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Abstract 

Infrared spectroscopy on CO chemisorbed on Raney Cu and materials with Cu dispersed as 

nanoparticles on oxide supports was used to evaluate support effects on the Cu surface properties. 

The C-O frequency (νC-O) is sensitive to the charge on the adsorption site with νC-O being high on 

Cu+, intermediate on Cu0, and low on Cu−, whereby this method can probe the charging state of 

the Cu surface. The Raney Cu reference demonstrates the complex analysis of the IR band 

intensity, which can be susceptible to dipole coupling. This means that the most intense IR bands 

may be higher frequency bands strengthened by such coupling effects rather than the bands arising 

from the most abundant sites. The νC-O of the major band attributable to CO adsorbed on the 

metallic surface follows the order: Cu/SiO2 > Raney Cu > Cu/Al2O3 > Cu/TiO2. Given the charge-

frequency relationship these support-dependent frequency shifts are attributed to changes in the 

charging of the Cu surface caused by support effects. The Cu surface is more electron deficient for 

Cu/SiO2 and electron enriched for Cu/TiO2. For the Cu/ZnO(/Al2O3) samples, which are important 

as industrial methanol synthesis catalysts, band assignments are complicated by a low νC-O on Cu+ 

sites connected to the ZnO matrix. However, Cu/ZnO(/Al2O3) has a spectral feature at 2065-68 

cm−1, which is a lower frequency than observed in the Cu single crystal studies in the literature 

and thus indicative of a negative charging of the Cu surface in such systems. Experiments with co-

adsorption of CO and electron-withdrawing formate on Cu/ZnO and Cu/SiO2 show that νC-O in the 

adsorbed CO shifts upwards with increasing HCOO coverage. This illustrates that the surface 

charge is donated to the electron-withdrawing formate adsorbate, and as a result co-adsorbed CO 

experiences a more charge depleted Cu surface that yields higher νC-O. The support-dependent 

surface charging may thus affect the interaction with adsorbates on the metal surface and thereby 

impact the catalytic properties of the Cu surface. Dilution of the samples in KBr, which has been 

used in many studies in the literature, had pronounced effects on the spectra. The presence of KBr 

leads to an increase in νC-O indicative of an electron depleted surface attributed to transfer of 

electron-withdrawing bromine species from KBr to the sample. 
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1. Introduction 

Materials with copper dispersed as nanoparticles on oxide supports are of great practical 

importance as catalysts for reactions such as methanol synthesis and the water-gas shift reaction. 

In these two reactions catalytic activity only emerges once the copper is reduced to the metallic 

state [1,2], and catalytic activity scales linearly with the Cu surface area [3–8], which strongly 

indicates that the reaction occurs on the metallic surface. However, the support used to disperse 

the Cu has a major impact on the catalytic activity and may cause order of magnitude changes to 

the rate of the reaction on the Cu surface [9–13]. It is therefore important to investigate, how the 

properties of the Cu surface depend on the underlying support. Infrared spectroscopy of CO 

adsorbed on the surface as a probe molecule is a valuable technique because of the high sensitivity 

of the C-O stretching frequency (νC-O) to the nature of the adsorption site. Focusing on the 

dominant on-top bonding of CO, the most important factor for the C-O frequency on Cu is the 

charge on the adsorption site. This is illustrated by Fig. 1, which shows how high C-O frequencies 

correspond to more positively charged adsorption sites, while progressively lower C-O frequencies 

are characteristic of zero-valent and negatively charged Cu sites.  

 

Fig. 1: C-O stretching frequencies (νC-O) for CO adsorbed on Cu surfaces or on isolated Cu ions 

(in frozen Ne) based on reports in the literature [14–19]. The values are for the predominant linear, 

on-top bonding of CO. 

 

The charge on the Cu site depends on the surroundings. CO adsorbed on fully developed Cu+ sites 

is associated with frequencies above ca. 2105-2110 cm-1, but Davydov [20] observed that Cu 

cations linked to a basic oxide (MgO or ZnO) appeared to be Cu+ sites with a limited positive 

charge and gave νC-O < 2100 cm-1 in the adsorbed CO. This can be rationalized from the Lewis 

definition of a base as an electron donor that thus limits the positive charge on the Cu cation. On 

the metallic surface the morphology is also important. According to the theory of Smoluchowski 
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[21] the electronic cloud at the metal surface smoothens out, which means that charge flows from 

protrusions, such as step atoms to the lower lying facets. As a result the step atoms become 

positively charged Cu+ sites. This positive charge on protrusions explains, why stepped Cu single 

crystal surfaces exhibit the highest C-O frequencies among metallic surfaces - near the transition 

to fully developed Cu+ sites (Fig. 1). The same partial charging applies for other protrusions in 

nanoparticles, such as edges and corners [22,23]. On the low-index, planar Cu surfaces the 

frequency is generally found in the 2070-2100 cm-1 range [16]. The highest frequencies occur on 

the Cu(110) surface that also has protruding rows of atoms. If the metal surface is negatively 

charged, the C-O stretches shift to lower frequencies. By theoretical calculations Head-Gordon 

and Tully [17] observed that the C-O frequency in CO adsorbed on a Cu14 cluster was lowered by 

127 cm-1, when the cluster was negatively charged corresponding to an electric field of -0.5 V/Å.  

     The relationship between surface charging state and frequency can be rationalized through the 

Blyholder model [24]. The metal-CO bond is dominated by donation from the 5 orbital of CO to 

the metal surface and back donation from the metal surface to the 2* orbitals of CO. Both the 5 

and 2* orbitals are anti-bonding with respect to the internal C-O bond [25]. Hence, more 

positively charged sites will receive more donation from the 5 orbital and back donate less to the 

2* orbitals, which results in strengthening of the C-O bond and a higher stretching frequency 

(due to greater removal from a CO anti-bonding orbital). More negatively charged sites will 

oppositely receive less 5 donation and back donate more leading to a lower C-O frequency (due 

to greater donation to a CO anti-bonding orbital).  

     Although providing valuable information, there are also important factors to consider in the 

interpretation of the IR spectra of adsorbed CO. Possibly the most important effect is dipole 

coupling. The vibrations of the adsorbed molecules are coupled by the electrostatic fields from 

their radiation induced dipoles [26]. Hollins [27] found that if the surface contains two different 

sites giving C-O frequencies in close proximity, the higher frequency is subjected to constructive 

interference resulting in enhanced absorbance intensity, whereas the lower frequency experiences 

destructive interference and weakens. As an example Hollins and co-workers [26,27] showed that 

if the surface contains just a few percent of high C-O frequency sites, such as the Cu+ atoms at 

steps, the positive interference from dipole coupling causes these high C-O frequency sites to 

dominate the recorded IR spectrum completely. The CO on the planar facets, which has a lower 

C-O frequency and therefore receives destructive interference, will only be seen as a minor 

shoulder in the spectrum despite constituting the majority of the adsorption sites. For complex 

supported samples with a variety of facets the main spectral features from CO on the metallic 

surface must therefore be expected to represent adsorption at the higher frequency sites at surface 

protrusions (e.g. steps or the protruding rows in (110) facets). Experimentally it is observed [28] 

that the strengthening of the high frequency band induced by dipole coupling increases with 

adsorbate coverage as more adsorbates contribute to the interference phenomena. A second 

important factor to consider is the preferential bonding. In the case of copper, positively charged 

Cu+ sites bind CO stronger than metallic Cu sites, which can be attributed to the greater donation 

from the 5 orbital of CO to the Cu+ site [29]. It must therefore be expected that the positively 

charged Cu sites are occupied first upon exposure to CO and are the last to be vacated upon 

desorption.  
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     There have been previous comparative studies [30,31] of support effects on Cu, but these 

studies have proposed explanations that varied from adsorption dominantly on the metallic surface 

to full oxide decoration of the Cu particles, and the available studies thus offer no unified 

conclusions. Consequently it is still highly necessary to examine the issue of support effects in Cu-

based materials. Additionally, a significant part of the published literature using infrared 

spectroscopy has used samples diluted in KBr. However, the presence of KBr has been reported 

[32,33] to induce significant chemical modifications to the investigated sample and its properties. 

