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A B S T R A C T

A one pot catalytic system which involves Cu and an alkoxide co-catalyst has been used for methanol (MeOH)
synthesis at low temperature. Up to about 92% syngas conversion per pass and more than 90% selectivity to
MeOH (the rest is methyl formate) was obtained depending on the amount of catalyst employed at 100 °C and
20 bar syngas pressure. Low temperature methanol synthesis presents a good alternative to current technology
for methanol production since the former is thermodynamically favored and gives a high yield per pass. Cu
particles sized around 10 ± 5 nm were found to be involved in the catalytic process. Cu nanoparticles of in-
creasing size was synthesized by varying temperature. However, methanol production decreased with increasing
Cu nanoparticle size. Moreover, the maximum conversion at the end of each successive batch declined as a
function of the number of cycles performed. Decrease in catalyst activity corresponded to Cu nanoparticle
densification, suggesting agglomeration to be a major catalyst deactivation pathway.

1. Introduction

Methanol (MeOH) has been identified as a potential multipurpose
molecule for energy and CO2 storage [1]. It stores both carbon and
hydrogen in the liquid form, it is readily transportable and it serves as a
base chemical for direct conversion into light olefins, gasoline and
hydrocarbons over acidic zeolites [2], thereby providing an alternative
to today’s fossil energy sources and petrochemical feedstocks.

MeOH is currently synthesized from syngas (made up of CO/CO2/
H2) over Cu/ZnO/Al2O3 catalysts, which operate at 250 °C and
70–100 bar of pressure [3,4]. Though this technology is highly opti-
mized, it is capital intensive and syngas conversion per pass is ther-
modynamically limited. This is because conversion of syngas to me-
thanol is an exothermic reaction (Eq. (1)) and lower temperature is
required to achieve full conversion per pass. Furthermore, syngas pro-
duction accounts for more than half of the total capital cost in current
methanol processes [5]. Complete syngas conversion per pass will allow
use of air instead of pure oxygen in the syngas section of the methanol
process. This will significantly reduce the overall cost in methanol
synthesis. Hence, there is a need for low temperature methanol synth-
esis catalysts.

+ ↔ = −CO 2H CH OH Δ H 90.6kJ/mol2 3 (1)

A low temperature methanol synthesis (LTMS) reaction was iden-
tified by Christiansen in 1919 [6], which presented the possibility of
almost full syngas conversion to MeOH per pass at low temperature

(120 °C) conditions. This approach is known to involve firstly, carbo-
nylation of methanol to form methyl formate (MF) and secondly, MF
hydrogenolysis to form MeOH as indicated in Eqs. (2) and (3), leading
to Eq. (1) as the overall reaction.

+ ↔CO CH OH HCOOCH3 3 (2)

+ ↔HCOOCH 2H 2CH OH3 2 3 (3)

It is suggested that alkali metal promotes alcohol (methanol) car-
bonylation by forming metal alkoxide which has an increased electron
density on their oxygen compared to the oxygen on alcohols [7]. The
hydrogenolysis of the MF is suggested to occur via a formaldehyde
intermediate [8] and subsequent reduction to form MeOH.

Catalyst systems reported in previous works for the carbonylation
and hydrogenolysis steps of the LTMS reaction are a combination of an
alkali-metal, an alcohol solvent and a transition-metal compound.
Various Ni-based compounds such as Ni(CO)4 and Ni(OCOCH3)2 in
combination with alkali-metal alkoxide co-catalysts have been shown to
be very active for syngas conversion between 80 to 120 °C and 10 to
50 bar [9,10]. However, the metal alkoxide component of the catalyst
forms a stable hydroxide when in contact with water, and therefore
brings the reaction to a halt. Furthermore, the tetracarbonyl nickel [10]
complex is volatile and highly toxic [11], and therefore poses a po-
tential handling risk on an industrial scale.

