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The production of liquid fuels and industrial feedstocks from renewable carbon sources is an 

ongoing scientific challenge. Using atomic layer deposition together with conventional 

techniques, we synthesize Pt-Co bimetallic catalysts that show improvement for syngas 

conversion to alcohols. By combining reaction testing, x-ray diffraction, electron microscopy, 

and in situ infrared spectroscopy experiments, supported by density functional theory 

calculations, we uncover insights into how Pt modulates the selectivity of Co catalysts. The 

prepared Pt-Co catalysts demonstrate increased selectivity towards methanol and low molecular 

weight hydrocarbons as well as a modest increase in selectivity towards higher alcohols. The in 

situ infrared spectroscopic measurements suggest that these changes in selectivity result from an 

interplay between linear and bridging carbon monoxide configurations on the catalyst surface. 

 

TEXT  

Introduction: 

Supply instability and environmental concerns of fossil fuels have led to increasing interest in 

fuels and industrial feedstocks originating from nonpetroleum and renewable sources. The 

Fischer-Tropsch process allows for the conversion of syngas, a mixture of hydrogen and carbon 

monoxide, to hydrocarbon products according to the Anderson–Schulz–Flory distribution,
1
 with 

a small production of oxygenates. Current catalyst technology offers poor performance for the 

conversion of syngas to oxygenates, with the exception of methanol.  

Methanol, ethanol, and other linear alcohols are attractive both as a feedstock for making 

commodity chemicals and as fuel additives. Currently there are no catalysts for the production of 

higher alcohols from syngas that meet the requirements of activity and selectivity for large scale 
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 3

production. In the case of Fischer-Tropsch-based catalysts, previous work has shown that the 

addition of transition metal promoters can increase oxygenate production by cobalt catalysts.
2–9

 

The addition of platinum in particular has been shown to increase the selectivity of cobalt 

catalysts towards oxygenates.
4,10,11

 However, the mechanism for enhanced oxygenate production 

remains unresolved on the Pt-Co system, for which comparatively few mechanistic studies have 

been performed compared to CuZn, CuCo, MoS2, and other oxygenate synthesis catalysts. 

In the present study, we investigate cobalt Fischer-Tropsch catalysts functionalized with Pt 

grown by atomic layer deposition (ALD). We compare the results with alloy catalysts prepared 

using traditional synthetic methods. Previous work on platinum-promoted cobalt Fischer-

Tropsch catalysts focused on catalysts prepared using traditional wet synthetic methods such as 

incipient wetness impregnation (IWI).
4,12–16

 Compared to impregnation synthesis, ALD offers 

advantages for catalytic studies
17–22

 including the uniform coating of high surface area substrates, 

low impurity incorporation, enhanced performance, and creation of nanostructured catalysts. In 

this study, we exploit these properties to create novel CO hydrogenation catalysts from Co 

promoted by surface Pt nanoclusters. Taking advantage of ALD’s high degree of control, we 

systematically promote Co/SiO2 catalysts using Pt deposited with ALD. Given ALD’s low 

deposition temperature and mild gas phase chemistry, the technique allows for the creation of 

series of catalysts with similar dispersion, surface area, and other materials properties allowing 

for direct comparison in a controlled environment. We compare these catalysts with those 

prepared using IWI. One previous study examined the use of ALD Pt as a promoter of Co 

catalysts for increased activity under Fischer-Tropsch conditions.
23

 That study prepared catalysts 

using ALD of both Co3O4 and Pt and compared with IWI preparation.
23

 The use of Pt in both 

cases was found to improve activity over that of pure Co-based catalysts; however, IWI was 
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found to be more effective for increasing the activity.
23

 In this work, we focus on changes in 

catalyst selectivity and utilize in situ spectroscopic measurements to understand how different 

surface CO binding configurations correlate with the observed selectivity changes. 

Our prepared catalysts show increased selectivity toward methanol, short chain hydrocarbons, 

and higher alcohols from gas phase CO hydrogenation, and the changes are well-correlated with 

surface structural changes measured using real time in situ diffuse reflectance infrared Fourier 

transform spectroscopy (DRIFTS). We utilize density functional theory (DFT) calculations to 

support our experimental results. We demonstrate that the addition of platinum to cobalt catalysts 

using ALD improves selectivity towards oxygenates while decreasing selectivity towards longer 

chain hydrocarbon products. We propose as an explanation for this result that the addition of Pt 

increases the amount of nondissociatively bound CO and disfavors hydrocarbon chain growth. 

Methods: 

Catalysts were synthesized using incipient wetness impregnation (IWI) with 10 wt% metal 

loading. In brief, silica gel (SiO2, Davisil grade 643, Sigma Aldrich) was degassed under vacuum 

for 1 hour to below 10 mTorr. Metal salts Co(NO3)2*6H2O (Aldrich) and/or H2PtCl6*nH2O 

(Aldrich) were dissolved in deionized water. The metal salt solutions were slowly added while 

the support was kept at vacuum until the volume of added solution was equal to the support pore 

volume. After impregnation, samples were allowed to sit for at least 1 hour at vacuum and dried 

at room temperature. Samples were calcined in a tube furnace at 350 ˚C. 

Platinum ALD was performed using a commercial reactor (Gemstar, Arradiance). Samples 

were cleaned using UV irradiation and ozone exposure prior to deposition. Platinum ALD was 

performed using (MeCp)PtMe3 (STREM) and O2 at 250 ˚C in exposure mode, in which the 

precursors are held in the reactor for a fixed time after pulsing. The Pt precursor was heated to 75 
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 5

˚C. In each cycle, (MeCp)PtMe3 was pulsed for 1 s and exposed for 60 s, (MeCp)PtMe3 was 

purged for 180 s with nitrogen gas, oxygen was pulsed for 0.1 s and exposed for 60 s, and the 

oxygen was purged for 180 s with nitrogen gas. Powders were contained in custom stainless steel 

holders during the ALD process based upon design by Libera et al.
24

 Catalysts with ALD coating 

will be referred to in shorthand, for example “10 cyc Pt/Co/SiO2” for a catalyst with 10 cycles of 

Pt ALD performed on Co supported on silica gel. 

