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Abstract 

 Adsorption of glycerol is the first step in many catalytic reactions to transform glycerol that was 

formed as biodiesel byproduct into valuable products. Among many feasible catalysts, Cu seems 

to be a good choice due to its abundance and cost consideration, though extensive studies are 

needed to evaluate the performance of Cu catalysts on glycerol transformation. Density functional 

theory (DFT) calculations and van der Waals corrected calculations (DFT-D3) were therefore 

performed in this work to study the adsorption of glycerol on the three most abundant copper 

surfaces: Cu(111), Cu(100), and Cu(110). Inclusion of the van der Waals interactions resulted in 

higher adsorption energies and shorter Cu-O bond distances. The most favorable adsorption 

location was determined to be the Cu(110) long bridge site. The strongest adsorption is the atop 

site on the Cu(111) and the hollow site on the Cu(100), though the other adsorption sites are also 

very favorable.  
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1. Introduction 

Biodiesel is widely recognized as a renewable alternative to fossil diesel, and its 

production has increased significantly since 2010. Soybean oil is a major feedstock to biodiesel 

production, and the manufacturing associated with biodiesel will undoubtedly affect the soybean 

industry.1 Glycerol is an unavoidable and massive byproduct from biodiesel manufacturing; about 

10 kg of crude glycerol is produced for every 100 kg of biodiesel generated. The increase in 

biodiesel production has resulted in an excess of glycerol and lead to the lower price of glycerol, 

which has a negative impact in the biodiesel industry by causing an increase in the operating cost 

to ~$0.15 per gal of biodiesel.1 One opportunity to reduce the cost of biodiesel production, and 

therefore promote Illinois soybean production, is to use it as fuel in fuel cells2-17 or search for 

ways of transforming glycerol into fuels and chemicals1 coupled with CO2 utilization18 and other 

value added species.19-22 The urgent need for studies of glycerol transformation to the value-added 

chemicals for use in many industry fields such as in solar cells23-37 has inspired many studies and 

makes research on catalytic glycerol transformation an important, active area.18,38-101 

Purified glycerol can be used in direct glycerol fuel cells, which is comparable in energy 

density to ethanol fuel cells. More importantly, glycerol can be turned into many value-added 

products ranging from pharmaceutical and agricultural precursors to fine chemicals. However, 

the progress in glycerol transformation to value-added chemicals is hindered by the selectivity 

and poor energy efficiency of the molecule. For example, in the study of catalytic oxidehydration 

of glycerol, a variety of products were formed: glycidol, hydroxyacetone, methylglyoxal, glycerol 

formal, formaldehyde, formic acid, ethanol, acetaldehyde, acetic acid, 1,3-propane dioldiacetate, 

acrylic acid, acrolein, and oxalic acid, to name a few.102  The abundance of products generated is 

due to the selectivity of each elementary step involved in the reaction; consider, glycerol has four 
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different hydrogen atoms that could be removed during a deprotonation. Additionally, energy 

efficiency is an important concern during glycerol transformation. Au has been studied as an 

efficient catalyst for glycerol transformations,103 and a computational study conducted with 

glycerol on Au with transition metal alloys proposed that Pt, Pd, Sn, and Cu could be potential 

alloys to efficiently deprotonate glycerol.104 The most studied heterogeneous catalysts include 

Pt,105 Pd,106-108 and Ir109-115 for various reactions. In comparison to these metals, Cu is abundant 

and relatively inexpensive, making it an ideal candidate for a cost-effective catalyst. In the 

conversion of ethanol to ethyl acetate, Cu as catalyst was used experimentally116,117 and studied 

in density functional theory (DFT) calculations.118-120 Therefore, we used computational 

modeling to study the adsorption of glycerol on copper, the first step in evaluating it as a potential 

catalyst for glycerol chemistry. 

The objectives of this work are to make comparative studies of glycerol adsorption on the 

Cu surfaces and to understand the effect of surface features on the adsorption process. Towards 

these, DFT calculations were performed to determine the adsorption energies of glycerol docked 

on the different sites of the three most abundant surfaces in copper nanoparticles: Cu(111), 

Cu(100), and Cu(110). Inclusion of van der Waals interactions in DFT calculations (DFT-D3) 

was found to increase the adsorption energy, lower the reaction barrier, and more accurately 

predict reaction pathways with weak adsorptions,121 but did not change the order of favored 

surfaces, merely the factor of difference between their energies.122,123 As such, we conducted both 

DFT and DFT-D3 calculations to determine and understand the differences in adsorption energies 

on account of van der Waals corrections.  