Copper-based materials have also been reported to be active me-
thanol synthesis catalysts at 80–120 °C and 10–20 bar pressure. Raney
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copper, copper on silica support, copper chromate as well as copper
alkoxide are among the identified copper-based materials, though these
are not as efficient as Ni [12–14]. The copper chromate catalyst seems
to be most widely used. An enhanced catalytic activity is observed
when physical mixture of CuO/Cr2O3 catalyst is milled by creating
lattice defects leading to an increased surface area. [14,15].

We have focused on the copper alkoxide LTMS system. We could
show that Raney copper works well as a LTMS hydrogenolysis catalyst
[13]. Subsequently we reported the catalytic behavior of a Cu(OCH3)2/
NaH/CH3OH catalyst system. This catalyst system exhibited 75%
syngas conversion at 120 °C and 20 bar, showing however linear cata-
lyst deactivation when syngas was charged multiple times [16]. In
order to optimize this catalyst system, there is a need to characterize it
and gain insight into the gradual catalyst activity decline.

In this work, we report Cu nanoparticles to be involved in the LTMS
reaction. We present a simple method of making Cu nanoparticles
which catalyze methanol synthesis at 100 °C and investigate the effect
of Cu particle size on this reaction. Finally we characterized the catalyst
after repeated test cycles.

2. Experimental section

2.1. Materials and experimental setup

Copper (II) acetate (Cu[OAc]2, 98%), dry sodium hydride
(NaH = 95%), methanol (MeOH, anhydrous 99.8%) and diglyme (1-
methoxy-2-[2-methoxyethoxy]ethane, ≥99.5%) were purchased from
Sigma Aldrich. The syngas made up of 1CO:2H2 (± 2%) was purchased
from Yara Praxair AS. All chemicals were used as received unless
otherwise stated.

The synthesis of both catalyst and methanol were done in a 200 ml
(60 mm diameter) stainless steel high pressure type hpm-020 autoclave
batch reactor (Premex Reactor AG). The reactor was equipped with a
dip tube for sampling, pressure sensors and a thermocouple inserted
into the reactor to monitor internal pressure and temperature respec-
tively. A Nupro security valve was set at 100 bar for safety and the
magnetic stirrer head was attached to a stirrer with oblique impeller
blades (approximately 30 angle) which extended near to the bottom of
the reactor to ensure adequate mixing. The magnetic stirrer head was
externally attached to an electric BCH Servo Motor that is paired with
lexium 23 drive to give between 1000 to 3000 rpm, with a high degree
of precision. The reactor was heated in oil block controlled by a Huber
Ministat 230 thermostat. The internal temperature and pressure in the
reactor was independently logged onto a PC.

2.2. Copper catalyst preparation

Typically, about 3.6 mmol of Cu(OAc)2, 18.5 mmol of dry NaH and
50 ml diglyme were placed in the reactor. Under N2 blanket set to about
1 bar, the mixture was stirred at 3000 rpm and heated to a pre-
determined temperature for 2 h. The set point temperatures for Cu
catalyst preparation were 80, 100, 126 or 149 °C for the different cat-
alyst systems. Thereafter the reaction in the reactor was cooled to
ambient temperature (< 30 °C) followed by 52 mmol MeOH addition.
This mixture was stirred at ambient temperature for 30 min to ensure
that all NaH had reacted to give the sodium methoxide co-catalyst. An
approximate 2 ml sample was taken for analysis using the dip tube in-
between the reaction steps.

2.3. Catalytic testing

The reactor with the remaining slurry described in Section 2.2 was
purged with syngas and charged to about 20 bar, then stirred at 3000
rmp and heated to 100 °C. After 2 h the reactor was cooled to about
25 °C. Syngas conversion was determined by the difference in pressure
between the start and after reactor cooling to room temperature.

Typically, the amount of carbon products in liquid reaction mixture
after cooling compared to the syngas pressure drop represented about
85 ± 2% of syngas consumed, assuming CO/2H2 were proportionally
consumed.