Transmission electron microscopy (TEM) was performed using samples supported on ultrathin 

carbon on holey carbon copper TEM grids (Ted Pella). Samples were imaged at 200 keV using a 

FEI G2 F20 Tecnai TEM equipped with a Gatan Orius camera.  Aberration-corrected TEM, and 

scanning transmission electron microscopy (STEM) was performed using a FEI Titan 

environmental transmission electron microscope (ETEM) operated at 300 keV in high vacuum 

mode. The microscope was equipped with a Gatan OneView camera. Annular dark field (ADF) 

STEM images are diffraction contrast limited due to the presence of differential pumping 

apertures that limit the incoherently scattered electron collection angle to 70 mrad on the FEI 

Titan ETEM. 

Powder x-ray diffraction (XRD) was performed using beam line 7-2 as SSRL. Incident photon 

energy was 15.5 keV and a Pilatus 300k detector was used. The incidence angle of the sample 

was changed to maintain a sample angle of half the 2θ angle at the center of the detector. Prior to 

XRD, samples were reduced ex situ at 450 ˚C in 5% H2/N2. Samples were mounted on Si wafers 

and encapsulated in Kapton tape. Signal arising from support scattering was subtracted using a 

silica gel reference sample. 

Catalyst samples were tested using an Altamira Benchcat system. CO was purified to remove 

metal carbonyl impurities (PALL Gaskleen ST). Samples were prepared in a packed bed with 
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 6

glass wool holding the particles in place and glass beads to help preheat the gas packed above the 

sample in a ¼ inch OD glass lined stainless steel tube. Reduction was performed using a flow of 

10 SCCM H2 mixed with 90 SCCM He at 450 ˚C for 4 hours at atmospheric pressure. Testing 

was performed at 250 ˚C using 2:1 H2:CO (90 SCCM total) at 20 bar pressure. Additional testing 

was performed using an Altamira Benchcat 4000HP reactor. Nitrogen was used as the inert gas 

and carbon monoxide was purified by passing through a 300 ˚C alumina bed on the Benchcat 

4000HP. Products were detected using an online Agilent 7890B gas chromatograph-mass 

spectrometer. Hydrocarbon and oxygenate products were quantified using a flame ionization 

detector (FID). Conversions were calculated based on the detected products. Selectivities are 

given as carbon-weighted selectivities in which the product production is multiplied by the 

carbon count of the product to track CO economy. 

Temperature-programmed reduction (TPR) and chemisorption were performed using an 

Altamira AMI 300 system. Prior to testing, samples were heated to 300 ˚C in Ar to dry the 

samples and remove volatile impurities. TPR was performed at 10 ˚C/minute and using 10% 

hydrogen in argon. Hydrogen consumption was measured using a thermal conductivity detector 

(TCD). After reduction, samples were titrated with CO using pulses delivered by a calibrated 

sampling loop. The CO consumption was measured using a TCD during each pulse. 

IR spectroscopy via DRIFTS was performed in a Bruker Vertex 70 spectrometer with a liquid 

nitrogen-cooled HgCdTe (MCT) detector. Samples were loaded into a Praying Mantis DRIFTS 

chamber (Harrick) equipped with a water-cooled, high pressure, and high temperature reaction 

cell with ZnSe windows. The chamber was evacuated using a rotary vane vacuum pump and 

samples were reduced in situ using flowing H2 at 450 ˚C prior to measurement. DRIFTS 

measurements were performed at low pressure under vacuum conditions. Carbon monoxide gas 
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 7

was purified by passing through a 300 ˚C bed of gamma alumina to decompose nickel and iron 

carbonyl impurities. CO hydrogenation measurements were performed based on work by Kumar 

et al.
25

 Samples were heated to 250 ˚C and exposed to flowing CO at 3.5 Torr until the surface 

CO adsorption signal reached a constant value as measured using the MCT detector. 

Subsequently, CO flow was stopped, H2 flow initiated, and the measurement started. Data was 

processed using the spectrum of the catalyst after a complete CO hydrogenation cycle as the 

background for the Co-containing catalysts. 

For inductively coupled plasma optical emission spectrometry (ICP-OES) and inductively 

coupled plasma mass spectrometry (ICP-MS) characterization, catalysts were dissolved in 

boiling aqua regia. The solutions were diluted with deionized water and syringe filtered (<0.5 

µm) to remove residual particles from the insoluble support. High purity ICP standards were 

purchased from Aldrich and diluted to the appropriate concentrations. Measurements were 

performed either using a Thermo Fisher ICAP 6300 Duo View or Thermo Scientific* XSERIES 

2 ICP-MS. Both systems are within their standard detection limits and provide comparable 

accuracy for the concentrations used in this study. 

X-ray photoelectron spectroscopy (XPS) was performed using PHI 5000 Versaprobe II and II 

spectrometers with a monochromated Al k-alpha source. The powder samples were mounted on 

In foil (Aldrich) for the XPS measurements. Samples were charge neutralized during acquisition 

to correct for sample charging. 

Nitrogen physiosorption measurements were performed using a Micromeritics 3 Flex 

instrument. The Brunauer–Emmett–Teller (BET) method was used to calculate surface areas and 

Barett–Joyner–Halenda (BJH) method was used to calculate pore size distributions. 
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 8

Electronic potential energies were calculated with DFT performed with the Quantum 

ESPRESSO plane-wave code.
26

 A plane-wave cutoff of 500 eV was used for all calculations and 

the Brillouin zone was sampled with a Monkhorst-Pack k-point grid.
27

 A dipole correction was 

applied to all surfaces. The Bayesian Error Estimation Functional with van der Waals 

corrections,
28

 BEEF-vdW, was employed, which includes a correction for van der Waals forces 

based on the vdW-DF2 functional.
29

 

Adsorption energies were calculated by optimizing the atomic geometries with a BFGS line 

search algorithm and vibrational frequencies were computed using a finite difference 

approximation to the Hessian and subsequent diagonalization to find the normal modes, as 

implemented in the Atomic Simulation Environment.
30

  

 

Results: 

Structural characterization of the catalysts after synthesis was performed using both XRD and 

TEM. Figure 1 shows X-ray diffractograms for an IWI-synthesized Pt Co3O4 catalyst, ALD-

modified Pt/Co3O4 catalysts prepared with 10 and 25 ALD cycles respectively, and a Co3O4 

control sample.  All catalysts were prepared on silica gel (SiO2) supports and the elemental ratios 

of Pt/Co determined by ICP were 0.15 for the IWI Pt Co3O4 catalyst, 0.20 for the Pt/Co3O4 

catalyst modified with 10 Pt ALD cycles, and 0.80 for the Pt/Co3O4 catalyst modified with 25 Pt 

ALD cycles. The XRD results confirm the presence of the Co3O4 phase in the Co3O4 control 

sample prepared by IWI synthesis, based on comparison with literature (PDF card 00-042-1467). 

