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S1. Schematic for calculation of PEI adsorption on different Mo-oxide 
surfaces 

Figure S1. The top and corresponding side view for Mo-oxide surface (a) without defects, representing 
Mo6+ sorption site (b) with oxygen vacancy at the bridge site, representing Mo5+ sorption site and (c) 
with oxygen vacancy at the top site, representing Mo4+ sorption site. 

Figure S1 shows the schematic of the model surfaces used for understanding the energetics of 

Polyethylenimine (PEI) molecule interaction with Mo oxide surfaces. The Mo6+ surface (Fig. S1a) uses 

stoichiometry MoO3, while the Mo5+ surface (Fig. S1b) is the same surface with an oxygen vacancy at 

the bridge site, and the Mo4+ surface (Fig. S1c) is a surface with oxygen vacancy at the top site. 
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S2. Calculation for enthalpy of formation for MoO3

We calculated the enthalpy of formation for conversion of MoO2 to MoO3 in the presence of OH- and 

O2. Oxidation of MoO2 to MoO3, via both OH and O2 has a negative enthalpy of formation.  This means 

that there is a tendency for the reaction to proceed if the kinetic barrier (eg. availability of reactants) 

is not high and this is likely the case as the availability of reactants in the electrodeposition process is 

enhanced by the pulsing method. 
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S3. XPS depth profile analysis of constant potential deposited PEI Mo-oxide 

Figure S3. XPS spectra of (a) Mo3d and (b) N1s for constant potential electrodeposited films from Mo-

PEI solution. Each of the different scans following the surface scan proceeds after 10 seconds of 

surface sputtering, thereby representing the chemical depth profiles.

Figure S3 shows the XPS depth profiles of surface/films after electrodeposition with constant potential 

method using identical Mo-0.25 wt% PEI solution employed for subsequent pulse electrodeposition. 

It can be observed that we have negligible film deposition from Mo3d scans in Fig. S3a, using the 

constant potential method that is contrary to deposition at identical conditions in solutions without 

PEI. The N1s scan in Fig. S3b shows strong signal from PEI, that is removed with light sputtering after 

10s. This shows the presence of PEI only on the surface and likely the passivation of the surface. Such 

passivation can inhibit Mo-oxide film growth. 
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S4. Investigating PEI interaction on surfaces 

Figure S4. XPS N1s spectra for (a) drop-casted PEI solution on ITO substrate, (b) Immersed ITO in DI 

water-PEI solution. The 1st and 2nd scans as indicated in Fig. S4b represents depth profile with 10s 

interval.  

Figure S4 shows XPS N1s spectra for drop casted PEI on the ITO substrate (Fig. S4a), together with 

immersion of the ITO substrate in 0.25wt% PEI solution (Fig. S4b). The films were subsequently rinsed 

with DI water and dried with nitrogen gun as per other electrodeposition sequences. The results show 

the similar peak (located at ~ 398.2 eV) on all the surfaces, showing the chemical nature of PEI 

interaction with the substrate. The depth profile for the immersed substrate also show that this 

remains a surface effect much like what was observed in S3. 
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S5. X-ray Diffraction measurements for hybrid and Mo-oxide films

Figure S5. X-ray Diffraction measurements conducted for bare ITO substrate, and respective hybrid 

(Mo-PEI) and PEI-free electrodeposited film on the identical ITO substrate. The peaks observed can be 

assigned to respective indicated crystallographic planes of the ITO substrate [1,2]. 

XRD measurements were conducted by BRUKER D8 ADVANCE diffractometer with step size of 0.02 

and in the range of 8 to 85 degrees. Two samples were electrodeposited on ITO using the Pulse B 

recipe (one from the electrolyte with 0.25wt% PEI and the other without PEI). Fig. S5 shows the 

diffraction spectrum of the two samples together with a bare ITO substrate for comparison. The 

results show that all the peaks present can be mapped to that of the ITO substrate and no additional 

peaks were observed for the thin films. We conclude that the pulsed electrodeposited films, with or 

without PEI, are amorphous in nature. 
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S6. EDS mapping of the hybrid Mo-PEI film   

Figure S6. Energy Dispersive X-ray Spectroscopy (EDS) of the Mo-PEI hybrid film. (a) selected area of 

the surface for the analysis, (b) EDS results based on the atomic percentage of the elements for the 

film and the substrate, and (c) mapping micrographs of respective elements from the film.