The liquid portion of the resulting reaction was sampled after it had
been allowed to settle and was analyzed by gas chromatography
equipped with both liquid and gas injection valves (Agilent 7890A).
The liquid injection port was connected to a CARBOWAX 007 series
20 M column with dimensions 60 m × 320 μm × 1.2 μm; and was
programmed as follows; temperature was ramped by 15 °C/min from
40 °C initial temperature to 200 °C and held at 200 °C for 3 min, at
0.47 bar (6.8 psi) constant pressure. The liquid sample was injected via
an Agilent 7683 B autosampler. The products were identified and
quantified by an Agilent 5975 mass spectrometer detector. 0.54 mg
Heptane was used as internal standard and added to each sample vial.
The gas injection valve was connected to 2.7 m Porapak Q and 1.8 m
Molecular Sieve 5 Å packed columns connected to a TCD for analysis of
permanent gases and up to C2 hydrocarbons. This set-up was connected
to a 0.9 m Hayesep Q back flush column.

2.4. Cu catalyst characterization

The Cu catalysts were analyzed by XRD and TEM before and after
the low temperature methanol synthesis (LTMS) reaction. A Bruker D8
A25 powder diffractometer using Mo Kα radiation with wavelength,
λ = 0.71076 Å and Lynxeye detector with “hardened” chip for Mo ra-
diation was used. Total Pattern Analysis Solution (TOPAS) software was
employed for quantitative Rietveld analysis of the diffractogram. This
software operates by fitting theoretical diffraction pattern to a mea-
sured diffraction pattern using non-linear least square algorithms [17].
The samples were analyzed as slurry which was pipetted into a capillary
tube with 0.5 mm internal diameter. The tube was centrifuged at 2000
rmp for 10 min to settle the solid portion at the bottom and was
thereafter mounted on capillary spinner. X-ray diffractograms were
measured at 0.023° step/s for an interval of 15–35° 2 θ.

The TEM imaging was performed with a Joel 2100F instrument.
Samples were diluted in methanol, and particles were separated in an
ultrasound bath for 30 min. The solution was then dropped on a carbon
film on a copper grid. Cu particles were ascertained to be present using
EDS and electron diffraction. Generally, particle sizes were determined
by using the average of 15 particles diameter ± mean deviation from
the TEM images for each sample.

Cu particles agglomeration effect on activity was estimated by as-
suming spherical Cu particles and constant total volume of Cu before
and after deactivation.

⎜ ⎟= ⎛
⎝

⎞
⎠
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1

(4)
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3. Results and discussion

3.1. Typical LTMS reaction at 100 °C

Fig. 1 shows the experimental procedure for a typical LTMS reac-
tion. In step A, NaH is expected to react with Cu2+ ions to give Cu in a
reduced oxidation state, either Cu+ or Cu0 or a mixture of the two. In
the former case CuH could be a possible reaction product as Cu+ may
react with H− although this compound is expected to be highly un-
stable at the working conditions [18]. Step A resulted in about 0.35 bar
pressure increase, and was determined with GC/TCD to be H2 (illu-
strated by Eq. (6)). Addition of excess MeOH in step B was to ensure
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that all the NaH was consumed to produce NaOCH3 which is the co-
catalyst for the LTMS. After 30 mins of stirring, pressure increased by
1.38 bar as a result of H2 evolution (according to Eq. (7)). Syngas was
added at step C for the methanol synthesis at 100 °C. Syngas conversion
was estimated based on pressure drop, and in this case, 89% syngas
conversion was achieved.

+ → ++ −Cu H Cu H2diglyme( )
2

2 (6)

+ → +NaH CH OH CH ONa Hs l diglyme g( ) 3 ( ) 3 ( ) 2( ) (7)

To determine the oxidation state, composition and crystallite size of
Cu in the slurry, XRD of the slurry was measured. Fig. 2a shows the X-
ray diffractogram of the catalyst system after the steps A, B and C.
Diffractogram A indicated Cu, Cu2O and NaH crystals present. Dif-
fractogram B indicated a mixture of Cu2O and Cu whilst that of C
showed predominantly Cu0. The XRD diffractogram showed that, sur-
plus NaH was undissolved after step A before addition of methanol but
it was consumed for the formation of the co-catalyst, NaOCH3 upon
addition of methanol, as illustrated in Eq. (7), hence the pressure rise of
the mixture during the step B in Fig. 1.