After the addition of Pt to the IWI Co3O4 samples using ALD, the Co3O4 peaks remain 

unchanged. However, new peaks corresponding to metallic Pt (PDF card 00-004-0802) appear 

for the sample with high Pt mass loading (25 cycles ALD Pt). For samples with 10 or fewer ALD 
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 9

Pt cycles of deposition, no Pt signal can be detected above the background level, likely because 

the small Pt crystallites and low mass loading do not generate enough signal. On the other hand, 

for the catalyst prepared using the coimpregnation of Co and Pt salts, the XRD data reveals a 

phase of Co3O4 symmetry with peaks shifted towards higher d values compared to the pure 

Co3O4 phase (Figure 1). This shift can be explained by the incorporation of Pt into the Co3O4 

lattice resulting in expansion of the structure.  

  

 

Figure 1. Powder x-ray diffraction of catalysts prior to reduction. The IWI Pt Co3O4 catalyst 

shows no Pt peaks and has peak shifts indicating lattice expansion. The 25 ALD Pt-modified 

catalyst shows peaks similar to those of the Co3O4/SiO2 catalyst as well as peaks corresponding 

to metallic platinum. Lines at bottom are Co3O4 (crosses) and Pt (circles) reference structures 

(PDF cards 00-042-1467 and 00-004-0802, respectively). 

Page 9 of 43

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 10

 

Figure 2. Bright-field TEM images of a) IWI Pt Co3O4/SiO2, b) 10 cyc Pt/Co3O4/SiO2, and c) 25 

cyc ALD Pt/Co3O4/SiO2 prior to reduction. The catalysts prepared using ALD show Pt 

nanoparticles. Scale bars are 10 nm. 

Bright-field TEM micrographs of the IWI Pt Co3O4/SiO2, 10 cyc Pt/Co3O4/SiO2, and 25 cyc 

Pt/Co3O4/SiO2 catalysts are presented in Figure 2. TEM of 10 cyc Pt/Co/SiO2 catalyst prior to 

reduction (Figure 2b) shows fine dark, strongly diffracting (dark contrast) particles of less than 5 

nm on the matrix, which correspond to a Pt phase with lattice fringes from a Co3O4 phase, in 

agreement with the bulk Pt and Co3O4 phases observed in XRD measurements. The 25 cyc 

Pt/Co3O4/SiO2 catalyst (Figure 2c) shows both a higher coverage of and larger Pt particles. The 

TEM image of the IWI PtCo/SiO2 catalyst (Figure 2a) does not show well-defined platinum 

particles, in contrast to catalysts with Pt provided using ALD. Combined with the XRD results, 

the TEM imaging hence indicates uniform incorporation of Pt into the IWI PtCo/SiO2 catalyst 

structure. 
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 11

X-ray diffractograms of the resulting catalysts after reduction (25 cyc Pt/Co/SiO2, 10 cyc 

Pt/Co/SiO2, IWI PtCo/SiO2, and Co/SiO2) are presented in Figure 3. After reduction, the 

Co3O4/SiO2 catalyst is converted to metallic Co with FCC and HCP phases present (PDF cards 

00-015-0806 and 01-071-4652). This agrees with prior work that showed cobalt Fischer-Tropsch 

catalysts contain a mixture of both FCC and HCP phases.
31

 For low cycles of Pt ALD (10 or 

fewer) there is likewise the presence of FCC and HCP Co phases following reduction of the 

catalyst. The main peak near 3.1 A
-1

 is a convolution of the 002 peak of HCP Co and the 111 

peak of FCC Co. Shifts in this peak can be explained by changes in the intensity ratios of the 

closely spaced HCP 002 and FCC 111 peaks for Co. No Pt peaks are observed for the 10 cycle 

sample which can be explained by small crystallite sizes and low mass loading as in the case 

prior to reduction. For the 25 cyc Pt/Co/SiO2 catalyst, there is a broad feature with components 

corresponding to bulk Co and Pt phases as well as peaks due to the formation of a PtCo alloy 

phase with 1:1 stoichiometry (PDF card 01-071-7406). The powder diffraction scan of the IWI 

PtCo/SiO2 catalyst after reduction shows a combination of FCC and HCP Co phases, similar to 

the case of the 10 cyc Pt/Co/SiO2 catalyst, with no detectable Pt or alloy features. There may be a 

PtCo alloy phase present either as a minority component or a surface alloy that we are unable to 

detect using a bulk technique such as XRD. Post-reduction dark field STEM micrographs are 

presented in Figure 4 for the IWI PtCo/SiO2 and 25 cyc Pt/Co/SiO2 catalysts. The 25 cyc 

Pt/Co/SiO2 sample shows fine bright particles corresponding to either Pt or Pt-rich domains, in 

agreement with the Pt features observed in the XRD measurements. Although the catalysts were 

exposed to air during sample preparation, we observe only metallic phases in the measurements 

performed after catalyst reduction. 
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 12

  

Figure 3. Powder x-ray diffraction of catalysts after reduction. The 25 cyc Pt/Co/SiO2 catalyst 

shows bulk alloying in a PtCo phase. The other catalysts show HCP and FCC Co phases. Lines 

at bottom are FCC Co (crosses), HCP Co (triangles), PtCo (circles), and Pt (diamonds) (PDF 

cards 00-015-0806, 01-071-4652, and 01-071-7406, 00-004-0802,  respectively). 
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 13

 

Figure 4. Dark field STEM images collected after reduction of a) IWI PtCo/SiO2 b) 25 cyc 

Pt/Co/SiO2. Scale bars are 50 nm. 