 

 

https://doi.org/10.26434/chemrxiv-2023-3g3g8 ORCID: https://orcid.org/0000-0002-6131-3532 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-3g3g8
https://orcid.org/0000-0002-6131-3532
https://creativecommons.org/licenses/by-nc-nd/4.0/


4 

2. Computational Details  

The model surfaces of Cu catalysts were built directly from the bulk Cu crystals. The Cu-

bulk crystal was optimized first and then cleaved to form the Cu(111), Cu(100), and Cu(110) 

surfaces. Three layer periodic slabs with (6x6), (5x5), and (4x10) supercell surfaces, respectively, 

were constructed with a 15 Å vacuum added in the z direction where glycerol molecule is to be 

adsorbed. Three layer slabs were used to reduce the number of atoms in the model to save memory 

and reduce computational time while maintaining the accuracy of the results, and also in 

conjunction with the three layer Cu slabs that were used in the DFT study of ethanol 

dimerization.118 As such, the Cu(111) slab contained 108 Cu atoms, the Cu(100) slab contained 

150 Cu atoms, and the Cu(110) slab contained 120 Cu atoms.  

As seen in Figure 1, the Cu(111) surface has four different adsorption sites: bridge, atop, 

fcc, and hcp; the Cu(100) surface has three different adsorption sites: bridge, hollow, and atop; 

and the Cu(110) surface has four different adsorption sites: short bridge, long bridge, hollow, and 

atop. Once the Cu slabs were optimized, an optimized glycerol molecule was docked with its 

central oxygen atom oriented to each adsorption location with a bond length of approximately 2.4 

Å between the oxygen and copper surface (see Fig. 2.). We note that a glycerol molecule can also 

take other adsorption configurations, such as those shown in the previous work121,124,125 when 

adsorbed molecules are no longer to be methane, for low coverage, the parallel adsorption is most 

likely and we therefore take it as the initial configuration and allowed it to fully relax to other 

configurations. Future studies can be assisted by using molecular dynamics simulations to 

generate more adsorption configurations.126,127 

In our calculations, the bottom layer of Cu atoms in the slab was fixed at their optimized 

positions, while the top two layers of Cu atoms and the adsorbate (glycerol) were allowed to relax.  
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All DFT calculations were performed using the Vienna ab initio simulation package 

(VASP).128,129 The exchange-correlation energies were obtained using the Perdew-Burke-

Ernzerhof (PBE) functional.130 VASPKIT was used to generate the Monkhorst-Pack grid k-points 

and to perform analysis of the DFT results.131 A plane-wave basis set was used for all calculations 

with a cutoff energy of 400 eV. A Fermi smearing of 0.2 eV was employed. The maximum force 

was set to be less than 0.03 eV/Å. The Becke-Johnson damping function was used in the DFT-
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D3 method.132,133 For the DFT-D3 calculations, CONTCAR output files of the DFT calculations 

were used as the POSCAR input files.  

The adsorption, or binding, energy (Eads) was calculated using:  

Eads = E(glycerol/surface) – E(glycerol) – E(surface),    (1) 

in which E(glycerol/surface) is the total energy of the given Cu surface with glycerol, E(glycerol) is the 

energy of glycerol optimized in the gas phase, and E(surface) is the energy of the optimized given 

copper surface. No zero point energy corrections are included in the reported results. 

 

3. Results 

In this section, DFT and DFT-D3 results of glycerol adsorption on the Cu(111), Cu(100), and 

Cu(110) are presented in the first three subsections with the discussion followed in 3.4. 

3.1 Adsorption on Cu(111) 

 The ground state energy (E0) of the Cu(111) slab was found to be -370.06 eV according 

to the DFT calculation and -411.331 eV according to the van der Waals corrected calculation 

(DFT-D3), which is proportional to its 108 Cu atoms. The ground state energy of the glycerol 

was calculated under the unit cell conditions as the Cu(111) slab; the E0 energy of glycerol was 

-76.23 eV for the DFT calculation and -76.49 eV for the DFT-D3 calculation.  