The X-ray diffractogram for C (Fig. 2a) showed mainly Cu0 reflec-
tions with an average crystallite size of 10 ± 1 nm. This indicates a
slight increase in the average Cu particle size during the LTMS reaction.
The metallic Cu0 phase observed after methanol synthesis was not
surprising considering the presence of a highly reducing environment
made up of 20 bar of H2 and CO mixture at 100 °C for 2 h. An XPS study
of the chemical state of Cu catalyst has shown that 2 bar of syngas re-
duces Cu2+ to Cu0 at 250 °C in 1 h while at 100 °C, Cu2+ reduces to
Cu+ [19]. Therefore, considering the presence of Cu+ and Cu0 after
step B, further reduction of the remaining Cu+ to Cu0 at 100 °C ob-
served in this work is in order.

The average crystallite size of Cu2O was estimated to be
7.6 ± 0.8 nm from XRD line broadening using the Rietveld analysis for
B (Fig. 2b). The observed Cu2O rather than expected Cu0 could be due
to presence of some amount of oxygen in the reaction system. Glavee
et al. [20] observed that borohydride reduction of Cu2+ in water or
diglyme yielded Cu0 with stoichiometric release of H2, when done
under vacuum, however isolation of the Cu under ambient condition
resulted in some amount of Cu2O. Oxygen is also known to be soluble in
organic solvents such as ethers with the solubility following the hy-
drocarbon chain length [21]. Therefore, the oxygen source could be
dissolved oxygen in the solvent since the reaction was not done under
vacuum.

Fig. 3a and b show the TEM images of the Cu catalyst after steps A
and B respectively. Since the sample preparation for TEM imaging in-
volved addition of MeOH to all samples, both A and B were expected to

give similar Cu particles sizes. The particle sizes were around
10 ± 5 nm with some agglomerates. The observed particle sizes fall
within the range of the crystallite size estimated for B from the XRD
which was around 7.6 ± 0.8 nm.

Fig. 3c shows TEM imaging and the electron diffraction after the
LTMS reaction. Here the particles were about 10 ± 3 nm. The image
appeared to give a narrower particle size distribution as compared to
that of the initial steps A and B. Again, the average crystallite size es-
timated by XRD was similar to the observed particle sizes by TEM.
Electron diffraction showed the particles to be polycrystalline and in-
dexing confirmed a metallic Cu phase to be present.

3.2. Deactivation test of the catalyst system

Multiple charging of the catalyst system was performed to in-
vestigate the recycle stability of the Cu catalyst system. The test se-
quence was similar to the first sequence (Fig. 1) except that the catalyst
concentration was slightly higher. Syngas was charged to about 20 bar,
heated to 100 °C and stirred to react for 2 h after which the reactor was
cooled to about 25 °C and then degassed. This was repeated for 6 times
as shown in Fig. 4a. Fig. 4b shows syngas conversion and selectivity for
7 consecutive charges. Syngas conversion decreased after each con-
secutive batch from 92% (1st charge) to 61% (6th charge). Selectivity
to methanol and methyl formate were 94 and 6% respectively after the
sixth charge. Liquid sampling for analysis was done just before and after
the sixth charge so as not to reduce the amount of catalyst.

Syngas conversion decreased by 31% from the first to sixth charge.
Since there are two components of catalysts involved, approximately
31% addition of one of the component should restore activity if that is
responsible for the deactivation. As a consequence of that, 8 mmol NaH
in 49 mmol MeOH was injected into the reactor. This represents a 31%
increase of the initial methoxide content in the reactor. The syngas
conversion increased slightly to 70% with 95 and 5% selectivity to
methanol and methyl formate respectively. This indicated that even
with 31% increase in the amount of co-catalyst, conversion increased
by 9% with no significant change in selectivity. The 99.8% anhydrous
MeOH purity used in the methoxide co-catalyst contain some ppm of
water (≤0.002% according to the product specification sheet).
However the total contribution of this to the conversion if methoxide
reacted with water should by< 0.02% which is insignificant in our
conversion range. This suggested that methoxide may not be the main
or the only source of deactivation.