CO uptake measurements, which allow for comparisons of the number of active sites on the 

catalysts, were performed on the post-reduction catalyst samples. A typical CO chemisorption 

measurement is presented in the Supporting Information (Figure S2), and the CO uptake results 

are summarized in Table 1. Calculated metal surface areas based on the CO chemisorption 

measurements are provided in the Supporting Information (Table S1). The chemisorption 

measurements show that there is an increase in CO uptake with increasing ALD Pt loading, from 

28 µmol CO/g catalyst for the unmodified Co/SiO2 to 68 µmol CO/g for Co with the highest 

ALD Pt loading. This increase can be primarily explained by CO chemisorption directly on Pt 

nanoparticles deposited by ALD, as evident by the CO uptake values for SiO2 samples 

containing only Pt, also shown in Table 1. In the case of the cobalt catalyst with 10 cycles of Pt 

ALD, the total uptake (55 µmol/g) corresponds well to the sum of the ALD Pt/SiO2 catalyst (23 

µmol/g) and Co/SiO2 catalyst (28 µmol/g) uptakes, indicating there is not a significant change in 

Co dispersion after the addition of ALD Pt. For the case of the 25 cyc Pt/Co/SiO2 catalysts, 

however, the uptake is lower than expected from the linear combination. This can be explained 

by the formation of an alloy in the catalyst which would result in a reduction in the number of 

separate Pt nanoparticles and thus the CO uptake. Another potential explanation is that at these 
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 14

numbers of ALD Pt cycles, there is a very high coverage of Pt on the SiO2 surface and thus the 

Pt nanoparticles are packed much more closely together which may encourage sintering effects.  

The IWI PtCo/SiO2 catalyst has a lower CO uptake than the other catalysts. Prior work has 

shown that pH can play a significant role in the wetness impregnation process, and the addition 

of the acidic H2PtCl6 precursor may affect the overall cobalt dispersion, affecting its surface 

area.
32

 Poisoning by chlorine is another potential explanation for the lower CO uptake for this 

sample. However, we consider this option unlikely since the activity of the IWI PtCo/SiO2 

catalyst prepared using H2PtCl6 is similar to that of the other prepared Co-based catalysts for 

which there is no expected source of chlorine impurities (Table 2). Moreover, XPS analysis 

shows that reduction successfully removes chlorine from the IWI PtCo/SiO2 catalyst and that the 

other catalysts do not contain any detectable chlorine levels (Figure S3). Surface areas and pore 

size distributions for selected catalysts are provided in Figure S4. 

Table 1: Catalyst CO uptake values measured using chemisorption 

Catalyst CO uptake (µmol CO /g catalyst) 

Co/SiO2 28 

IWI PtCo/SiO2 19 

5 cyc Pt/Co/SiO2 39 

10 cyc Pt/Co/SiO2 55 

25 cyc Pt/Co/SiO2 68 

10 cyc Pt/SiO2 23 

25 cyc Pt/SiO2 70 

 

Reaction testing selectivity and activity results are presented in Table 2. All Co-containing 

catalysts were tested under similar conversion conditions (1-3% based upon detected products) 
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 15

with a cobalt metal loading of ~10 wt%. Controls of ALD Pt/SiO2 catalysts were tested at <0.1% 

conversion due to their very low activities. Testing at low conversion conditions is selected 

because it minimizes the effects of secondary reactions
33

 and ensures the reaction is not diffusion 

limited.
34

 Catalyst stoichiometries were determined using ICP and the mass ratios of Pt to Co are 

also provided in Table 2. As seen in Table 2, the activities, measured as µmol CO/g catalyst*s, 

were significantly lower for the pure Pt catalyst samples (10 cyc Pt and 25 cyc Pt) compared 

with the Co-containing catalysts. Reaction testing of cobalt on SiO2 catalysts shows that the 

primary products are hydrocarbons with some modest selectivity toward methanol and higher 

alcohols. Overall, a reduction in activity is observed after the addition of Pt by ALD. This 

decrease could result from blocking of surfaces sites by Pt. With increasing ALD cycles, and 

thus increasing Pt loading and Pt nanoparticle size, there is also increasing selectivity towards 

methanol and reduced selectivity towards longer chain hydrocarbons (C5-C9). With the addition 

of Pt using 10 and 25 cycles of Pt ALD, there is a moderate increase in higher alcohol selectivity.  

These effects are not pronounced at lower Pt loadings in the case of 1 and 5 Pt ALD cycles. The 

catalyst prepared using incipient wetness impregnation of Pt and Co salts has similar selectivity 

to the 5 cyc Pt/Co catalysts which has the closest Pt weight loading of the ALD prepared 

samples. The results with increasing Pt content for the catalysts prepared by ALD are consistent 

with literature reports on the effect of Pt on Co catalysts. Work by Eschemann et al. also showed 

that Pt promotion of Co catalysts on titania reduced selectivity towards longer chain hydrocarbon 

products.
10

 Other studies have shown a trend in which there is a transition from hydrocarbon 

selectivity towards methanol as the primary product at higher Pt loadings.
4,11

 We note that 

although the 10 cyc Pt/SiO2 and 25 cyc Pt/SiO2 catalysts have selectivity towards methanol and 

methane, the activity of Pt alone is very low and hence the combination of uninteracting Pt and 
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Co sites cannot on its own explain the changes in selectivity. The activity and selectivity of the 

prepared catalysts for methanol are much lower than those of Cu/ZnO methanol synthesis 

catalysts;
35,36

 however, Cu/ZnO catalysts have reduced performance in CO H2 mixtures without 

CO2.
37

  

 

Table 2: CO hydrogenation reaction testing. Carbon-weighted selectivities and activities for 

different catalysts. The mass ratio determined using ICP elemental analysis is given as Pt/Co. 

Replicate testing was performed for the Co and 25 cyc Pt/Co catalysts and the corresponding 

averages and standard deviations are reported. 