It is therefore also relevant to assess the effect of KBr to evaluate the validity of the results in the 

literature. 

     Here we conduct FTIR investigations of CO adsorbed on Cu dispersed on a variety of supports 

(SiO2, Al2O3, ZnO(/Al2O3) and TiO2) using high surface area samples representative of catalytic 

materials. The main aim is to identify the primary IR band from CO adsorbed on the metallic Cu 

surface of each sample and to detect the presence of any support effects. Low temperature 

measurements are used to obtain spectra of CO on Raney Cu to assess the intrinsic properties of 

Cu for comparison to the supported samples. Experiments with co-adsorption of formate and CO 

were used to gain further insight into the Cu surface properties. Furthermore, experiments with 

controlled addition of KBr were conducted to evaluate the effect of dilution by KBr used in much 

of the previous IR work in the literature. 

 

 

 

2. Materials and Methods 

 

2.1 Materials 

Flows are reported with reference to normal (N) conditions equal to 273.15 K and 1 atm. of 

pressure. All supported Cu samples were prepared from the nitrate (Cu(NO3)2·3H2O ≥ 98.6% from 

Alfa Aesar). Cu/ZnO, Cu/ZnO/Al2O3 and Cu/Al2O3 samples were synthesized by co-precipitation 

methods with metal nitrate precursors (using Zn(NO3)2·6H2O ≥ 98%, Al(NO3)3·9H2O ≥ 98% from 

Sigma Aldrich) and a precipitating agent (Na2CO3, ≥ 99.8% from Sigma Aldrich). Precipitation 

conditions were adapted from the optimal conditions reported by Baltes and co-workers [4]. The 

precipitation was conducted by dripping nitrate solution and precipitation agent into a stirred 

beaker initially containing 500 mL of demineralized water as a temperature buffer. The 

precipitation was conducted at pH = 6.5 and T = 338 K until the nitrate solution was consumed 

and the precipitate was then aged at this temperature for 1 hour with unrestricted pH. Cu/TiO2 was 

prepared by deposition-precipitation using similar synthesis parameters, but with TiO2 anatase 

powder (nanopowder, 21 nm particle size from Sigma Aldrich) added to the initial 500 mL of 

water. The aged precipitates for Cu/ZnO (10 wt% Cu), Cu/ZnO/Al2O3 (63.0 wt% Cu, 32.5 wt% 

Zn, 4.5 wt% Al), Cu/Al2O3 (20 wt% Cu), and Cu/TiO2 (20 wt% Cu) were filtered and thoroughly 

washed using demineralized water followed by overnight drying at 313 K before calcination. Dried 

samples were loaded into alumina crucibles and calcined in a tubular furnace using an air flow of 

1 NL/min, while ramping the temperature by 2 K/min (1 K/min for Cu/Al2O3) to the calcination 

temperature of 573 K (603 K for Cu/Al2O3) which was held for three hours before cooling. After 

calcination the samples were pressed, crushed and sieved to 150-300 µm. Cu/SiO2 (10 wt% Cu) 

was prepared by impregnation using crushed and sieved (150-300 µm) SiO2 carrier particles 
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(SS61138, 250 m2/g, from Saint Gobain) with the Cu nitrate precursor before drying overnight at 

313 K and calcination by the same procedure as for the other samples. 

     Raney Cu (98.9 wt% Cu, 0.81 wt% Al, 0.1 wt% Fe, 0.05 wt% Ni) was purchased as an aqueous 

solution from Strem Chemicals and was pre-dried in air at room temperature in a fume hood to 

obtain a dry state before loading. Further characterization of this sample is reported elsewhere 

[34]. 

     FTIR grade KBr was purchased from Sigma Aldrich and sieve fractionated to 150-300 µm 

before use.  

 

2.2 Methods  

Generally the samples were pre-reduced/activated in situ by hydrogen at atmospheric pressure 

prior to measurements on reduced samples. The samples were heated (1 K/min) in 5% H2/N2 to 

first 448 K and secondly to 523 K with holding times of generally 30-180 min at both temperatures 

until no further water evolution could be detected. For Cu/Al2O3 the standard procedure was 

followed by a subsequent treatment in 100% H2 at 523 K until no further water evolution could be 

detected.  

     The exposed Cu surface areas of the pre-reduced samples were measured by the N2O Reactive 

Frontal Chromatography (RFC) method [35] using a Quantachrome IQ2 setup. After pre-reduction 

the samples were subsequently cooled in He to 333 K and here exposed to a 19 Nml/min flow of 

1% N2O/He to determine the Cu surface area according to [35]. The Cu surface area calculations 

were based on the N2O consumption, using a Cu:O stoichiometry of 2:1 [36] and an average Cu 

surface atom density of 1.47∙1019 atoms/(m2 Cu) [37].  

     In situ XRD was performed using an X’Pert Pro diffractometer from Malvern Panalytical with 

a CuKα anode and an installed XRK 900 in situ cell from Anton Paar and applied to determine the 

Cu crystallite size based on the Scherrer method. In situ XRD also verified complete Cu reduction 

with the applied activation method (Fig. S1-S6). The effluent gas was analyzed by a Pfeiffer 

quadrupole mass spectrometer. Prior to analyses samples were activated by the same hydrogen 

concentrations as outlined previously by mixing 99.9999% He and 99.9999% H2 from Air Liquide 

Denmark. The Cu crystallite size was estimated from the Scherrer equation [38] using a Scherrer 

constant of 0.9 [39,40] and correction for an instrumental broadening of maximally 0.1°. The 

Inorganic Crystal Structure Database [41] with the collection code written in parentheses is applied 

to identify observed XRD peaks. XRD patterns featured a growing baseline with increasing 2θ 

especially for the samples with high Cu weight percentage due to fluorescence from the sample 

matching the CuKα anode.  

     Infrared spectroscopy experiments were conducted with a domed reactor cell and Praying 

Mantis Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) unit from Harrick 

Scientific Products using a Nicolet iS50 FTIR spectrometer with a liquid N2 cooled MCT detector. 

Measured spectra were an average of 76 scans with a resolution of 4 cm-1. In a standard experiment 

the Cu samples were loaded and compacted in the sample cup of the reactor cell before 

experiments. Gasses (≥ 99.999% He with < 2 ppm O2, 9.50% CO/Ar with < 3 ppm O2, H2, 5.01% 

H2/N2 with < 2 ppm O2, 9.00% CO2/N2 with < 3 ppm O2, ≥99.999% H2 with < 2 ppm O2, ≥

 99.999% N2 with < 2 ppm O2) were obtained from Air Liquide Denmark and dosed via Brooks 

SLA5850 mass flow controllers. The gas passes through an active carbon filter immediately before 
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entering the reactor cell. The effluent gas from the reactor cell was analyzed by a Hiden HPR-20 

EGA mass spectrometer (MS).  

