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Colloidal solutions of ZnO-Cu nanoparticles can be used as cata-
lysts for the reduction of carbon dioxide with hydrogen. The use of
phosphinate ligands for the synthesis of the nanoparticles from
organometallic precursors improves the reductive stability and
catalytic activity of the system.

The use of carbon dioxide as a raw material is desirable to add
value to waste carbon dioxide streams and to exploit a renewable
C; building block." The development of liquid fuels based on CO,
reduction, coupled with suitable renewable or off-peak energy
sources, is an attractive means to lower dependence on oil reserves
and mitigate climate change without requiring the additional land
usage and environmental impacts of biofuels. One such liquid
fuel is methanol, produced by the reaction between carbon dioxide
and hydrogen.'®* Methanol is already used as a clean burning
liquid transport fuel and can be blended with gasoline providing
an attractive ‘drop-in’ substitute with existing fuel infrastructures,
as has been successfully implemented in China.'®*

Methanol can be efficiently produced from CO,-H, gas mixtures
using heterogeneous Cu/ZnO/Al,O; and various process/pilot studies
exemplify this concept.’®®* Although, these ternary catalysts
are more commonly applied for methanol synthesis from syn-gas
(CO, H,, CO,), both isotopic labelling and modelling studies have
suggested that the methanol derives from the CO, in the syn-gas,
leading some authors to propose a direct carbon dioxide hydrogena-
tion mechanism.”> Recent studies of these syn-gas heterogeneous
catalysts have shown that the relative loadings of ZnO:Cu and the
interface between them are key features to control in order to
maximise activity.® Such catalysts are synthesized via high tempera-
ture co-precipitation methods, the formation of zincian malachite,
and subsequent reductions.**” Such methods limit both the degree
of ZnO/Cu size control, because of the high temperatures required,
and the relative loadings, due to the intrinsic thermodynamic
stabilities of the minerals. Recently, Tsang et al., described an

“ Department of Chemistry, Imperial College London, London.
E-mail: c.k.williams@imperial.ac.uk, m.shaffer@imperial.ac.uk
b Department of Chemical Engineering, Imperial College London, London
T Electronic supplementary information (ESI) available. See DOI: 10.1039/c3cc46203]

11074 \ Chem. Commun., 2013, 49, 11074-11076

nanocatalysts for CO, hydrogenation to methanolt

N. J. Brown,? J. Weiner,? K. Hellgardt,° M. S. P. Shaffer*® and C. K. Williams*?

alternative catalyst preparation, whereby isolated nanoparticles of
ZnO and Cu are ground together to yield highly active hetero-
geneous catalysts for carbon dioxide hydrogenation.” These pro-
mising results highlight the potential for nanoparticle syntheses
able to control, on the nanometre scale, the size and composition
of the Cu and ZnO components. So far, the catalysts tested for CO,
hydrogenation to methanol have been heterogeneous species,
however, in the area of CO hydrogenation (syn-gas) to methanol,
recent reports have highlighted the potential utility of colloidal
solutions/suspensions of nanoparticles, generated under elevated
temperatures/pressures and stabilised using excess surfactants.®

Here, a series of new colloidal ZnO and Cu nanopatrticle catalysts,
coordinated by stearate and phosphinate ligands, are prepared using
low quantities (sub-stoichiometric vs. Zn/Cu) of capping ligands, in
order to maximise accessibility for reagents and catalyst components
to the nanoparticle surfaces. The active catalyst is prepared by simply
mixing solutions of ZnO and Cu nanoparticles; the approach avoids
pre-reduction steps/catalyst conditioning and enables facile control
of the catalyst compositions (ZnO: Cu). One potential disadvantage
is that the approach may limit the direct interface between the two
phases; on the other hand, it should allow for dynamic particle
collision/contact and potentially self-assembly in situ.

The soluble ZnO nanoparticles were prepared by hydrolysing a
mixture of Et,Zn, with sub-stoichiometric quantities of an inorganic
zinc complex, e.g. Zn(O,CR),, where R = stearate.” Zn(O,CR),, is
stable to hydrolysis, due to its lower pK, value, and therefore serves
as a covalent ligand for the ZnO nanoparticle surfaces, without the
need for excess free surfactant. This synthesis yielded crystalline
ZnO nanoparticles,” capped with stearate groups, with sizes 3-4 nm.
The nanoparticles show good solubility in solvents such as toluene,
ethers and alcohols. Copper nanoparticles have been primarily
synthesised by the reduction of inorganic copper(u) salts (CuSO,),
with hydrazine hydrate, in the presence of an excess of a neutral
coordinating surfactant such as an alkyl-amine.'® However, copper
nanoparticles directly coordinated by anionic ligands ought to be
more stable than surfactant stabilised species. Therefore, copper
nanoparticles, with stearate ligands were formed by the reaction of
Cu(stearate),, in squalane solution at 60 °C, with two equivalents
of hydrazine, dissolved in THF. The resulting deep red solutions of
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copper nanoparticles were stable, under a nitrogen atmosphere, for
weeks without any noticeable degradation, as evidenced by UV-Vis
and visual inspection (>8 weeks). UV-Vis spectroscopy confirmed the
formation of <10 nm sized copper nanoparticles, as a surface
plasmon band was clearly observed at 580 nm (Fig. S1, ESIT).'*"
TGA confirmed the presence of the stearate ligand, with ~90%
mass loss between 200 and 300 °C (Fig. S2, ESI}) corresponding to
the expected particle composition (Cu = 12.5%, see ESIf). The TEM
images of the nanoparticles (Fig. S3, ESIT) showed that most
of the particles were very small (diameters <10 nm, mean
5.3 nm =+ 0.5 nm, although very small sub-nm clusters may not be
included) and were well dispersed (see ESIT for more information
on Cu particle size determination using DLS, Fig. S17, ESIT).