The EDS analysis was carried out in a JEOL 7600F devise at an accelerating voltage of 15 kV. The Indium, 

silicon, and parts of the oxygen signal originates from the substrate which was ITO on the glass. The 

nitrogen, carbon, and molybdenum are mainly coming from the film structure. In EDS mapping, the 

interaction volume for the thin film is low and high magnification cannot be easily obtained. The 

mapping is done at magnification where we can yield reasonable Mo signal. The mapped micrographs 

show a homogenous distribution of the PEI molecules in the Mo-oxide structure. 
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S7. Fitted XPS spectrum to obtain PEI/Mo ratio 

Figure S7. Fitted N1s/Mo3p spectra for pulse electrodeposited Mo-PEI hybrid film. 

Fitted XPS spectrum for hybrid film deposited using pulse B recipe. The spectrum is fitted using three 

different peaks representing Mo3p, PEI and N-O bond. The fitted peaks have binding energies of ~ 

395.8 eV, ~ 398.2 eV, and ~ 400.2 eV consistent with those reported in literature [1,2,3]. 
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S8. Cross-section SEM micrograph for Pulse-electrodeposited hybrid PEI Mo-

oxide thin film

 

Figure S8. Cross sectional SEM micrograph of pulsed deposited hybrid PEI Mo-oxide thin film on ITO 

Cross-section SEM micrographs were obtained by imaging cleaved samples on an FEI Helios 600 at an 

accelerating voltage of 2 kV and beam current of 21 pA. From Fig. S8, the measured thickness of the 

Mo-PEI hybrid film is about 48 ± 1 nm. The film was also taken for profilometry analysis which yielded 

a measurement of 46 ± 1 nm. 
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S9. Thickness estimation for ultrathin hybrid PEI Mo-oxide films 

𝐿 = 𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑎𝑡𝑡𝑒𝑛𝑢𝑎𝑡𝑖𝑜𝑛 𝑙𝑒𝑛𝑔𝑡ℎ (𝐸𝐴𝐿) 

 𝜃 = 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑎𝑛𝑔𝑙𝑒 𝑜𝑓 𝑎𝑛 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑛𝑜𝑟𝑚𝑎𝑙

𝑅𝑒𝑥𝑝 = 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑟𝑎𝑡𝑖𝑜 𝑜𝑓 𝑡ℎ𝑖𝑛 𝑓𝑖𝑙𝑚(𝑀𝑜 𝑜𝑥𝑖𝑑𝑒 𝑃𝐸𝐼) 𝑡𝑜 𝑡ℎ𝑒 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒

𝑅0 = 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑟𝑎𝑡𝑖𝑜 𝑜𝑓 𝑝𝑢𝑟𝑒 𝑀𝑜 𝑜𝑥𝑖𝑑𝑒 𝑓𝑖𝑙𝑚 𝑡𝑜 𝑡ℎ𝑒 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒

Table S8 Recorded signal intensity, ratio and resultant film thickness calculated

PEI loading Rexp Rexp/R0 Tfilm (nm)

0.5 wt% 0.055 0.133 0.175

1 wt% 0.032 0.077 0.104

3 wt% 0.008 0.019 0.026

For the ultrathin deposited hybrid film, thickness estimation can be accomplished using In3d signal 

from substrate and Mo3d from the film. This is done using the equation [1] shown above and the 

estimated thicknesses are shown in the table above. The results show lack of even a full coverage of 

the hybrid film for the 3 different electrolytes with higher PEI loadings. 
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S10. Comparing CO2 sorption capacity of other hybrid materials 

Material Synthesis 
Method

Structure Sorption 
capacity 
(mmol/g)