     All measurements were conducted at atmospheric pressure starting with the hydrogen 

activation procedure outlined above. For CO adsorption experiments, the activated samples were 

cooled in He to the CO adsorption temperature, where a background spectrum was recorded in He 

prior to CO exposure. The samples were then exposed to 0.4 mbar CO balanced in inert gas and 

analyzed as spectra (in Kubelka-Munk units) using the aforementioned background. The typical 

measurement temperature of 276 K was achieved from adjusting the temperature of the 

thermostatic bath supplying the cooling water circulating through the IR cell.  

     Low-temperature measurements were used for Raney Cu. These measurements were conducted 

using a CHC-CHA-3 reaction chamber (Harrick Scientific Products) that includes a liquid N2 

container connected through a cold finger to the low temperature reaction chamber. Pre-reduced 

Raney Cu was held in an N2 atmosphere at room temperature before cooling to a temperature of 

152-153 K. At this temperature a background spectrum was recorded in flowing N2 before 

exposure to 0.4 mbar CO. Subsequently the cell was purged with N2 and absorbance spectra of the 

adsorbed CO were recorded using the background measured at the same temperature in N2 prior 

to CO exposure. 

     To aid the distinction between contributions from metallic and oxidized sites, measurements 

were conducted on oxidized samples (to eliminate the metallic contributions) and after a harsher 

reduction in CO to help eliminate oxide contributions. Two types of measurements on oxidized 

samples were conducted. In one type of measurement the CuO/SiO2 and CuO/TiO2 oxide 

precursors were instead of pre-reduction only outgassed in flowing He at 373 K until no further 

water evolution could be detected and then cooled in He to 276 K. Here adsorption of 0.4-100 

mbar CO in stepwise increasing CO concentration was conducted. For the other type of 

measurement on oxidized samples Raney Cu, Cu/Al2O3, Cu/ZnO/Al2O3, and Cu/SiO2 were 

activated by the normal pre-reduction and then re-oxidized at room temperature by exposure to a 

flow of 9% CO2/N2. After flushing of the cell with He at room temperature, the CO adsorption 

was then conducted with 0.4-100 mbar CO in stepwise increasing concentration at 276 K (152-

153 K for Raney Cu). 

     For tests with a harsher reductive treatment of Cu/SiO2 and Cu/ZnO/Al2O3 the samples were 

pre-reduced by the normal treatment, then exposed to a 50 NmL/min flow of 100% H2 at 523 K 

for 1 hour. Finally the flow was switched to 79 Nml/min of 9.5% CO (balanced in Ar) and heated 

with 5 K/min to 573 K and kept constant for 30 minutes before thorough He purge at 573 K to 

remove residual and adsorbed CO and cooling in He to 276 K where adsorption of 0.4 mbar CO 

was conducted. 

     For experiments with deposition of formate on Cu/ZnO or Cu/SiO2, the pre-reduced sample 

was flushed and cooled in He to 373 K (atmospheric pressure), where it was exposed to CO2/N2/H2 

(3/29/68) flow until stable IR signals before cooling to 276 K in the syngas mixture. A background 

spectrum was recorded in He at 276 K and used for recording spectra (in Kubelka-Munk units) 

during a subsequent exposure to 0.4 mbar CO. After CO adsorption, the sample was thoroughly 

flushed with He at 276 K before performing a TPD in 45 Nml/min He with a heating ramp of 10 

K/min to 323 K before further heating by 2 K/min to a final temperature of 393 K with a dwell 

time of 5 min. During cooling from the final TPD temperature, a 10 min dwell step at 353 K in a 

150 Nml/min He flow was included to prevent re-adsorption of desorbed adsorbates. The higher 
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He flow was maintained during further cooling to 276 K, where a new background spectrum was 

collected for the subsequent CO adsorption exposure. The combined TPD and CO adsorption cycle 

was repeated with increased final TPD temperature in steps of 20 K (413 K, 433 K and 453 K). 

     To evaluate the effects of sample dilution with KBr, which has been used for many similar 

studies in the literature, measurements were conducted with the Cu-based samples physically 

mixed with KBr. The KBr-sample mixture was then subjected to the same pre-reduction and 

measurement protocols used in the standard experiments and analyzed by IR measurements on 

chemisorbed CO.  

 

3. Results and Discussion 

 

3.1 Sample Properties  

The results from structural characterization of the samples are summarized in Table 1. Details of 

the post reduction XRD patterns are shown in the supplementary material Figs. S1-S7. The 

constant angle (2θ) of the XRD reflections from Cu for all the samples (see Fig. S7b) suggests that 

bulk alloying of Cu and support components do not occur for any of the samples with the applied 

reduction methods. Precipitated samples (Cu/Al2O3, Cu/ZnO/Al2O3, Cu/ZnO, Cu/TiO2) have a 

smaller crystallite size than the Cu diameter determined from the Cu surface area. This suggests 

that the samples are polycrystalline with larger particles composed of smaller crystallites. 

However, an extent of decoration of the metal particles (i.e. an “iceberg” configuration) by the 

support can also contribute to an overestimation of the Cu particle size relative to the XRD 

crystallite size estimates. Oppositely, Cu/SiO2 prepared by impregnation exhibits a larger 

crystallite size than the size determined from the surface area. This has also been observed 

previously [42] for Cu/SiO2 prepared by impregnation. The impregnation method must have 

resulted in larger crystallites that dominate the XRD measurement over a majority of smaller 

particles that dominate the Cu area. For Raney Cu the size estimates from XRD and chemisorption 

are similar, indicating that the sample consists of relatively homogeneous 40-50 nm Cu crystals. 

Previous characterization [34] has shown that around 30-40% of the surface of these crystals is 

free metallic surface, whereas the rest is covered with a thin Al2O3 film. 

     It is known that the TOF for methanol synthesis over Cu based samples (and hence expectedly 

the surface properties) is generally size-independent for Cu particles larger than ca. 5 nm 

[12,43,44]. Xu and Goodman [45] also found that the IR spectrum of CO adsorbed on a Cu/SiO2 

model system became relatively size-independent above ca. 3.5 nm in diameter (below 30% Cu 

dispersion). The surface properties should therefore be relatively constant for particle sizes above 

the limit of 3.5-5 nm. As the crystallite sizes are close to or above this limit (Table 1), and as the 

area-derived particle sizes are well above this limit, it is unlikely that the present comparisons 

across supports are affected by differences in particle size. 
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Table 1: Results from structural characterization of the reduced samples by N2O-RFC and in situ 

XRD. 

Sample Nominal Cu 

content [wt%] 

Cu surface area 

[m2 Cu/gcat]  

Cu crystallite size 

from XRD [nm] a) 

Cu diameter from 

Cu surface area [nm] 

Cu/SiO2 10 3.99 67.3 16.8 

Raney Cu 98.9 5.18 40.7 47.5 b)  

Cu/Al2O3 20 4.80 2.9 28.0 

Cu/TiO2 20 1.19  65.7 112.9 

Cu/ZnO 10 4.90 3.9 13.7 

Cu/ZnO/Al2O3 63 20.25 4.7 20.9 
a) Determined based on the Cu {111} diffraction peak at 43.1° (ICSD cc. 64699) after activation.  
b) Determined from the combination of the free Cu area and the Al2O3 covered surface area determined by Nielsen et 

al. [34]. 

 

3.2 Raney Cu  

A previous study [34] with the same Raney Cu sample evaluated the catalytic properties and 

showed that Raney Cu featured the intrinsic properties of Cu. Consequently, CO adsorption on 

Raney Cu should be representative of the intrinsic properties of Cu in the absence of notable 

support effects. Spectroscopic measurements on metal-rich Cu samples are complicated by the 

high reflectance of the metal [16], which is the most likely reason, why only weak signals were 

obtained in the present DRIFTS experiments on Raney Cu. The measurements were therefore 

conducted at low temperature, where adsorbed CO can be preserved for some time after purging 

the cell of gaseous CO. This allows a clearer identification of the band from adsorbed CO.  