   Selectivity (%) Activity 

(µmol CO/g 

catalyst*s) Catalyst 

Pt/C

o MeOH 

C2+ 

OH CH4 

C2-C4 

HC 

C5-C9 

HC 

Co/SiO2 
 

0.6±0.2

% 1±0.6% 

24±4

% 23±1% 51±5% 8 

1 cyc Pt/Co/SiO2 0.004 2% 1% 25% 21% 52% 4 

5 cyc Pt/Co/SiO2 0.13 2% 1% 26% 25% 46% 11 

10 cyc 

Pt/Co/SiO2 
0.20 

3% 2% 32% 29% 34% 4 

25 cyc 

Pt/Co/SiO2 
0.80 

16±2% 3±0.1% 

35±2

% 22±1% 24±3% 4 

10 cyc Pt/SiO2  52% 0% 48% 0% 0% 0.01 

25 cyc Pt/SiO2  86% 0% 13% 1% 0% 0.2 

IWI PtCo/SiO2 0.15 2% 2% 25% 26% 45% 11 

 

To understand how the surface chemistry at the cobalt catalyst is affected by the addition of 

platinum, we performed real time, in situ DRIFTS measurements.  Prior work has demonstrated 
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 17

that in situ spectroscopic measurements are crucial in understanding a catalyst’s surface 

chemistry and reaction intermediates.
38

 Using in situ DRIFTS, we can monitor the evolution of 

surface species as a CO-saturated catalytic surface is hydrogenated and identify CO binding 

sites. The results for various catalyst samples are shown in Figures 5 – 9.  

To complement the IR measurements, DFT calculations were performed to determine the 

correlations between the different CO binding configurations and their vibrational frequencies 

(Figure 10). Calculations were performed for the stepped 211 and the close-packed 111 surfaces 

of pure Co, Pt and Pt-Co alloys of varying compositions (adsorption energies and CO vibrational 

frequencies for all systems studied are tabulated in the Supporting Information, Table S1). The 

alloy configurations were constructed based on the Pt3Co and Co3Pt stoichiometries of the bulk 

FCC metal. Selected calculated CO binding energies on stepped 211 surfaces are presented in 

Table 3. On stepped 211 surfaces, the CO binding energy decreases as the stoichiometry varies 

from pure Co to pure Pt (Table 3). Figure 10 presents the vibrational frequency of CO as a 

function of the surface Pt:Co ratio for on-top (also called “linear”), bridging, and three-fold CO 

binding configurations. We find that the vibrational frequencies are most strongly correlated with 

the binding configuration rather than the binding strength of CO, as the vibrational modes clearly 

separate into on-top, bridging, and three-fold binding configurations (Figure 10, Figure S5, Table 

S2). As Pt alloys become more Co rich there is a slight red shift in CO vibrational frequencies on 

Pt sites in agreement with the d band model: Pt-Co surfaces shifting up towards the Co d-band 

center from the lower Pt d-band center results in increased electron donation to the CO π* 

orbital.
39

 The only weak dependence on factors beyond the CO configuration suggests that the 

vibrational frequency is a robust measure of the adsorption configuration. By comparing 
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calculated to experimental IR absorption spectra, the type of binding configuration can be 

assigned. 

In the DRIFTS spectra of CO on the Co/SiO2 catalyst (Figure 5) before hydrogenation (t=0), 

there is a strong absorbance peak with components at 2068 cm
-1

 and 2043 cm
-1

, together with 

weaker
 
peaks at 2185 cm

-1
 and ~1810 cm

-1
. The peak at 2043 cm

-1
 results from linearly adsorbed 

CO.
40,41

 Based upon prior work on Co supported on SiO2, the 2068 cm
-1

 peak is assigned to CO 

adsorbed on partially oxidized Co species.
25,41

 The weak peak at 2185 cm
-1

 is in the range 

ascribed to CO adsorbed on oxidized Co
2+

 and Co
3+

 species.
42–45

 This peak can be attributed to 

residual oxidized Co species due to the difficulty in fully reducing an unpromoted Co catalyst. 

The weak broad feature circa 1810 cm
-1

 corresponds to CO at Co three-fold hollow sites.
46

 

During hydrogenation (t=1 through t=16 min), there is a rapid transition of the principal (linear 

CO) peak into a lower frequency peak at 1957 cm
-1

 that is in the ~1900-2000 cm
-1

 range 

typically assigned to bridging CO on Co.
3,40,46,47

 Changes in coverage alone do not explain this 

frequency shift, because spectra collected when CO is simply allowed to desorb do not show 

such a shift (Figure S6). Hence, the shift seen in Figure 5 suggests a transition from linear CO to 

bridging CO in the presence of H2. Prior work on CoRe observed a similar transition during 

hydrogenation.
25

 The observed CO bridging vibrational frequencies on Co are at higher 

frequencies than those obtained by the DFT calculations. Although there is not quantitative 

agreement between the predicted vibrational frequencies and the experimental values, we 

observe the same ordering in terms of CO binding configurations. The shift may be explained by 

uncertainty in the absolute values of the DFT calculations and the low coverage of CO used in 

the calculations. Control measurements were performed under vacuum without the addition of 

H2 (Figure S6). In these measurements, the changes in peak position observed during H2 
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exposure (Figure 5) were not observed without H2 (Figure S6).  In addition, a much low rate of 

attenuation in absorbance was observed (Figure S6). Based on these differences, we conclude 

that the changes during in situ DRIFTS measurements under H2 can be attributed to 

hydrogenation and not simple desorption or displacement reactions. This methodology has been 

successfully demonstrated in several prior studies.
25,48,49

 Further, Co is an active CO 

hydrogenation catalyst at the temperatures used for the DRIFTS (250 °C). 

