR.

The hydrothermal stability of the gc-Al2O3-supported Ru
catalyst (5 wt % Ru loading) was also investigated under
acidic conditions during lactic acid hydrogenation in the
aqueous phase (Figure 7). The Ru/gc-Al2O3 was stable during
the run, whereas the Ru/g-Al2O3 catalyst exhibited deactiva-
tion during the first 40 h of reaction, after which the catalyst
appeared to be stable. Similar catalytic behavior was also
observed on Ru/g-Al2O3 and Ru/gc-Al2O3 with 1 wt % Ru
loading (Figure S12). STEM images for the spent catalyst
showed that for the Ru/g-Al2O3 catalyst, not only did the g-
Al2O3 transform into boehmite, but the Ru particles also
increased in size (circles in Figure 7c). However, the Ru
particles on the Ru/gc-Al2O3 catalyst maintained their high
dispersion with Ru particle size of 1–3 nm. Thus, the gc-Al2O3

supported Ru catalyst exhibits superior hydrothermal stabil-
ity under acidic, aqueous-phase conditions.

In summary, we have developed a method to deposit
graphitic carbon layers on oxide surfaces by chemical vapor
deposition that allows these materials to be used as hetero-
geneous catalysts that are able to withstand severe hydro-
thermal conditions in liquid water under both neutral and
acidic conditions. While the improved hydrothermal stability
of amorphous, pyrolytic carbon-coated alumina has been
demonstrated previously, such amorphous carbon is reactive
and susceptible to hydrolytic attack in the presence of the
active catalyst phase. In contrast, graphitic carbon is less
reactive and is better able to withstand the harsh conditions
that are encountered during the conversion of biorenewables.
The deposition of graphitic carbon through vapor phase
routes allows deposition within preformed structures as
shown in Scheme 1, in which pellets of alumina were coated
with carbon. The CVD approach presented here allows
modification of the vast library of preformed oxide-based

Figure 6. a) Catalyst activity as a function of time on stream for Pt
catalysts for aqueous-phase reforming of ethylene glycol (EG) at 250 88C
and 70 bar; b) elemental Pt and Al concentrations in the solutions
collected during aqueous-phase reforming of ethylene glycol (2 wt%
EG/H2O); c) STEM image of fresh Pt/g-Al2O3 ; d) STEM image of spent
Pt/g-Al2O3 after APR reaction; e) STEM image of fresh Pt/gc-Al2O3 ;
f) STEM image of spent Pt/gc-Al2O3 after APR reaction.

Figure 7. a) Specific propylene glycol formation rate as a function of
time on stream for two Ru catalysts (5 wt % Ru) in liquid phase
hydrogenation of lactic acid (LA) to propylene glycol (PG) at 120 88C
and 500 psi (5 wt% LA/H2O); b) STEM image of fresh Ru/g-Al2O3 ;
c) STEM image of spent Ru/g-Al2O3 after liquid phase hydrogenation;
d) STEM image of fresh Ru/gc-Al2O3 ; e) STEM image of spent Ru/gc-
Al2O3 after liquid phase hydrogenation.
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supports with appropriate pore structure and external shapes
that are already commercially available. By depositing
graphitic carbon, we can tailor these supports for biomass
conversion and upgrading, especially for use in packed-bed
reactors, for which suitable pore structure and mechanical
strength is desired.
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