     Fig. 2a shows the IR spectrum of pre-reduced Raney Cu during CO adsorption at 153 K and 

after a subsequent 3 min N2 purge until only minor traces of gaseous CO could be detected. The 

IR band at 2094 cm-1, which is preserved during removal of gaseous CO, is attributed to adsorbed 

CO on metallic Cu. Comparison to single crystal studies [16,46] suggests that this spectrum is 

dominated by the contribution from the (110) facets. Previous [47–49] Wulff-construction 

modeling on Cu has yielded a distribution of 5-7% (110), 25-30% (100), and 60-70% (111) for the 

Cu surface. The catalytic properties of the Raney Cu sample are also relatively similar to those of 

a Cu(111) single crystal surface [34], which supports that this equilibrium distribution is 

representative for the present Raney Cu sample. It could thus seem contradictory that the least 

abundant facet dominates the spectrum in Fig. 2a, but this can be rationalized from the dipole 

coupling effects mentioned in the introduction. Single crystal studies [16,46] show that the C-O 

frequency decreases in the order (110) > (100) > (111). As the interference phenomena from dipole 

coupling strongly favor the higher C-O frequency sites, the contribution from higher frequency 

(110) sites dominates the spectrum despite representing a minority of the surface sites. The strong 

effects of dipole coupling seen for the Raney Cu reference suggests that polycrystalline Cu samples 

generally must be expected to be dominated by the higher frequency contributions, such as 

Cu(110), despite the limited concentration of such sites.  

     Fig. 2b shows the IR spectrum of the adsorbed CO on Raney Cu that had been first pre-reduced 

and then re-oxidized by 9% CO2/N2 at room temperature. Fig. 2b illustrates that this yields a C-O 

band at 2107 cm-1 in the frequency range indicative of CO on oxidized Cu+ sites (Fig. 1). The fact 
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that the 2094 cm-1 band seen for the reduced sample is replaced with a higher frequency band by 

the oxidative treatment helps to verify that the 2094 cm-1 band is due to CO adsorption on metallic 

Cu. 

 

 

 
Fig. 2: a) IR spectra of pre-reduced Raney Cu in the presence of 0.4 mbar CO (blue) and after 

subsequent N2 purge (red) both at 153 K. b) IR spectra of pre-reduced and then re-oxidized (by 

9% CO2/N2 at room temperature) Raney Cu in 0.4 mbar CO at 152 K and during N2 purge at 152 

K post stepwise increase in CO pressure from 0.4 mbar to 100 mbar CO.  

 

3.3 Cu/Al2O3 

Fig. 3a shows the IR spectrum for CO adsorbed at 276 K on pre-reduced Cu/Al2O3 with a main 

band located at 2089 cm-1 attributed to CO on the metallic surface on the basis of a comparison to 

Fig. 1. Fig. 3b shows the IR spectrum for CO adsorbed at 276 K on pre-reduced and then re-
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oxidized (9% CO2/N2 at room temperature) Cu/Al2O3, which shows a main band at 2109 cm-1 

indicative of CO on relatively well-developed Cu+ sites (Fig. 1). Since the 2089 cm-1 band seen 

for reduced Cu/Al2O3 is significantly displaced by the oxidative treatment (Fig. 3), and because 

D’Alnoncourt et al. [50] observed that more severe reduction of Cu/Al2O3 did not change this band 

substantially, the 2089 cm-1 band is attributed to the metallic Cu surface. If the partially oxidized 

sample is exposed to increasing CO pressures the band also seems to shift down towards the 

metallic state (Fig. S8). 

 

 

 
Fig. 3: a) IR spectrum of pre-reduced Cu/Al2O3 in 0.4 mbar CO at 276 K. b) IR spectrum of pre-

reduced and then re-oxidized (in 9% CO2/N2) Cu/Al2O3 in 0.4 mbar CO at 276 K.  
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     Table 2 compares the presently achieved C-O frequency to values reported for reduced 

Cu/Al2O3 in the literature. Generally the results agree within a few cm-1, which would suggest that 

measured C-O frequencies are reproducible to the extent that even small variations are significant. 

 

Table 2: Measured νC-O for CO adsorption on reduced Cu/Al2O3 in this study and comparison to 

studies in the literature. None of the studies from the literature mention any sample dilution by 

KBr. 

Study Reference Cu content [wt%] νC-O on metallic Cu [cm-1]  

Topsøe and Topsøe [30] 2.5 2094 

D’Alnoncourt et al. [50] 20 2090 

Padley et al. [51] 5 2094 

Dulaurent et al. [52] 4.7 2092 

This work  20 2089 

 

 

3.4 Cu/TiO2 

Arakawa et al. [53] investigated methanol synthesis catalyzed by Cu/TiO2 and concluded that the 

turnover frequency per exposed metallic Cu atom was high. TiO2 is thus an example of a support 

that can exert a clear support effect on Cu that in methanol synthesis causes a high turnover 

frequency. Fig. 4 shows IR spectra as a function of time when pre-reduced Cu/TiO2 is exposed to 

0.4 mbar CO at 276 K. This clearly illustrates the existence of two IR bands at 2070 cm-1 and 2104 

cm-1. These bands are attributed to CO adsorbed on Cu sites, since adsorption on TiO2 yields higher 

C-O frequencies [54]. 

 

 
Fig. 4: IR spectra of pre-reduced Cu/TiO2 as a function of time during exposure to 0.4 mbar CO at 

276 K.  
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     Fig. 5a shows that the 2070 cm-1 band is displaced more rapidly than the 2104 cm-1 band when 

the IR cell is flushed with He at 276 K after CO adsorption. Given that CO is bound more strongly 

to Cu+ sites [29] this could indicate that the higher frequency 2104 cm-1 band is due to more 

strongly bound CO on Cu+ sites at  Cu+-O-Ti linkages to the support, whereas the lower frequency 

2070 cm-1 band is due to more weakly bound CO on the metallic surface. This assignment is 

strongly supported by Fig. 5b, which shows the spectrum of CO adsorbed on the air calcined, 

CuO/TiO2 oxide precursor and illustrates that the high-frequency band is very prominent for the 

oxidized state of the sample. Oppositely, the low-frequency band is absent in the oxidized sample. 

Consequently, the 2104-2106 cm-1 high-frequency band is attributed to CO on Cu+-O sites linked 

to the TiO2 oxide matrix, whereas the 2070 cm-1 band is attributed to CO on the metal surface.  

     The significantly lower C-O frequency on the metal surface of Cu/TiO2 compared to the Raney 

Cu reference suggests that the Cu surface in Cu/TiO2 is significantly modified by the support. 

Dipole coupling makes it likely (see section 3.2) that the main contribution from the metallic 

surface (2070 cm-1 for Cu/TiO2) arises from the sites such as the (110) facet that yield considerably 

higher frequencies on unperturbed single crystal surfaces [16,46]. Considering the charge-

frequency relationship in Fig. 1 the low frequency on Cu/TiO2
 indicates a negative charging of the 

Cu surface. At the interface between a metal and an n-type semiconductor such as TiO2 there will 

be a charge transfer from the semiconductor to the metal [55–57]. In the classical limit, charge 

transferred to a conductor, such as the copper metal, is distributed across the surface, and DFT 

calculations suggest that this behavior of charge distribution across the surface is emerging already 

in very small metal clusters [58]. Such charge transfer effects can rationalize the negative charging 

of the Cu surface on the n-type semiconductor supports including TiO2.  
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Fig. 5: a) IR spectra of pre-reduced Cu/TiO2 as a function of time during He flush after exposure 

to 0.4 mbar CO at 276 K. b) IR spectra of fresh, air calcined CuO/TiO2 as a function of time during 

exposure to 0.4 mbar CO at 276 K. Fig. S4 shows that the oxidized sample contains a mixture of 

CuO and Cu2O phases. 