 

 

 

Figure 5. A series of DRIFTS spectra collected in a time series during hydrogenation of CO on a 

Co/SiO2 catalyst at 250 
o
C. In the presence of hydrogen, the linear cobalt-CO peak converts to a 

bridging peak that is subsequently hydrogenated. Time is given in minutes. 
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For the sample for which Pt is deposited using 10 cycles of Pt ALD on SiO2, two peaks are 

observed in the DRIFTS spectrum initially (t=0) at 2064 cm
-1

 and 2084 cm
-1 

(Figure 6). Single 

crystal studies of CO adsorbed on Pt 111 have shown IR absorptions at 2084 cm
-1

 and 1850 cm
-1

, 

corresponding to CO bonded at linear and bridging sites, respectively.
50

 The two peaks seen in 

Figure 6 can be attributed to CO bound linearly to Pt on sites with different coordination 

numbers.
51

 Due to increased d electron density at undercoordinated sites, there is high π* 

backbonding from the metal d orbital to the CO π* system, resulting in a decreased CO 

vibrational frequency. The peak at 2084 cm
-1

 is blue-shifted and corresponds to Pt sites with 

higher coordination, such as terraces, in agreement with prior reports.
52,53

 The red-shifted peak 

corresponds to Pt atoms in a lower coordination environment and can be attributed to edges, 

kinks, or other low-coordination Pt surface sites and agrees with the ranges measured in prior 

nanoparticle and single crystal studies.
51,52

 The relative frequencies of CO bonded to high- and 

low-coordinated Pt sites are also confirmed by the DFT calculations provided in Table S1, in 

which CO linearly bound to Pt(111) has a vibrational frequency about 20 cm
-1

 higher than that 

bound to Pt(211). No CO bridging peak on Pt, expected at ~1800 cm
-1

, is observed on the 

prepared 10 cyc Pt/SiO2 catalyst; however, this peak tends to be weak in intensity and difficult to 

observe.
54

 The bridging peak may also be absent due to particle size effects or due to the weak 

nature of the absorption.
54

 Upon hydrogenation (t=2 through t=118 min), both linear CO peaks 

decay slowly with time which agrees with the strong binding of CO by platinum. During 

hydrogenation, the peaks also red shift. The shifts can be explained by the lower CO coverages 

as hydrogenation proceeds: at lower coverage there is more effective Pt d electron density per 

CO, thus greater backdonation to the CO π
*
 system, and hence a weakening of the CO bond 

which is reflected in the lower vibrational frequency.
55

 The same slight redshift is observed upon 
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desorption in the absence of H2 (Figure S7). Therefore, in contrast to the CO/Co system, on Pt 

the change occurring with hydrogenation can be attributed strictly to coverage effects.  

 

Figure 6. A series of DRIFTS spectra collected in a time series during hydrogenation of CO on a 

10 cyc Pt/SiO2 catalyst at 250 
o
C. Two linear peaks are present corresponding to platinum sites 

with different coordination numbers. Time is given in minutes. 

The Pt-Co catalyst promoted using ALD (10 cyc Pt/Co/SiO2) shows behavior resulting from 

the presence of both Pt and Co. For these samples, DRIFTS spectra monitored during 

hydrogenation (Figure 7), show that there are peaks present at t=0 near 1810 cm
-1

, 1990 cm
-1

, 

2044 cm
-1

, 2061 cm
-1

, and 2079 cm
-1

. 

The peaks at 2079 cm
-1

 and 2061 cm
-1

 correspond closely to those observed for 10 cyc Pt/SiO2 

samples and are assigned to linear CO at high coordination and low coordination Pt sites, 
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respectively. Prior work has shown a correlation between the CO vibrational frequency and Pt 

nanoparticle size.
51,52

 The presence of CO-Pt peaks at similar frequencies on the 10 cyc Pt/SiO2 

catalyst and the 10 cyc Pt/Co/silica catalyst indicates there are still Pt nanoparticles present of 

similar sizes on the two catalysts after reduction. The peaks on 10 cyc Pt/Co/SiO2 catalyst are 

mildly red-shifted compared with the 10 cyc Pt/SiO2 catalyst; however, this shift is not 

significant relative to the coverage-dependent frequency shifts. Several groups have noted that 

with the addition of metallic cobalt, the linear CO-Pt vibrational frequency decreases.
39,50,56,57

 

We note a similar trend in our performed DFT calculations (Figure 10). Because there is little 

shift on the CO stretching frequency from the case of Co/SiO2 and because our DFT calculations 

(Figure 10) demonstrate that the linear stretching frequency is a highly sensitive probe of the 

binding site, we assign the peak at 2044 cm
-1

 to linear CO bonded to a Co-based site. The 

component near 1957 cm
-1

 corresponds to the range typically reported for bridging CO on Co 

and is therefore assigned as such.
3,40,46,47

  Similar to the case of Co/SiO2, a peak due to CO at 

three-fold hollow Co sites is observed near 1810 cm
-1

. 

During hydrogenation of the 10 cyc Pt/Co/SiO2 catalyst, the 2044 cm
-1

 linear CO-Co 

vibrational peak attenuates while a bridging CO-Co peak grows in, similar to the case of the 

Co/SiO2 catalyst. Unlike the Co/SiO2 catalysts, however, the 10 cyc Pt/Co/SiO2 catalyst retains 

some linearly bound CO-Co during the hydrogenation process. Concurrently, the peaks 

associated with the Pt in the ALD Pt/Co/SiO2 catalyst undergo a decay and redshift as they did 

for the pure 10 cyc Pt/SiO2 sample; however, the decay is much more rapid in the mixed catalyst 

case. This result indicates that the CO present on the Pt species is being hydrogenated much 

more rapidly when interacting with Co compared with Pt supported on SiO2 with no cobalt 

present. DRIFTS spectra acquired in a 2:1 H2:CO ratio are included in Figure S10. Note that the 
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data in Figure S10 are expected to differ from those in Figures 5-9 because in the former, the 

measurements provide steady state information on surface species present under CO/H2 

conditions, whereas in the latter, the measurements provide information about CO reactivity and 

transient species. We find that during steady state CO/H2 exposure, CO binds in configurations 

similar to those observed in the presence CO without H2. The minor change in peak ratios may 

result from competitive adsorption of H2. 

 

 

Figure 7. A series of DRIFTS spectra collected in a time series during hydrogenation of CO on a 

10 cyc Pt/Co/SiO2 catalyst at 250 
o
C.  Linear CO peaks corresponding to Pt sites are present. 