Mixtures of the stearate-capped ZnO and Cu nanoparticles,
dissolved in squalane, were applied as catalysts for the reaction of
carbon dioxide and hydrogen reaction. The catalyst solutions were
tested at 50 bar (3:1 H,:CO,) and 523 K, under continuous gas
flows of 166 STP mL min . The reaction was highly selective: the
major product being methanol and the only by-product was a small
amount of carbon monoxide (1-3 pmol h™*). Using either ZnO or Cu
nanoparticles on their own led to very low activities, an efficient
catalyst was only formed by mixing the two components together
(Table 1, catalyst system 1). The catalysts all showed activation
periods of approximately 2 hours (at which point the peak activity
is reported). The catalysts were benchmarked against an activated
commercial Cu/ZnO/AlL,Oj catalyst, suspended in squalane (see ESLT
for activation details). The stearate capped nanoparticle catalysts
show lower activities than the ternary control, though it’'s worth
noting that the optimum composition of 65:35 ZnO: Cu (w/w) has
less copper than typically ternary systems.

Although promising activities were exhibited, the post-reaction
solution contained significant quantities of a red precipitate,
which became green on isolation and exposure to air. These
observations suggested that the catalyst structures were changing
during the reaction and, indeed, TEM analysis of the isolated,
post-reaction red particles, showed ripening of both the ZnO and
Cu nanoparticles, with average particle diameters increasing from
1-5 nm, to 10-30 nm (Fig. S5, ESIf). This ripening was also
accompanied by a loss of methanol activity. Control experiments
using only stearate-capped zinc oxide exposed to hydrogen gas
(30 bar H,, 473 K, 75 mL min "), showed increased particle

Table 1 Catalytic activities of the stearate-capped ZnO and Cu nanoparticles for
methanol production, at different proportions, by weight, of ZnO: Cu

Catalyst system” ZnO: Cu (w/w)” Activity’/umol g™ h™*

Ternary reference® 35:65 7371
Cu(0)(stearate) 0:100 <1
ZnO (stearate) 100:0 <1
1 25:75 3201
1 35:65 5611
1 50:50 4931
1 65:35 6275
1 75:25 2728

“ Reaction conditions: 523 K, 50 bar (3:1, H,:CO,), in squalane, at a
fixed total volume of 104 mL, a total gas flow of 166 mL min~", over
16 h. ? See ESI for calculations. © Alfa Aesar ternary methanol synthesis
catalyst (product code: 45 776), comprising (by weight) 25% ZnO, 65%
CuO, 10% Al,0; and MgO (i.e. 35: 65, ZnO: Cu). The catalyst is activated

as per the method described in the ESI.
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agglomeration (Fig. S6, ESIT). Furthermore, mass spectrometry
analysis enabled detection of long-chain alcohol products,
consistent with reduction of the stearate functionalities. Thus
an alternative capping ligand is needed with greater reductive
stability. Dialkyl phosphinates potentially satisfy this require-
ment, whilst maintaining the same overall anionic charge and
related coordination modes. Furthermore, the two alkyl groups
may improve nanoparticle solubility compared to the single
chain of a carboxylate. Additionally, there is precedent for dialkyl
phosphinic acids being used as surfactants in the synthesis of
CdSe nanoparticles, which also crystallize in wurtzite forms."?
However, there are not yet any reports of di(alkyl)phosphinate-
capped ZnO nanoparticles.

The low temperature organometallic synthesis route was
modified to prepare a series of ZnO nanoparticles, capped with
di(octyl)phosphinate moieties. The nanoparticles produced by
this route were similar to the stearate capped ZnO nanoparticles
(by ATR-IR, UV-Vis spectroscopy, microscopy, TGA and XRD, see
ESIT for details) and were also soluble in organic solvents, such
as toluene (16 g L™, 298 K). They were sufficiently soluble as to
enable analysis by NMR spectroscopy. The *'P{"H}NMR spec-
trum, in CD,Cl,, shows a single resonance at 57 ppm (Fig. S11,
ESIY), shifted vs. free dioctyl phosphinic acid (60 ppm) and zinc
bis(di(octyl)phosphinate) (52 ppm); VI-NMR studies (LT) did
not change the resonance. The NMR data indicate that the
phosphinate groups are coordinated to the zinc oxide surface.
The TGA data indicate that a full monolayer of phosphinate
binds to the surface (see ESIf for details).’ The relatively large
size and cone angle of this ligand, together with IR spectro-
scopic data (Fig. S7, ESIT), suggest that a significant proportion
of the surface zinc atoms are -OH terminated, and are therefore
available as catalytic sites. As hoped, the phosphinate ligated
ZnO nanoparticles were much more stable (TEM, Fig. S13, ESIT)
than the stearate-capped analogues (Fig. S6, ESIf) when exposed
to hydrogen gas (30 bar H,, 488 K, 2 h).