3.5 Cu/SiO2 

Fig. 6 shows time-resolved spectra during CO adsorption at 276 K on pre-reduced Cu/SiO2 

dominated by a central 2100 cm-1 band with two shoulders at approximately 2072 cm-1 and 2125 

cm-1. The present spectra are similar to those of lower Cu-dispersion (< 30%) Cu/SiO2 model 

systems in UHV experiments [45], which suggests that the current measurements are free of 

experimental artifacts such as gas phase impurities. 
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Fig. 6: IR spectra of pre-reduced Cu/SiO2 as a function of time during exposure to 0.4 mbar CO at 

276 K after normal pre-reduction (5% H2 at 523 K).  

 

     The multiple IR bands for the reduced Cu/SiO2 sample raises the question of which bands that 

arise from the metallic surface. Fig. 7a shows the spectrum of CO adsorbed on the freshly calcined 

CuO/SiO2 oxide precursor, where the high-frequency band (2127 cm-1) is clearly present. Fig. 7b 

shows comparisons between CO adsorbed on pre-reduced Cu/SiO2 and on pre-reduced and then 

re-oxidized (by 9% CO2/N2 at room temperature) Cu/SiO2. The figure reveals that oxidative 

treatment strengthens the high-frequency band and eliminates the two lower frequency bands. 

These results clearly show that the band at 2125-2127 cm-1 is from oxidized Cu+ sites. In the 

reduced sample the remnant of such species are most likely the Cu+-O-Si linkages at the 

metal/oxide interface. Oppositely, the two lower frequency bands are attributed to CO adsorption 

on the metallic surface. The 2100 cm-1 band is thus the main band from the metallic surface, which 

from analogy to the Raney Cu results is expected to be the higher C-O frequency facets, 

particularly Cu(110), that are strengthened by dipole coupling. The shoulder towards lower 

frequency is most likely from the more densely packed facets that are disfavored by the dipole 

coupling, but nevertheless slightly visible due to the good resolution achieved in spectra for 

Cu/SiO2. During flushing of the cell with He the bands from adsorbed CO disappear with similar 

rates (Fig. S9). There are thus no clear differences in binding strength to aid the band assignment.   
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Fig. 7: a) IR spectrum of freshly calcined CuO/SiO2 after pre-adsorption of 0.4 mbar CO at 276 K 

followed by 16 min He purge at 276 K. b) IR spectra during exposure to 0.4 mbar CO at 276 K for 

normally pre-reduced (blue), harshly pre-reduced by 9.5% CO at 573 K (green) and normally pre-

reduced and then re-oxidized (9% CO2/N2 at room temperature, red) Cu/SiO2. 

 

     The main CO band attributable to the metallic surface of Cu/SiO2 is thus shifted upwards by 6 

cm-1 compared to Raney Cu and is between the frequencies observed on reduced and oxidized 

Raney Cu (see Fig. 2). Considering the discussion in section 3.3 this shift is most likely of 

sufficient magnitude to represent a significant difference. From the charging-frequency 

relationship in Fig. 1 the higher frequency on Cu/SiO2 indicates that the surface of Cu particles on 

silica is electron depleted. The most likely reason for this depletion is that the Cu+-O-Si linkages 

observable in the spectrum are so electron-withdrawing that the whole Cu surface becomes slightly 

electron deficient.  
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3.6 Cu/ZnO based samples 

Cu/ZnO/Al2O3 is the industrial catalyst for methanol synthesis, and it is well-substantiated that 

ZnO exerts a strong beneficial support effect [9–13]. Cu/ZnO based catalysts with or without 

alumina have been observed [13] to exhibit similar turnover frequencies for methanol synthesis  

and are discussed together in this section. Fig. 8a shows the IR spectrum of Cu/ZnO in presence 

of 0.4 mbar CO at 276 K, whereas Fig. 8b displays the spectrum of Cu/ZnO/Al2O3 in 0.4 mbar CO 

at 276 K.  

 

 
Fig. 8: IR spectra of pre-reduced a) Cu/ZnO in 0.4 mbar CO at 276 K and b) Cu/ZnO/Al2O3 in 0.4 

mbar CO at 276 K.  
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being more clear in Cu/ZnO. Any contribution from CO adsorbed on ZnO is excluded, as this 

occurs around 2190 cm-1 [60,61]. Fig. S10 shows the development in the spectrum of adsorbed CO 

at various stages during the reduction of Cu/ZnO/Al2O3 and illustrates that a band at 2100 cm-1 on 

the initial oxidized state is replaced by the spectrum characteristic of the reduced sample at 448 K.     

     As touched upon in the introduction band assignments can be particularly difficult on basic 

oxides, where Cu+ sites from Cu-O linkages to the support may yield C-O frequencies similar to 

the Cu+ sites seen at protrusions in an unperturbed metallic surface. Previous studies [31,62] on 

Cu/ZnO(/Al2O3) samples report that the high frequency band can be eliminated by harsher 

reduction in CO-containing gas. This could indicate that the high-frequency band arises from an 

oxidized species. However, we were unable to reproduce this elimination of the 2093-2094 cm-1 

band by harsher reduction (Fig. 9a), although the reason for this discrepancy is not completely 

clear. Fig. 9b shows IR spectra at various CO pressures and during subsequent flushing in He for 

a Cu/ZnO/Al2O3 sample that has been pre-reduced and then re-oxidized (9% CO2 at room 

temperature). Fig. 9b illustrates that the oxidized sample exhibits a broad band around 2100 cm-1. 

The fact that the major band is at relatively similar frequencies for both the reduced and oxidized 

sample (compare Figs. 9a and 9b) could indicate that this band arises from oxidized sites, such as 

Cu-O-Zn linkages to the support. Additionally, the high frequency band is relatively more stable 

when the gaseous CO is flushed away with He (Figs. 9b and S11), whereas the shoulder at 2065-

2068 cm-1 is displaced more easily (Fig. S11). This could also suggest that the lower frequency 

shoulder represents the more weakly bound CO on the metallic surface, whereas the high-

frequency represents stronger bonding on oxidized sites. 
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Fig. 9: a) IR spectrum of Cu/ZnO/Al2O3 in 0.4 mbar CO at 276 K after harsh pre-reduction with 

30 minutes in 9.5% CO/Ar at 573 K after the normal pre-reduction. b) IR spectra of pre-reduced 

and then re-oxidized (by 9% CO2/N2 at room temperature) Cu/ZnO/Al2O3 in 0.4 mbar to 100 mbar 

CO and during subsequent He flush at constant 276 K. Spectra are offset for clarity.   

 

     Based on these observations it is most likely that the 2093-2094 cm-1 main band is part of the 

reduced particles, since it cannot be modified by hasher reduction (Fig. 9a). However, given the 

similarity to the main band on an oxidized sample (Fig. 9b) it is also likely that the 2093-2094 cm-

1 band represents a partially oxidized site, namely the Cu+-O-Zn sites at the periphery of the metal 

particle. The 2065-68 cm-1 band is assigned to the CO adsorbed on the interior metallic surface. 

Chemisorption techniques [63] suggest that there are relatively few Cu-O-Zn sites compared to 
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metallic Cu0 sites in reduced Cu/ZnO(/Al2O3). If the 2093-2094 cm-1 band is due to Cu+-O-Zn 

sites its high intensity must therefore arise from dipole coupling.  