Linear and bridging CO peaks corresponding to cobalt-based sites are also present. 
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 The Pt-Co catalyst promoted using additional ALD cycles (25 cyc Pt/Co/SiO2) again shows 

behavior resulting from the presence of both Pt and Co. For these samples, DRIFTS spectra 

acquired during hydrogenation (Figure 8), show that there are peaks present at t=0 near 1785 cm
-

1
, 2010 cm

-1
, 2058 cm

-1
, and 2075 cm

-1
. The CO-Pt feature (2075 cm

-1
) due to high coordination 

Pt sites is observed and no peaks due to low coordination CO-Pt sites are observed in contrast to 

the 10 cyc Pt/Co/SiO2 catalyst. This difference is attributed to the larger Pt particles on the 25 

cyc Pt/Co/SiO2 catalyst having a lower fraction of undercoordinated surface Pt sites. The peak at 

2058 cm
-1

 is assigned as linear CO bonded to a Co-based site and the peak at 2010 cm
-1

 to 

bridging CO bonded to a Co site as discussed for the 10 cyc Pt/Co/SiO2 catalyst. The increased 

frequency of these sites can be explained by more Pt-Co interactions on this sample as there is an 

increased Pt loading. The intensity of the CO-Pt feature is much more intense than the Co 

features due to the high amount of Pt deposited compared with the 10 cyc Pt/Co/SiO2 catalyst 

(Figure 7). As discussed above, a peak due to CO-Co at threefold sites is observed near 1785 cm
-

1
. 

During hydrogenation of the 25 cyc Pt/Co/SiO2 catalyst, the CO-Co peaks decrease in 

intensity. Relative to the 10 cyc Pt/Co/SiO2 catalyst, the 25 cyc Pt/Co/SiO2 catalyst has a greater 

fraction of linear CO-Co to bridging CO-Co. The linear CO-Pt peak attenuates in intensity; 

however, it does so at a much slower rate than for the more lightly Pt-promoted Co/SiO2. We 

expect this behavior as this catalyst contains a high concentration of Pt, leading to more Pt sites 

that are not interacting with Co (Figure 4) and slowly hydrogenate CO (Figure 6). 
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Figure 8. A series of DRIFTS spectra collected in a time series during hydrogenation of CO on a 

25 cyc Pt/Co/SiO2 catalyst at 250 
o
C.  A peak corresponding to linear CO-Pt at high coordination 

Pt sites is observed. Linear and bridging CO peaks corresponding to cobalt-based sites are also 

present. Time is given in minutes. 

 

In the case of the IWI PtCo/SiO2 catalyst, three peaks are present (appearing at c. 2000 cm
-1

, 

2052 cm
-1

, and 2063 cm
-1 

at t=0 min) in the DRIFTS spectra during hydrogenation (Figure 9). 

Based on the above discussion, we assign the peaks at 2052 cm
-1

 and 2063 cm
-1 

to CO linearly 

bonded to PtCo sites. We assign the peak near 2000 cm
-1

 to bridging CO on PtCo alloy sites 

based on the assigned spectra of CO on Co/SiO2 (Figure 5). The XRD measurements performed 

on this catalyst (Figure 3) did not support the presence of a bulk alloy; however, surface sensitive 
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measurements using DRIFTS are consistent with the formation of an alloy. The combination of 

these two results indicates that the alloying is primarily at the surface and not in the bulk. 

Although there are stable bulk alloys of Pt and Co, prior work has noted the preference for 

surface segregation.
58,59

 Given the stronger binding of CO by Pt than Co (Table 3), we expect the 

segregation effects to be enhanced in the presence of syngas. During hydrogenation, the peaks 

red-shift. We attribute this change to reduction in CO coverage based upon the discussion above. 

Similar to the 10 cyc Pt/Co/SiO2 catalyst, the IWI PtCo/SiO2 catalyst has substantial bridging 

and linear CO species present throughout the hydrogenation of adsorbed CO. 
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Figure 9. A series of DRIFTS spectra collected in a time series during hydrogenation of CO on a 

IWI PtCo/SiO2 catalyst at 250 
o
C. Peaks corresponding to linear and bridging CO are observed 

that are both assigned to a PtCo alloy phase. Time is given in minutes. 

 

Figure 10. Calculated CO vibrational frequencies as a function of Pt:Co ratio on different Pt, Co, 

and Pt-Co surface configurations. The points are color coded by the binding configuration and 

the metal of the binding site, with CO bound in a linear configuration to Pt in gray, CO bound in 

a linear configuration to Co in red, CO bound in a bridging configuration on 211 surfaces in 

blue, and CO bound in a three-fold configuration on 111 surfaces in orange. The vibrational 

frequencies cluster into different frequency ranges based upon the binding configuration. 

Representative images of CO bound in linear, bridging, and three-fold configurations are shown 

with Pt atoms in gray and Co in red. 
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Table 3: DFT-Calculated Binding Energies of Linear CO on Selected 211 Surfaces  

Surface CO binding energy (eV) 

Pt -1.79 

Pt3Co -1.69 

Pt Overlayer -1.62 

Co3Pt -1.61 

Co -1.52 

 

Discussion: 

In CO hydrogenation, there are several kinetically competing pathways leading to the 

production of methanol, higher alcohols, hydrocarbons and other oxygenate products. In 

examining these processes, the cleavage of the C-O bond, or lack thereof, plays a crucial role in 

formation of the final products. For hydrocarbons in Fischer-Tropsch synthesis, the precise 

mechanism is debated in the literature, with dominant proposals being the carbide mechanism 

and CO insertion.
1
  CO insertion is the most commonly accepted mechanism for higher alcohol 

formation;
3,5,41,60–62

 however, there are other proposals.
63

  In the CO insertion mechanism, CO 

bond cleavage and hydrogenation form CHx fragments, and these fragments then undergo a CO 

insertion, or coupling, event in which an adsorbed CO molecule inserts into a metal—CHx bond. 

In the case where the CO bond dissociates after insertion, hydrocarbons would be formed; if the 

bond does not dissociate, higher alcohols and other oxygenates would result. In the carbide 
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mechanism, CO dissociates to form CHx fragments on the surface which subsequently undergo 

C-C coupling to form hydrocarbons.
1,63

 In both mechanisms, when there is high CO dissociation, 

methane and hydrocarbons are expected as the primary products. In the case where the CO bond 

doesn’t dissociate, methanol would be expected as a major product.  