 Table 1 shows the adsorption energies of glycerol on the four docking sites of Cu(111) as 

well as various bond lengths of the adsorbed glycerol. The adsorption energies were calculated 

using Eq. (1) and the previously reported ground state energy (E0) DFT results for the copper 

slab and glycerol, and the calculation output energies for the entire system. Figure 3 shows the 

distance between the copper surface and the central oxygen of the adsorbed glycerol molecule.  

https://doi.org/10.26434/chemrxiv-2023-3g3g8 ORCID: https://orcid.org/0000-0002-6131-3532 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-3g3g8
https://orcid.org/0000-0002-6131-3532
https://creativecommons.org/licenses/by-nc-nd/4.0/


7 

 

 
 

 For the Cu(111) surface, the atop site is the most stable according to both the DFT and 

DFT-D3 calculations because it has the highest adsorption energy. After the atop site, the fcc, and 

then the hcp sites are the next highest according to the DFT calculations, with the bridge site 

resulting in the lowest adsorption energy. While the DFT-D3 results agreed that the atop site is 

the most stable docking site on the Cu(111) surface, the bridge site surpassed the hcp site in 

adsorption energy, thus changing the order of site stability for this surface. We note that glycerol 
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adsorption energies on Cu(111) at different sites were also found to be  -0.78~ -1.13 eV using 

PBE with D2 correction,81 which agrees with the current studies. 

As for the bond perturbation in the adsorbed glycerol molecule, the data shown in Table 

1 indicates that small bond stretches can be seen and in general, the DTF-D3 bond distances, i.e. 

C-H and O-H bonds, in glycerol molecule are slightly longer than the DFT predicted. The Cu-O 

bonds from DFT-D3 calculations are considerably smaller than those from DFT calculations. 

Most of the adsorption configurations are the same between the DFT and DFT-D3 results, as 

shown in Figure 3. The only difference lies in the bridge site adsorption and this may explain on 

why the relative adsorption strength from DFT-D3 is different from that predicted from DFT.     

3.2 Adsorption on Cu(100) 

 The Cu(100) slab contained 150 Cu atoms, and its ground state energy was found to be -

498.41 eV according to the DFT calculation and -551.52 eV according to the DFT-D3 calculation. 

The ground state energy of the glycerol was calculated under the same unit cell conditions as the 

Cu(100) slab; the E0 energy of glycerol was -76.23 eV for the DFT calculation and -76.49 eV for 

the DFT-D3 calculation.  

 Table 2 shows the adsorption energies of glycerol on the three docking sites of Cu(100), 

as well as various bond lengths of the adsorbed glycerol. The adsorption energies were calculated 

in the same manner as the Cu(111) adsorptions. Figure 4 shows the distance between the copper 

surface and the central oxygen of the adsorbed glycerol molecule.  
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The Cu(100) results for the DFT and DFT-D3 calculations were inverse. According to the 

DFT calculations, the Cu(100) atop is the most stable docking site and the Cu(100) hollow is the 

least stable docking site; however, according to the DFT-D3 calculations, the Cu(100) hollow is 

the most stable docking site and the Cu(100) atop is the least stable docking site. We note that 
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this is slightly different from the glycerol adsorption on Pt6/Pt(100),134 where DFT-D3 and DFT 

predicted the same strong adsorption site.  

Various C-H and OH bonds of glycerol are slightly stretched upon adsorption as shown 

in Table 2 and the Cu-O distances vary between 2.1 – 2.5 Å. It is interesting to point out that for 

one of the end C atom, one C-H bond distance is shortened while the other lengthened from the 

DFT to DFT-D3 results. The adsorption configurations are remained very similar between DFT 

and DFT-D3 results as shown in Figure 4.  

3.3 Adsorption on Cu(110) 

 The Cu(110) slab contained 120 Cu atoms. Its ground state energy was found to be -376.15 

eV according to the DFT calculation and -409.08 eV according to the DFT-D3 calculation. The 

ground state energy of the glycerol was calculated under the same unit cell conditions as the 

Cu(110) slab; the E0 energy of glycerol was -76.23 eV for the DFT calculation and -76.49 eV for 

the DFT-D3 calculation.  