     Both Cu/SiO2 and Cu/ZnO(/Al2O3) show some similarities in the CO spectra with a main peak 

in the 2090-2100 cm-1 range and a shoulder towards lower frequency. However, as outlined above 

different band assignments are applied for the two systems with the most intense band assigned to 

the metallic surface for Cu/SiO2 and to a site linked to the oxide matrix for Cu/ZnO(/Al2O3). The 

main argument for this interpretive difference comes from the supporting studies of oxidized 

samples, where oxidized Cu sites for Cu/ZnO(/Al2O3) appears to be at a considerably lower 

frequency (ca. 2100 cm-1 in Fig. 9b) than the oxidized Cu sites for Cu/SiO2 (2125-2127 cm-1 in 

Fig. 7). However, the complex analysis induced by dipole coupling, where the most intense IR 

bands may arise from the most coupling-favored high-frequency sites rather than from the most 

physically abundant sites must be remembered in these interpretations. 

     Cu single crystal studies [16,46] have not shown frequencies below 2070 cm-1, so the 

observation of a lower frequency feature for Cu/ZnO(/Al2O3) indicates a negative charging of the 

metallic surface (see Fig. 1). This would also be consistent with the observation of a low-frequency 

feature for Cu/TiO2 (see section 3.4) given that both TiO2 and ZnO are n-type semiconductors. 

Additionally, Behm and co-workers [64] inferred from the C-O frequency in CO adsorbed on 

Au/ZnO that the surface of gold dispersed on ZnO is negatively charged. Prior XPS analyses 

[65,66] of Cu/ZnO are also consistent with a negative charging of the Cu surface. The conclusion 

of a negative charging on the Cu surface of Cu/ZnO(/Al2O3) is therefore supported by other 

techniques/systems.  

 

  

3.7 Effect of formate decoration of the metal surface 

The main band for Cu/SiO2 (2100 cm-1) is between bands seen on the reduced and oxidized states 

of the Raney Cu reference, which could suggest a charge depletion of the metal surface in Cu/SiO2. 

Oppositely the n-type semiconductor supports ZnO and TiO2 yield low-frequency features that 

may indicate an increased negative charge in the Cu surface. It is therefore relevant to validate, if 

the observed bands indeed are due to adsorption on copper sites. This was examined in experiments 

involving formate deposition on copper. It is known from single crystal studies [67] that a 

sufficiently high coverage of formate can partially or completely exclude the CO adsorption on 

copper, and that pre-adsorbed formate on Cu can be removed by TPD to 450 K [34], whereas 

desorption of formate on ZnO occurs at higher temperatures [68–70]. The Cu surface of a HCOO 

covered sample can thus be selectively exposed by heating to temperatures up to 450 K, where 

only the formate on Cu desorbs.      

     Formate was adsorbed on pre-reduced Cu/ZnO and Cu/SiO2 by CO2/N2/H2 (3/29/68) exposure 

(373 K, 1 atm.). Fig. 10 shows the IR spectra in He at 276 K for the two samples after the CO2/H2 

treatment. Fig. 10a shows that the exposure of Cu/ZnO to CO2/H2 resulted in distinct HCOO 

features on both Cu [71–73] (νOCO,sym = 1352 cm-1, νOCO,asym = 1602 cm-1 and νH-C = 2852 cm-1) 

and ZnO [72,74] (2882 cm-1, 1580 cm-1) as well as CH3O-ZnO [72] (2931 cm-1) and zinc-related 

bicarbonate species [74] (1305 cm-1). For Cu/ZnO the C-H features are clearer in the raw 

absorbance spectrum in Fig. S12, which also shows a broad IR absorbance across the entire 

spectrum attributable to light absorption from intraband excitations of free charge carriers in the 
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ZnO conduction band [75–77]. Fig. 10b shows that the exposure of Cu/SiO2 to CO2/H2 resulted in 

Cu-HCOO (νOCO,sym = 1352 cm-1) and features at 2934 cm-1 and 2852 cm-1 that may arise from 

either Cu-HCOO or CH3O-SiO2 [78–80]. 

 

 

 

 

 

 

 
Fig. 10: a) IR spectrum of Cu/ZnO in He at 276 K HCOO bands after CO2/N2/H2 (3/29/68) 

exposure at 373 K, atmospheric pressure. Cu and ZnO related species are marked in blue and black, 

respectively. See Fig. S12 for a clearer view of the bands above 2700 cm-1. b) IR spectrum of pre-

reduced, and HCOO covered Cu/SiO2 in He at 276 K with Cu-HCOO bands after CO2/N2/H2 

(3/29/68) exposure at 373 K, atmospheric pressure.  
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     After decoration of the Cu surface with HCOO (Fig. 10) the spectrum of adsorbed CO on the 

maximally HCOO covered sample was measured in 0.4 mbar CO at 276 K with the result displayed 

in Fig. 11. A series of TPD sequences were then conducted. Here the sample was heated in He to 

progressively higher temperatures to desorb increasing amounts of the adsorbed formate. The 

gradual desorption of formate during the TPD runs was verified by the progressive disappearance 

of the Cu-HCOO IR features (Figs. S13 and S14) and by the concurrent detection of H2 and CO2 

in the effluent during the TPDs (Figs. S15 and S16). After each TPD sequence the sample was 

cooled and subjected to 0.4 mbar CO adsorption at 276 K, where the IR spectrum for CO 

adsorption was recorded. Fig. 11 summarizes the CO spectra at 276 K recorded between the TPD 

sequences for both Cu/ZnO and Cu/SiO2.  
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Fig. 11: IR spectra in 0.4 mbar CO at 276 K for a) Cu/ZnO and b) Cu/SiO2. The measurements are 

conducted after formate decoration of the samples by CO2/H2 treatment and after consecutive 

TPDs in He to increasingly higher temperatures. Each background is the partly HCOO-covered 

sample prior to each CO adsorption. The HCOO covered state in Fig. 10 is thus the background 

for the “Post CO2/H2” spectrum here. See Fig. S17 for a detailed view of the very weak “Post 

CO2/H2” spectrum for Cu/ZnO. 

     The first conclusion to be drawn from Fig. 11 is that the observed IR bands are due to CO 

adsorption on copper sites, as they can be displaced by HCOO blockage of the Cu surface and 

fully restored by TPD to 453 K, which is known [34] to desorb all formate from Cu. The formate 

species associated with zinc are essentially preserved during the TPD (Fig. S13 and S14), and as 

such sites thus remain blocked during the experiment in Fig. 11a, it can be ruled out that the 

observed CO bands are associated with zinc-species.  
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     The differences between these two identically treated samples also provide important insight 

into the support effect upon the Cu surface. Cu/ZnO facilitates a relatively high formate coverage 

on Cu resulting in a completely physically filled Cu surface as evident from the nearly complete 

absence of CO uptake for Cu/ZnO after H2/CO2 treatment (“Post CO2/H2” in Fig. 11a). Oppositely 

Cu/SiO2 (Fig. 11b) shows a clear CO band already at the maximal HCOO coverage after CO2/H2 

treatment. It is also a striking difference that Cu-HCOO on Cu/ZnO exhibits an asymmetric OCO 

stretch at 1602 cm-1 (Fig. 10a), which is completely absent in Cu/SiO2 (Fig. 10b). This asymmetry 

could be due to the higher formate coverage on the Cu surface of Cu/ZnO that causes the formate 

molecules to tilt to accommodate neighbors in close proximity as observed in single crystal studies 

[67,81].  