Test Condition Reference

Mg- MOF1 vapor-assisted 
crystallization

film 7.7 1 bar [1]

silica-PEI2

silica-TEPA3
Impregnation film 1 800 ppm of CO2 

and 15% RH
[2]

PEI @ PME4 Hydrothermal/
Impregnation

Powder 7.31 400 ppm CO2

25 °C
[3]

polyethylenimine 
(PEI) ‘snow’

Sol-gel Powder 10.25 1.02−1.04 bar [4]

PEI@Ethane-Silica Hydrothermal/
Impregnation

Nanotube 1 400 ppm CO2 [5]

NOHM-I-PEI 5-SIP6 Emulsification Particles 3.1 
1.7

15 vol% CO2

400 ppm CO2

[6]

1 = Metal-organic Framework
2 = Polyethylenimine
3 = Tetraethylenepentamine
4 = Extralarge-pore silica (pore-expanded MCM-41)
5 = Nanoparticle organic hybrid materials with ionically tethered polyethylenimine
6 = solvent impregnated polymers

[1] K. J. Kim, J. T. Culp, P. R. Ohodnicki, P. K. Thallapally and J. Tao, ACS Appl. Mater. Interfaces, 2021, 
13, 35223–35231. 

[2] A. Krishnamurthy, B. Salunkhe, A. Zore, A. Rownaghi, T. Schuman and F. Rezaei, ACS Appl. Mater. 
Interfaces, 2019, 11, 16594–16604. 

[3] A. Sayari, Q. Liu and P. Mishra, ChemSusChem, 2016, 9, 2796–2803.

[4] X. Xu, B. Pejcic, C. Heath, M. B. Myers, C. Doherty, Y. Gozukara and C. D. Wood, ACS Appl. Mater. 
Interfaces, 2019, 11, 26770–26780.

[5] L. Liu, J. Chen, L. Tao, H. Li and Q. Yang, ChemNanoMat, 2020, 6, 1096–1103.

[6] G. Rim, T. G. Feric, T. Moore and A. H. A. Park, Adv. Funct. Mater., 31, 2010047.
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S11. Discussion on heat of adsorption for PEI   

While the heat of adsorption of CO2 for the deposited thin film cannot be easily measured, here we 

attempt to discuss if there will be significant differences in PEI fundamentally based on its heat of 

adsorption. 

Commercially available low-molecular-weight PEI has a carbon/nitrogen ratio of 2:1 and contains a 

distribution of amine sites, typically 44% primary, 33% secondary, and 22% tertiary amines [1]. The 

heat of adsorption for the widely used primary amine monoethanolamine (MEA) in aqueous solutions, 

is around -85 kJ mol-1 while the heat of adsorption for the secondary amine diethanolamine (DEA) is 

about -72 kJ mol-1. Triethanolamine as a tertiary amine, with the weaker bonds with CO2 and only in 

the presence of water, has a heat of adsorption of -48 kJ mol-1 [2].

Interestingly, amines on solid supports appears to yield generally higher negative heat of adsorption. 

Using DSC measurements, Satyapal et al. obtained a heat of adsorption of -94 kJ mol-1 for branched 

PEI (BPEI) bonded on a high-surface-area solid poly(methyl methacrylate) [3]. Heat of adsorption for 

the adsorbent containing 50% and 33% PEI on fumed silica measured to be a -83 and -85 kJ mol-1 by 

Goeppert et al. [4] However, Knowles et al. using a DTA determined an energy of adsorption for CO2 

on silica grafted with aminosilane of about -50 to -60 kJ mol-1 under dry conditions and -52 to -54 kJ 

mol-1 under humid conditions [5]. Our recent work using DFT reports an adsorption energy of CO2 on 

Mo4+ defect to be ~-77 kJ/mol [6]. 

Therefore, overall, we do not expect the heat of sorption of PEI to be fundamentally different and 

hence do not expect a drastic improvement in sorption efficacy purely based on PEI fundamental 

properties. 
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