The Cu catalyst was characterized by XRD and TEM after the sixth
charge which is shown in Fig. 5. A sharper and more intense Cu dif-
fraction peak was observed for the sample of the 6th charged (spent
catalyst) as compared to the fresh sample (i.e. sample slurry before the
1st charge), which showed predominantly Cu2O phase. The crystallite
size was 16 ± 1 nm for the spent catalyst sample while that of the
fresh sample was 8 ± 1 nm. The TEM image of the spent catalyst after
the 6th charge showed a wide particle size distribution ranging from 6
to about 25 nm though the larger sizes dominated. Estimation of surface
area ratio between the fresh Cu catalyst and spent catalyst after the 6th
charge based on the Cu crystallite sizes from the XRD and Eq. (5) is 2.

Figs. 4b and 5 can be compared to Figs. 2a and 3c to make some
inferences. First of all, the oxidation state of Cu after the 1st and 6th
charge was Cu0. Despite the fact that Cu2O was the starting component,
the high activity of the Cu catalyst already after the first charge suggests
that the probable active Cu phase of the Cu for LTMS reaction is Cu0. An
earlier, in-situ XPS study has shown Cu to be reduced during syngas
conversion to MeOH at 100 °C [19]. Since our reaction conditions ex-
poses the Cu catalyst system to 20 bar syngas which is expected to be a
highly reducing atmosphere for Cu, metallic Cu surface is suspected to
be active in the LTMS reaction.

Secondly, Cu crystallite and particle size after the 6th charge had
increased significantly. Clearly there is an approximate doubling of
crystal size between the 1st and the 6th charge. An estimation based on

Fig. 1. Typical LTMS procedure employed in this work, A = 3.6 mmol Cu(OAc)
2 + 18 mmol NaH in 50 ml diglyme, B = addition of 49 mmol MeOH, C = 20 bar
2H2:1CO charged.
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Eq. (5) for the effect of agglomeration gives a surface area ratio between
the 1st and 6th charge to be 1.6. This is comparable to the decline in
syngas conversion of about 1.5 (=92/61). That is, there is a strong
correlation between the reduction of active Cu surface available and the
catalyst deactivation. On the other hand, it has also been suggested
elsewhere [9] that the slight catalyst deactivation in LTMS reaction is
due to the high sensitivity of alkoxide to CO2 and H2O which may be
formed in trace amounts during methanol synthesis as a byproduct.
Although there is a possibility of some ppm of water in the anhydrous
MeOH used as the source of the methoxide, this will not be adequate to
cause the repetitive decline of catalytic activity. This notwithstanding,
our observations point towards gradual decline of activity not only due
to the alkoxide deactivation but rather due to a contribution from less
available active site of the Cu nanoparticles.

The observed decline of activity after the successive batches can be
attributed to loss of available active Cu surface. Although the reactants,
CO and H2 can compete for available Cu active sites, the degassing of
the gas after successive batches ensures less effect from CO poisoning
from previous batches. Moreover, our observed reduction of surface

area after the successive batches suggests that the number of Cu active
sites for the reactions reduced. Considering that the methyl formate
hydrogenolysis is an exothermic reaction [22], increase in temperature
of the reaction at the Cu surface during hydrogenation occurs, which
can lead to the agglomeration of the Cu nanoparticles with time. Cu
crystallite sintering is known to be a common deactivating factor to Cu
catalysts [23]. Cu surface energy is expected to be high with around
10 nm Cu particles without any support, such that reacting with each
other to form bigger crystals is highly possible[24]. We suggest there-
fore that the starting ‘Cu’ catalyst is soft or porous but agglomerates
over time which led to decrease in the number of Cu active site for
MeOH synthesis.