     Several techniques [49,82–85] have shown that adsorbed formate is an electron-withdrawing 

species. With the highest coverage of electron-withdrawing formate Cu/ZnO features two main 

bands from adsorbed CO at 2098 cm-1 and 2127 cm-1 (Fig. 11a and more clearly in Fig. S17). As 

the HCOO coverage gradually decreases by the TPD treatments these CO bands progressively 

shift to 2068 cm-1 and 2098 cm-1, close to the positions for a freshly reduced sample (Fig. 8a). 

Similar gradual frequency shifts are seen as formate desorb from Cu/SiO2. Weak van der Waals 

interactions between adsorbed HCOO and CO are ruled out as an explanation for these frequency 

shifts. This is because there are no matching changes in the C-H and OCO regions of the spectrum 

to indicate distortion of the formate by the CO adsorption (Figs. S18-S20). Consequently, the 

frequency changes in adsorbed CO with the amount of co-adsorbed formate must reflect that the 

charging state of Cu surface sites not occupied by formate is modified by the amount of electron-

withdrawing adsorbates. 

     These observations suggest that the Cu surface of Cu/ZnO is able to donate charge to the 

adsorbed formate to the extent that it ensures a complete physical filling of the Cu surface. By 

contrast the Cu surface of Cu/SiO2 is only able to support a formate coverage until the point where 

the remaining Cu surface becomes charge depleted to a degree (evident from a high C-O frequency 

in the co-adsorbed CO in Fig. 11b) that it is unable to sustain additional formate. This suggests 

that adsorbates such as formate are able to accomodate the surface charge in the metal-adsorbate 

bonding. It would be consistent with a support-induced negative charging of the metal surface in 

Cu/ZnO that the metal surface is able to donate more charge to the adsorbates resulting in a higher 

formate coverage. 

     The role of surface charging in governing the interaction with electron-withdrawing adsorbates 

is potentially important for the catalytic properties, as some of the important Cu-catalyzed 

reactions involve electron-withdrawing adsorbates. This includes formate in the synthesis of 

methanol [34,70,86] and adsorbed oxygen in the water-gas shift reaction [87–89]. 

 

 

3.8 CO stretching frequencies on supported Cu 

Table 3 summarizes the C-O frequency for the main band attributed to the metallic Cu surface and 

to oxidized Cu+ sites for each sample and shows a clear variation in the C-O frequency with the 

choice of support. For the ZnO-free supports the values for the metallic surface in Table 3 represent 

the most intense band that is not also present in the oxidized sample. For the ZnO-containing 
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samples the interpretation is more difficult and we have tentatively assigned the lower-frequency 

feature as the major feature from the metallic surface.  

     The previously discussed consistency among the reported C-O stretches for Cu/Al2O3 (Table 

2) underlines that even small change to the C-O stretch are potentially significant. Figs. 4, 6, and 

8 show that the rising intensities (and hence rising CO coverage) as a function of time during CO 

dosage indicate no substantial shifts in frequencies. This suggests that the coverage dependence of 

the frequencies is too weak to distort a comparison across the various samples. As discussed in 

section 3.1 the samples also have Cu crystallite/particle sizes that are close to or above the size 

where the Cu surface properties become size insensitive. Furthermore there is no correlation 

between frequencies and XRD crystallite size or area derived particle size as illustrated in Fig. S21 

in the supporting information. Structure sensitivity can therefore not account for the changes in 

the C-O stretches across the samples. Hence the frequency shifts in Table 3 must arise from support 

effects.  

 

Table 3: Measured νC-O associated with metallic Cu on various pre-reduced Cu samples during 

CO adsorption at 276 K (Raney Cu at 153 K). 

Sample νC-O for the primary band attributed 

to the metallic surface [cm-1] 

νC-O for Cuδ+ [cm-1] 

Cu/SiO2 2100 2125-2127 

Raney Cu 2094 2107 

Cu/Al2O3 2089 2109 

Cu/TiO2 2070 2104-2106 

Cu/ZnO(/Al2O3) 2065-2068* 2093-2100 
*Band assignments are challenging as discussed in section 3.6. Here it is assumed that the 2093-2094 cm-1 

band is from Cu-O linkages to the support and not due to sites on the interior metallic surface. 
 

     It has been common to interpret the support dependence of the C-O frequency in terms of a 

preferential faceting by comparison to the most similar single crystal results. By such an 

interpretation Cu/Al2O3 (νC-O = 2089 cm-1) should be dominated by Cu(100) facets, as a Cu(100) 

single crystal gave νC-O = 2088 cm-1 at a very similar CO pressure [90]. Cu/SiO2 (νC-O = 2100 cm-

1) should be dominated by Cu(311) facets considering the observation [16] of  νC-O = 2093-2104 

cm-1 on a Cu(311) single crystal. However, such an interpretation is unlikely to be correct for two 

reasons. Firstly, a preferential faceting is inconsistent with the catalytic properties for a reaction 

such as methanol synthesis. If Cu/SiO2 was dominated by (311) facets and Cu/Al2O3 was 

dominated by (100) facets, then single crystal studies [91] suggest that the (311) facets, and thereby 

Cu/SiO2, should be considerably more active. In fact it is oppositely Cu/Al2O3 that is an order of 

magnitude more active than Cu/SiO2 at industrially relevant conditions [13,92]. The interpretation 

in terms of preferential faceting based on νC-O thus yields an incorrect prediction of the catalytic 

properties. 

     Secondly, this interpretation neglects the importance of dipole coupling. The measurements on 

Raney Cu (Fig. 2) show a spectrum that appears to be dominated by the Cu(110) facet [16,46] 

although Wulff-construction modeling [47–49] suggests this to be the minor facet (5-8%) in 

comparison to Cu(100) with 25-30%, and Cu(111) with 60-70%. Because the interference 
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phenomena from dipole coupling favor the higher frequencies it only takes a small percentage of 

higher frequency sites, such as the (110) facets, to dominate the spectrum. Even if the surface of a 

polycrystalline particle is dominated by lower frequency (100) or (111) facets it is still the minority 

of higher frequency (110) sites that tend to dominate the IR spectrum. For supported nanoparticles 

it is therefore always most likely that the major band arises from higher frequency sites, such as 

edges, corners, steps and the (110) facet with its rows of protrusions (or possibly Cu-O linkages to 

the support if present), regardless of the support. Similar coupling-favored sites are therefore likely 

to dominate the spectrum on all the supports, and the frequency shifts in adsorbed CO compared 

to the Raney Cu reference should thus reflect the support dependent modifications of these sites. 

     Given the relationship between charge on the surface sites and the C-O frequency (Fig. 1) it 

would seem likely that the variations in Table 3 reflect a gradual shift in the charging of the metal 

surface, from more positively charged in Cu/SiO2 to more negatively charged in Cu/TiO2 and 

Cu/ZnO(/Al2O3). The charge transfer from the n-type semiconductors to the metal, which could 

cause this charging is discussed in section 3.4. An insulator like Al2O3 may still have for example 

oxygen vacancies in the surface that can act as electron donor centers for charge transfer to 

supported metals as seen [93] for Au on MgO. Oppositely, the difference between Cu/SiO2 (2100 

cm-1) and Raney Cu (2094 cm-1) will mostly reflect a positive charging of the metallic Cu surface 

in Cu/SiO2 as discussed in section 3.5.  

     The observed differences in the abilities of the Cu surface of Cu/ZnO and Cu/SiO2 towards 

formate uptake (Figs. 10 and 11) would also be consistent with changes in surface charging that 

impacts the ability to donate charge to adsorbates. It is likely that this support-dependent surface 

charging plays a role in regulating the interaction with the adsorbate population, which in turn may 

be of importance for the catalytic properties of the supported metal particles.     