 Table 3 shows the adsorption energies of glycerol on the four docking sites of Cu(110), 

as well as various bond lengths of the adsorbed glycerol. The adsorption energies were calculated 

in the same manner as the Cu(111) adsorptions. Figure 5 shows the distance between the copper 

surface and the central oxygen of the adsorbed glycerol molecule.  
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 According to the DFT calculations, Cu(110) long bridge and atop sites is the most ideal 

for docking glycerol due to the high adsorption energies required to remove the glycerol. The 

DFT-D3 calculation results suggest that Cu(110) long bridge, hollow, and short bridge is best for 

docking glycerol. The Cu(110) atop site was most likely not as stable according to the DFT-D3 
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calculations because the glycerol molecule was oriented above one particular atom, instead of 

over a bridge or hollow site, which decreased the amount of van der Waals interactions.  

The C-H and O-H bonds of glycerol are stretched slightly upon adsorption to the Cu(110) 

as the results shown in Table 3 and adsorption configurations are mostly parallel to the catalyst 

surface except for the atop adsorption.    

3.4 Discussion 

For all of the sites on all of the surfaces, Cu(110) long bridge is conclusively the most 

favorable docking location, with adsorption energies of -0.53 eV (for DFT) and -1.28 eV (for 

DFT-D3). In comparison, the most stable docking locations of glycerol on Pt(111) had an 

adsorption energy of -0.46 eV, Rh(111) had an adsorption energy of -0.47 eV, and Pd(111) had -

0.38 eV.135,136 

For every calculation, the DFT-D3 method increased the adsorption energy and decreased 

the Cu-O distance. However, the DFT-D3 calculations did not change which surfaces have the 

highest (Cu(110)) and lowest (Cu(111)) adsorption energies, merely the order of docking site 

stability on each surface. A study conducted on Pt surfaces had very similar results; glycerol 

bonded strongest to Pt(110) and weakest to Pt(111), with van der Waals corrections only changing 

the degree of difference between the surfaces.122 The DFT-D3 calculations did not seem to have 

a significant effect on the bond distances of the glycerol, but it did decrease the distance between 

the Copper and central Oxygen of the glycerol, which likely resulted in the increased adsorption 

energies.  

To better understand the effect of van der Waals interaction to the adsorption, we plotted 

in Figure 6 the charge density differences in the DFT and DFT-D3 results for three of the Cu(110) 
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docking sites. The adsorptions on the hollow and long bridge site show the most visible electronic 

distortion when van der Walls interaction was included in the calculations. 

 

We point out that different adsorption strengths of glycerol on the three Cu surfaces may 

also provide selectivity on dehydrogenation of glycerol. Strong adsorptions of ethanol on Ir 

catalysts indicate that other metals beyond Cu may be a good alloy candidates for better catalytic 

performance and are worthy of future studies. Activation of C-H or O-H bond is achieved by 

photons, which follows different mechanism.26,27,29,137-139 Co-adsorbate, such as water,140 or 

hydrogen bond141 and solvent effect142 will be interesting in the future studies to consider. Other 

areas of interest are to understand the effect of alloy on the adsorption of glycerol as previous 

studies showing promises of alloying effect,104,107,108,143-147 to modulate the oxidative state of the 

catalysts,119,148 or to explore the size of nanocatalysts.149-152 
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4. Conclusions 

Calculations using DFT and including the van der Waals interaction correction (DFT-D3) 

were performed to study the adsorption of glycerol on three Cu surfaces. DFT-D3 results show 

increased adsorption energies and shorter Cu-O bond lengths than the DFT results. Both 

calculations predicted that the Cu(110) long bridge site is the most favorable for docking glycerol, 

but the relative favorability of the other docking sites is different between the two DFT 

calculations. Charge density difference analysis shows that considerable electrostatic interaction 

contributes to the increased adsorption under DFT-D3 treatment. The most favorable adsorption 

configuration is glycerol parallel to the Cu surfaces and majority of the adsorption configurations 

remains unchanged between the DFT and DFT-D3 results. 
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