With the addition of Pt, we observed notable changes in hydrogenation behavior monitored 

using DRIFTS that, together with the results of our DFT calculations, support the conclusion that 

changes are occurring to the active site. In the DRIFTS of Co/SiO2 during hydrogenation, there 

is primarily bridging CO present. Bridging CO on Co is generally agreed to be the active species 

in Fischer-Tropsch synthesis of alkanes,
25,64,65

 in which CO dissociates to form hydrocarbons.  

With increasing Pt content (0, 10, 25 cycles ALD Pt), however, the DRIFTS results show that 

there is an increase in linearly adsorbed CO relative to bridging CO during hydrogenation. Prior 

work has shown CO in a linear configuration is less prone to dissociate.
25,64,65

 An increase in CO 

dissociation would result in increased surface CHx species, and these CHx species can form 

growing hydrocarbon chains through C-C coupling steps.
1
 On the other hand, with a decrease in 

CO dissociation there would be a decrease in surface CHx species. This reduction in surface alkyl 

fragments would reduce the chain growth probability and thus favor the production of short 

chain hydrocarbons. We observed with increasing Pt content that the hydrocarbon distribution 

shifts from primarily C5-C9 to C1-C5 hydrocarbons, consistent with a decrease in CO dissociation. 

On the Pt-Co/SiO2 catalysts prepared using Pt ALD, in addition to shifting selectivity towards 

short chain hydrocarbons, there is a substantial increase in methanol selectivity. We propose two 

possible explanations for this behavior. Looking at the peaks from CO on Pt in DRIFTS, the 

linear Pt-CO absorbances decay much more rapidly on the Pt sites of the 10 cyc Pt/Co/SiO2 

catalyst compared with the 10 cyc Pt/SiO2 catalyst during hydrogenation. This change indicates 
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that CO bound to the Pt “supported” on Co has a much higher hydrogenation rate. Prior work has 

shown that the addition of transition metals, such as Fe, can reduce binding energy of CO on 

Pt.
66

 In agreement, our DFT calculations show CO binds more weakly on Co compared to Pt 

211, and the alloyed Pt-Co 211 surfaces considered herein have an intermediate binding strength 

(Table 3). CO strongly binds to Pt and readily poisons Pt surfaces in the presence of H2.
67

 The 

increased rate of hydrogenation during in situ DRIFTS measurements and the reduction in 

binding energy on Pt-Co versus Pt point to a reduction in the barrier for CO hydrogenation on Pt-

Co versus Pt. Therefore, we propose that the Pt sites interacting with Co have an overall higher 

activity toward methanol production. A second possibility is that changes in a Co-based site 

could give rise to the increased methanol selectivity. The reduced chain growth after the addition 

of Pt could indicate a reduction in CO dissociation. This reduction in CO dissociation would 

favor methanol production. We note that full microkinetic modelling beyond the scope of this 

study would be required to verify these proposals.  

Prior work has noted that as chain growth probability increases, oxygenate selectivity 

decreases.
1
 Consistent with this idea, the addition of Pt to Co both reduces the hydrocarbon chain 

growth and increases the methanol selectivity. Pt likewise increases the selectivity of the 

prepared Co/SiO2 catalysts towards higher alcohols. Higher alcohol formation requires a balance 

between surface CO dissociation and insertion. Consistent with this picture, studies on Co-based 

catalysts have proposed an important balance between dissociated and nondissociated CO for 

higher alcohol synthesis.
41,60,68,69

 Work on mixed Co and Co2C catalysts has also shown the 

importance of having both dissociatively and non-dissociatively bound CO in obtaining higher 

selectivity to ethanol.
68

 For CuCo catalysts, the selectivity has also been reported to be a 

balancing act between dissociated and nondissociated CO.
41,60

 The addition of Cu blocks Co sites 
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for CO dissociation and provides nondissociated CO species for CO insertion.
60

 All of these 

results support the idea that on a Fischer-Tropsch catalyst such as cobalt, in which CO 

dissociation is relatively facile, a decrease in CO dissociation would decrease surface CHx 

species and disfavor the polymerization reaction that results in the formation of alkanes through 

Fischer-Tropsch catalysis. Hence, the interplay between dissociated and nondissociated CO is a 

critical factor in achieving selectivity towards higher alcohols with the addition of a second 

species to Co allowing for an increase in nondissociated CO. Consistent with this discussion, 

shifting the balance between dissociated and nondissociated CO leads to improved selectivity 

towards higher alcohols. Taken all together, we observed that the addition of Pt increases 

linearly-bound CO species, resulting in less CO dissociation and a shift in the selectivity towards 

more higher alcohols and methanol, and fewer long chain hydrocarbons. 

 

Conclusions: 

The selectivity of Pt-promoted Co/SiO2 catalysts toward alcohol synthesis was investigated 

using catalysts prepared by ALD and IWI syntheses with the use of ALD allowing for the 

systematic variation of Pt content in a highly controlled manner. The catalysts were characterized 

using a variety of ex situ techniques and in situ DRIFTS experiments, complemented by DFT 

calculations. The addition of Pt resulted in increased selectivity towards methanol and higher 

alcohols, and reduced selectivity towards long chain hydrocarbons. Through in situ DRIFTS 

measurements, we found that the addition of Pt increases linearly bound surface CO which in 

turn we attribute to reduced CO dissociation, increased methanol and higher alcohol selectivity, 

and reduced long chain hydrocarbon selectivity. Although the performance of these catalysts is 

not expected to compete with industrial Cu-based methanol synthesis catalysts, this system 
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represents an interesting model case for mechanistic studies. We demonstrated experimentally 

for the first time using in situ DRIFTS the role of different CO binding sites in CO 

hydrogenation on Pt-Co. This work confirms the trends noted in CO hydrogenation between the 

roles of sites for nondissociated CO binding and CO dissociation. We also showed the strength 

of ALD as a means for promoting catalysts. The methods used in this study can be applied to 

study the promotion of bimetallic catalytic systems in a robust and reproducible manner. 

Although ALD has yet to be applied for commercial catalysts, current technology allows for 

industrial scale production of ALD-coated powders.  
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