 

 

3.9 Effect of KBr dilution  

The measurements presented in this study have been without KBr dilution. In the past literature 

dealing with similar IR measurements on CO adsorbed as a probe molecule it has been a common 

practice to use samples either physically mixed or pelletized together with KBr. However, there 

have been observations [32] of chemical modifications caused KBr, and it is therefore important 

to evaluate, if any such effects are present for CO probe molecule studies on in situ reduced 

samples. 

     Fig. 12a shows normalized IR spectra of CO adsorbed on pre-reduced, undiluted Cu/Al2O3 and 

on a physical mixture of KBr and Cu/Al2O3 that has been given the same pre-treatment. The figure 

illustrates that there are two major effects of KBr. Firstly, the KBr-diluted experiment shows a 

broad shoulder IR band centered around 2120 cm-1 indicative of CO adsorption on fully developed 

Cu+ sites. This band is absent for the undiluted experiment. Secondly, the main IR band attributed 

to CO on the metallic Cu surface (see section 3.3) is slightly shifted from 2089 cm-1 in the undiluted 

experiment to 2095 cm-1 in the diluted experiment. Such frequency shifts in the main frequency 

for CO on metallic Cu are relatively general for KBr dilution of the presently employed samples 

as illustrated in Table 4.  
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     The same effects are seen in Fig. 12b, which shows IR spectra of CO adsorption on pre-reduced 

Cu/SiO2 with varying degrees of KBr dilution. This figure clearly illustrates that the amount of 

fully developed Cu+ sites increases with increasing amount of KBr. 

 

 

 

 
Fig. 12: a) IR spectra of Cu/Al2O3 samples diluted and undiluted in KBr and b) IR spectra of 

Cu/SiO2 samples (normalized to the same maximum Kubelka-Munk level) during 0.4 mbar CO 

adsorption at 276 K but with different KBr dilution levels. 

Transfer of potassium species to the Cu-sample is ruled out as the explanation, because this should 

cause a downshift in the C-O frequency [73,94], opposite to the actual observations. Instead the 

effects are proposed to arise from transfer of bromine to the Cu-sample, as shifts to higher C-O 

frequency have previously been observed [85], when co-adsorbing a halogen (Cl from methyl 
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chloride) with CO on Cu. The transfer of presumably low levels of Br to the sample could for 

example occur from hydrolysis of KBr with the water formed in the pre-reduction as illustrated by 

reactions R1 and R2: 

 

KBr + H2O → KOH + HBr        R1 

HBr + Cu →
1

2
H2 + Br− − Cu+       R2 

 

The electronic effect from an electronegative adsorbate such as a halogen will be strongest 

immediately at the metal atom where it is adsorbed [95], and the fully developed Cu+ sites 

emerging in measurements on KBr diluted samples are most likely these Br--Cu+ sites. However, 

the shift towards higher frequency for the main IR band assigned to the metallic surface could 

indicate that the entire Cu surface becomes more electron deficient due to the presence of the 

strongly electronegative adsorbates. This observation of both stronger local effects and weaker 

wider ranging effects could be of significance for catalytic properties of metal catalysts, which are 

often strongly affected by electronegative adsorbates (sulfur, halogens etc.) [96–100]. 

     The shift in the main C-O frequency on the metallic surface is of a moderate size, and on this 

basis many qualitative conclusions in the literature based on KBr-diluted samples may still be valid 

although absolute values will be incorrect. However, the present results illustrate that the effects 

of dilution can be important – as an example Fig. 12b shows that KBr dilution can lead to very 

misleading conclusions about the distribution between metallic and oxidized sites in a sample. It 

is therefore advisable to regard previous studies employing KBr dilution with some caution. 

 

Table 4: Frequencies attributed to CO on the metallic surface of supported Cu samples with and 

without KBr dilution. 

Sample KBr dilution [wt%]  Metallic C-O frequency [cm-1] 

Cu/SiO2 50 2109 

Cu/SiO2 0 2100 

Raney Cu 50 2105 

Raney Cu 0 2094 

Cu/Al2O3 45 2095 

Cu/Al2O3 0 2089 

Cu/TiO2 10 2075 

Cu/TiO2 0 2070 

Cu/ZnO 10 2068±3 

Cu/ZnO 0 2065±3 
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4. Conclusion 

Support effects on the Cu surface properties were investigated for Raney Cu and materials with 

Cu dispersed as nanoparticles on oxide supports using infrared spectroscopy on chemisorbed CO. 

Since the C-O frequency (νC-O) is sensitive to the charge on the adsorption site (νC-O higher on Cu+, 

intermediate on Cu0 and lower on Cu-) this method can provide information about the charging 

state of the Cu surface. Raney Cu was used as a reference for the intrinsic properties of Cu and 

illustrates the challenges caused by dipole coupling. The spectrum of CO on Raney Cu is fully 

dominated by the contribution from CO on the (110) facets despite this being expectedly the least 

abundant facet on the surface. As the dipole coupling favors the higher frequency sites such as the 

(110) facet, the most intense spectral features arise from the most coupling-favored sites and not 

from the most abundant types of sites.   

     The most intense CO band that was present in the reduced sample, but absent in the oxidized 

state of the sample was taken as the main contribution from the metallic Cu surface. The frequency 

for this main contribution from the metallic site varies in the following order for the investigated 

samples: Cu/SiO2 > Raney Cu > Cu/Al2O3 > Cu/TiO2. Given the charge-frequency relation this 

implies that the Cu surface of Cu/SiO2 is more electron depleted, whereas the Cu surface is electron 

enriched for Cu/TiO2. These charging effects were attributed to support dependent tendencies to 

donate or withdraw electrons from the Cu surface. Adsorbed CO on Cu+ sites linked to basic 

oxides, such as ZnO, may have low frequencies, which makes spectral interpretation even more 

difficult. For Cu/ZnO(/Al2O3) systems that are important as industrial catalysts it is thus difficult 

to obtain an unambiguous assignment of the CO bands. However, the band that we tentatively 

assign to the interior of the Cu surface is lower in frequency (2065-2068 cm-1) than observed on 

Cu single crystals, which may also indicate an electron enrichment of the Cu surface. 

     Experiments with co-adsorption of HCOO and CO suggested that electron-withdrawing 

adsorbates can accommodate the surface charge in the metal-adsorbate bonding. This conclusion 

is based on an increased νC-O in CO co-adsorbed with formate, which indicates that CO experiences 

a more electron-depleted surface because formate attracts the surface charge. A CO2/H2 treatment 

to adsorb formate on Cu/ZnO largely prevented subsequent CO adsorption on copper sites, 

whereas identically treated Cu/SiO2 maintained a significant fraction of its intrinsic CO adsorption. 

This indicates that the Cu surface of Cu/ZnO interacts more strongly with formate adsorbates, 

which here resulted in a greater filling of the Cu surface. This would be in reasonable agreement 

with a support-induced electron enrichment of the Cu surface that impacts the ability to donate 

charge to adsorbates. Consequently, the support dependent electron donation or withdrawal may 

help to regulate the interaction with adsorbates on the Cu surface and hence the catalytic properties. 

     The effect of sample dilution by KBr, which has been employed in many studies in the 

literature, was also investigated. It is observed that KBr has a substantial impact on the spectra of 

the in situ reduced samples. The presence of KBr leads to a growth in the number of fully 

developed Cu+ sites and a general electron depletion of the surface (deduced from an increased νC-

O for the most intense CO band). These effects were attributed to Br- transferred to the Cu surface 

yielding Br--Cu+ at the immediate adsorption site and a wider ranging electron depleting effect. 
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