The catalytic activities of these di(octyl)phosphinate-capped
zinc oxide nanoparticles, mixed with stearate-capped copper
nanoparticles, were higher than the stearate-capped analogues,
regardless of the composition of the mixture. Once again, the
optimum composition corresponded to a 65 :35, ZnO: Cu ratio
(Table 2). At this loading, the activity of phosphinate-capped
ZnO exceed by ~3 times those for either the stearate-capped
ZnO nanoparticles or the ternary catalysts (Fig. S16, ESIT).

Next, the best catalyst system was examined before and after
reaction (Table 2, entry 3). In contrast to the experiments using
the stearate-capped ZnO nanoparticles, the post-reaction mixture
using the di(octyl)phosphinate-capped ZnO catalysts remained a
clear red solution (Fig. 1). The UV-Vis spectrum (toluene) showed
characteristic absorptions for both ZnO (<400 nm) and Cu
(580 nm) nanoparticles (Fig. S14, ESIT). This solution was poured
into acetone (a non-solvent for both ZnO and Cu nanoparticles)
to obtain an air-sensitive, red powder precipitate which was
isolated by centrifugation. XRD analysis of this powder showed
that both wurtzite ZnO and metallic Cu are present (Fig. S15,
ESIt). There is also a broad peak at ~10-20° which is assigned to
the organic ligands (di(octyl)phosphinate and stearate) and/or
residual squalane. The TEM analysis showed the formation of new,
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Table 2 Catalytic activities of the di(octyl)phosphinate capped ZnO and stearate-
capped Cu nanoparticles for methanol production, at different proportions, by
weight, of ZnO/Cu

Catalyst system* ZnO: Cu (w/w)* Activity’/umol g~ h™*

Ternary reference” 35:65 7371
2 50:50 8584
2 65:35 20356
2 75:25 6942
3 65:35 1742
4 65:35 3578

2 = zinc oxide with di(octyl)phosphinate and copper with stearate capping
ligands. 3 = zinc oxide and copper both with di(octyl)phosphinate capping
ligands. 4 = zinc oxide with stearate and copper with di(octyl)phosphinate
capping ligands. ¢ See Table 1.

Fig. 1 LHS: TEM image of particles isolated from catalyst 2 (Table 2, entry 3),
comprising an initial loading of ZnO: Cu of 65:35 (w/w). The highlighted areas
illustrate the possible formation of nanostructures between the ZnO and copper
particles (Fig. S18, ESIT). RHS (top) shows a HR-TEM image. RHS (bottom) shows a
photograph of the red solution obtained after the reaction with no catalyst
precipitation observed.

discrete nanostructures. The only limited particle agglomeration
(Fig. 1 and Fig. S18, ESIf) may be partly related to sample
preparation effects. The HR-TEM image shows zinc oxide nano-
particles, in intimate contact with Cu,O particles (as identified
by lattice spacings); the oxidation of the active copper metal
likely occurred through air exposure on the TEM grid. The TEM
image shows distinctive nanostructures (marked) which appear
to combine one or two pyramidal ZnO particles with a small,
equiaxiated copper (oxide) particle (the speciation is inferred
from the HR-TEM analysis). Schimpf et al., reported the forma-
tion of related, though distinct, ‘bow-tie’ nanostructures from
ZnO/Cu catalysts used for syn-gas to methanol catalysts. The
apparent presence of related nano-structures in both reactions
may point to common catalyst species.®®

Other permutations of the ligand systems were less success-
ful. Using di(octyl)phosphinate capping ligands for both zinc
oxide and copper nanoparticles reduced the catalytic activity to
only ~8% of the best system (Table 2, entry 5). Furthermore,
using a catalyst formed by adding stearate-capped zinc oxide to
di(octyl)phosphinate-stabilised Cu also reduced activity to just
~17% of the best system (Table 2, entry 6). These findings are
consistent with the need to form an interface between the ZnO
and Cu nanoparticles to produce high activity catalysts. Thus,
when the organic ligands on the copper are too stable (with
phosphinate), the copper cannot be deposited on the ZnO
surface, conversely, when the ZnO is unstable (with stearate),
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ripening prevents the formation of a high concentration of the
critical ZnO/Cu interface.

The organometallic approach to nanoparticle preparation
provides a simple and versatile means of preparing fine struc-
tured colloidal catalysts with different compositions, sizes and
geometries to conventional systems, whilst avoiding excess
free ligand/surfactant in solution. The approach can provide
strongly-bound stabilising ligands whilst retaining surface activity.
The promising initial activity observed for CO, reduction is
encouraging, and should motivate further studies of a broad
range of related systems and reactions.
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