3.3. Varying Cu catalyst particle sizes with temperature

The Cu catalyst preparation was varied to study the influence of
temperature on crystallite size and subsequently on LTMS reactivity.
Fig. 6a shows the X-ray diffractogram of the effect of temperature on Cu
catalyst preparation (same as steps A and B in Fig. 1). Preparation

Fig. 2. X-ray diffractogram of the slurry at the different stages in Fig. 1. a: X-ray diffractogram of the slurry after the steps A, B and C. b: Rietveld analysis of difffractogram B in Fig. 2.
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Fig. 3. Catalyst slurry TEM images of Cu nano-
particles for a typical 100 °C LTMS reaction shown in
Fig. 1. a: TEM image after step A showing
10 ± 5 nm particle sizes. b: TEM image after step B
showing 10 ± 5 nm particle sizes. c: TEM image
after step C showing 10 ± 3 nm particle sizes.

Fig. 4. Multiple charging of syngas, Cu(OAc)2 = 5.0 mmol, NaH = 25 mmol, in 50 ml
diglyme, MeOH = 73.0 mmol and 2H2:CO = 20 bar, at 100 °C. a: Temperature and
pressure procedure of the multiple charging, cooling and degassing of syngas showing
repeated charging over time. b: Syngas conversion and selectivity of the multiple charging
of syngas reaction.

Fig. 5. X-ray diffraction and TEM image of spent Cu catalyst slurry (+ XRD of fresh). a: X-
ray diffractogram of fresh (before 1st charge) and spent (after 6th charge) slurry of the
LTMS reaction. b: TEM image after the 6th charge showing wide particle size distribution
from 6 to 25 nm.
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temperature was varied from 80 to 149 °C. Generally, the diffraction
pattern showed that the intensity and sharpness of the peaks followed
an increase in the temperature. The X ray shows densification of the Cu
as temperature increased. This suggested that crystallization is en-
hanced by temperature.

The results of a Rietveld analysis of the diffraction patterns is shown
in Fig. 6b and c for% composition of the Cu phases and their respective
crystallite sizes. Increased fraction of Cu2O and less of Cu0 was

observed, similar to the 100 °C catalyst system, except at 126 °C, which
showed a composition of about 50/50 Cu2O/Cu0. This result indicated
that reduction of the Cu takes place during catalyst preparation just as
was discussed for catalyst preparation at 100 °C. The crystallite sizes
were observed to exponentially increase with temperature, with the
average size increasing from 5 ± 2 nm at 80 °C to 21 ± 1 nm at
149 °C. This is in agreement with theory [25] since particle nucleation
exponentially depends on temperature.

The different nanoparticles were tested in the LTMS reaction at
100 °C similar to step C in Fig. 1. Fig. 7 shows conversion and selectivity
versus catalyst system prepared at different temperatures. The syngas
conversion was about 84, 89, 83, and 65% at 80, 100, 126, and 149 °C
Cu catalyst systems respectively. Each test was done thrice and the
average and standard deviations plotted. The selectivity to methanol
was 96, 96, 88, and 80% at 80, 100, 126, and 149 °C catalyst systems
respectively.

Syngas conversion and selectivity to MeOH were highest for the 80
and 100 °C catalyst systems. The Cu particles prepared under these
temperatures resulted in producing Cu crystallites below 10 nm which
the smallest compared to those which were prepared at higher tem-
peratures. The syngas conversion for the 80 °C catalyst system was
slightly lower than that of the 100 °C system. This could be due to less
amount of Cu actually crystalizing out of solution at 80 °C within the
reaction time considering the fact that temperature enhanced crystal
growth, coupled with the observed very low intensity of the diffraction
peaks in Fig. 6a. Though the 126 °C system produced about 83% syngas
conversion, the 88% selectivity to MeOH was lower compared to that of
80 and 100 °C systems. Hence, the yield of MeOH generally decreased
with increasing Cu crystallite size.

The reaction slurry was characterized by XRD and TEM at the end of
the LTMS reaction. Fig. 8a shows the XRD diagrams of the spent slurry
after the LTMS. The diffraction pattern shows predominantly the Cu0

phase. Fig. 8b shows the results of the Rietveld analysis of the diffrac-
tion patterns shown in Fig. 8a as compared to the fresh crystallite sizes
before the LTMS reaction. Generally, the average Cu crystallite sizes
increased by about 2 nm for each catalyst system after the methanol
synthesis.

The spent Cu catalyst was also studied by TEM imaging in order to
compare Cu particle size distributions at the different preparation
temperatures. Fig. 9 the TEM images of the Cu catalyst system prepared
at varied temperatures. The Cu particle sizes were about 7 ± 4 nm for
the 80 °C system. At 126 °C preparation, Cu particles sizes were about
18 ± 6 with some agglomerates up to 40 nm. The particles sizes were
about 25 ± 6 and up to 50 nm agglomerates for the 149 °C system. The
particles prepared at 100 °C were shown earlier to be about 10 ± 5 nm
(Fig. 3c). Generally, the catalyst system prepared at 100 °C showed a

Fig. 6. X-ray diffractogram analysis of Cu crystallites before LTMS reaction. a: X-ray
diffractogram of the slurry of the catalyst system. b: Rietveld analysis of the composition
of Cu crystallites. c: Rietveld analysis of Cu crystallite sizes before LTMS reaction.

Fig. 7. Syngas conversion and selectivity verses catalyst preparation temperature; Cu
(OAc)2 = 3.6 mmol, NaH = 18 mmol in 50 ml diglyme, MeOH = 49 mmol,
2H2:1CO = 20 bar, at 100 °C.
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much narrower particle distribution than the other systems. This could
be due to the fact that both catalyst preparation and the LTMS reaction
were done at the same temperature and therefore maintained a stable
particle size as smaller particles often fuse together.

All in all, the particle sizes increased exponentially from about
3–50 nm agglomerates with increasing catalyst preparation tempera-
ture. This follows a similar pattern as was observed from the X-ray
diffraction crystallite size estimations. In general, there are reports of
strong correlation between particle size and the surface area [14,26].
Ohyama and Kishida [14] for example, reported an increase in surface
area of CuO/CrO3 due to milling, which enhanced activity of methanol
production. The smaller the particle size, the more the available surface
area is exposed per gram catalyst. Therefore if Cu is an active compo-
nent, then methanol production increased with decreasing particle size.
In our case, using traditional methods [27] to estimate Cu surface area
would be challenging and not representative of the actual surface area
as higher temperature than we operated is required. Nevertheless, the
decrease in activity correlated well with densification of Cu nano-
particles.

4. Conclusion

We have used a once-through system for methanol synthesis at
100 °C. Hydride reduction of Cu2+ in diglyme at varied temperatures
led to Cu0 nanocrystals varying from 5 to 23 nm in size. Increasing
temperature from 80 to 149 °C increased the crystallite sizes of the

nanoparticles exponentially. Up to 92% conversion and 94% selectivity
to methanol could be achieved at 100 °C and 20 bar syngas in liquid
medium depending on Cu catalyst size. Generally, increasing particle
size led to lower MeOH yield, and hence the smaller the nanoparticles
the higher the methyl formate hydrogenolysis activity. The Cu nano-
particles densify over time during the catalytic process, which is pro-
posed to be the major catalyst deactivation route.

Fig. 8. X-ray diffractogram analysis of Cu crystallites after LTMS reaction. a: X-aray
diffractogram of the slurry of the catalyst system. b: Rietveld analysis of Cu crystallite
sizes.

Fig. 9. Catalyst slurry TEM image of Cu catalyst prepared at varied temperatures after
LTMS reaction. a: Catalyst system prepared at 80 °C showing 7 ± 4 nm particle sizes. b:
Catalyst system prepared at 126 °C showing 18 ± 6 nm particle sizes. c: Catalyst system
prepared at 149 °C showing 25 ± 6 nm particle sizes.
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