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Abstract

:

Metal-liquid interfaces are of the utmost importance in a number of scientific areas, including electrochemistry and catalysis. However, complicated analytical methods and sample preparation are usually required to study the interfacial phenomena. We propose an infrared spectroscopic approach that enables investigating the molecular interactions at the interface, but needing only minimal or no sample preparation. For this purpose, the internal reflection element (IRE) is wetted with a solution as first step. Second, a small plate of the metal of interest is put on top and pressed onto the IRE. The tiny amount of liquid that is remaining between the IRE and the metal is sufficient to produce an IR spectrum with good signal to noise ratio, from which information about molecular interactions, such as hydrogen bonding, can be deduced. Proof-of-concept experiments were carried out with aqueous salt and acid solutions and an aluminum plate.
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1. Introduction


Interfaces between metals and fluids are omnipresent. Electrochemistry is the most obvious area, when an electrolyte is in contact with an electrode. This is not only the case in electrocatalysis [1,2] and energy storage devices like in a battery [3,4], but also when metals are undergoing corrosion [5,6]. Despite the importance of these systems, the analysis of the underlying physical and chemical phenomena is still a challenge. This is particularly true for those processes that are happening directly at the interface.



In a reacting system, e.g., when an electrochemical cell is under operation, an integral piece of information can be obtained by monitoring the electrical current and voltage, and/or by analyzing the bulk fluid at some distance to the surface. This allows for deducing information about the overall chemical oxidation and reduction reactions [7]. However, details about the molecular interactions at the surface are more difficult to investigate. Moreover, when the fluid (or some of its constituents) and the metal are not reacting, no information can be provided by measurements of current and bulk diagnostics.



Non-reacting metal-fluid interfaces call for surface sensitive methods. Unfortunately, the number of possible analytical techniques is rather limited. X-ray and ultraviolet radiation based methods, such as photoelectron spectroscopy, usually require vacuum conditions and hence their application to samples containing volatile liquids is difficult [8]. Scattering and diffraction methods are usually limited to crystalline materials, and often even to atomically flat single crystal surfaces. Suitable approaches, on the other hand, can be found in the vibrational spectroscopy toolbox. Reflection-absorption infrared spectroscopy can be used to study heterogeneous catalytic processes, e.g., to identify intermediate species at the gas-solid interface [9,10]. However, its application to aqueous systems, e.g., a salt solution on a metal surface, is difficult due to the strong absorption of water in the mid-infrared.



Second-order (or even-order, in general) nonlinear effects are advantageous for studying surfaces and interfaces [11]. The even-order susceptibility is zero in the bulk of a fluid, and hence only the molecules in the optically anisotropic interfacial layer contribute to the signal, in particular when the molecules at the interface are oriented in a certain manner. In other words, the signal of even-order methods is highly surface-specific, while methods utilizing odd-order effects like infrared absorption and Raman scattering may be biased by signals from the bulk. Second-order vibrational spectroscopy can, for instance, be performed in terms of sum-frequency generation (SFG) [11,12]. However, when the IR radiation must travel through a highly absorbing medium like water, the resulting signal levels may be low. The strong absorption of water can be avoided in Raman spectroscopy because the excitation wavelength may basically be chosen arbitrarily [13], and thus it can be spectrally separated from any absorption bands. Consequently, surface-enhanced Raman scattering (SERS) can be a solution if the metal is capable of coupling with the electric field of an incident laser beam to result in the plasmonic enhancement of the inherently weak Raman signal [14]. However, the application of SERS and the data evaluation is not straightforward due to a limited reproducibility.



As a possible approach that can overcome all the above mentioned difficulties, we propose the use of attenuated total reflection infrared (ATR-IR) spectroscopy. ATR techniques are generally advantageous for studying highly absorbing media, as the radiation interacts with the sample only in an evanescent field, and hence the attenuation of the intensity is moderate [15,16]. ATR-IR has proven its potential for studying molecular phenomena at liquid-liquid and liquid-solid interfaces, including aqueous systems in the past [17,18,19]. However, all of the methods that are proposed to date share the disadvantage of requiring specialized equipment and/or sample preparation. For example, building an electrochemical cell on top of the spectrometer or depositing particles or a thin solid film on the ATR crystal are frequently employed approaches [20,21,22]. Recently, Koichumanova et al. [23] studied metal-liquid interfaces by an ATR-IR approach. They immobilized a catalyst material directly on the surface of the internal reflection element (IRE). A similar method was applied by Mundunkatowa et al. [24]. Kraack et al. [25,26] demonstrated a surface-enhanced ATR technique, utilizing gold or platinum nanoparticles at the IRE. Aguirre and co-workers [27] presented spectra from the solid-liquid interface in a specially designed microfluidic reactor. In summary, in the past, all of the work on solid-liquid interfaces using ATR-IR spectroscopy focused on adsorption directly at the IRE, adsorption at coated IREs, or adsorption to particulate matter in contact with the IRE [28].




2. Materials and Methods


The present study proposes a more straightforward technique for analyzing the liquid-solid interface. For the purpose of analyzing the molecular interactions at the interface of a metal and an aqueous solution, a modified version of the recently proposed solvent infrared spectroscopy (SIRS) method seems most suitable [18]. SIRS was developed to study the surface chemistry of nanopowders utilizing the influence of the functional groups at the particle surface on the vibrational structure of a solvent. In a typical SIRS experiment, the nanopowder was first pressed onto the internal reflection element of an ATR-IR instrument. In the second step, a solvent, such as water or an alcohol, was added to fill the void space in the fixed bed of particles. The comparison of the solvent spectrum with and without the particles yields information about the molecular interactions at and the chemistry of the surface [18].



This approach can be modified to study the molecular phenomena at a macroscopic metal-liquid interface. Figure 1 illustrates the proposed modified SIRS technique. Here, the first step is to add a droplet of the fluid onto the internal reflection element. Thereafter, the metal plate is placed on top of the fluid and pressed down by the stamp of the instrument. When the stamp is applying a force on the metal plate, most of the fluid will flow away from the IRE. Eventually, only a very thin film will remain due to the surface roughness of the metal plate. This is beneficial as there will be virtually no bulk fluid left, but the IRE will still be wetted. Consequently, the ATR-IR spectrum will carry information about the molecular interactions at the surface. As a significant advantage, the described technique requires virtually no sample preparation. This is particularly true in comparison to the approaches that are reported in the literature, which were all based on the deposition of a thin film on the IRE.



As proof of the concept, experiments of three aqueous solutions (pure water, sodium sulfate solution, citric acid solution) at an aluminum surface were carried out on an Agilent Cary 630 instrument equipped with a diamond ATR unit (1 reflection, 2 cm−1 resolution). Deionized water (18.2 MΩ cm) was provided from a Millipore device. Aqueous solutions of 2.1 mol % Na2SO4 and 2.8 mol % citric acid were prepared gravimetrically.




3. Results


The pairs of spectra recorded with and without an aluminum plate are displayed in Figure 2. Note that the spectral window between 1800 and 2800 cm−1 does not contain any appreciable signals, and was therefore omitted. The broad and strong hydroxyl (OH) stretching band of water dominates the high wavenumber region, i.e., 2800 to 3800 cm−1. This band is commonly deconvolved into several sub-bands, indicating the different hydrogen-bonding states of water molecules [29,30]: The lower the wavenumber, the stronger the hydrogen bonding [31]. However, even with the naked eye, systematic differences between the three cases can be observed. Pure water (without Al plate) has the strongest hydrogen bonding (HB) network, as indicated by a maximum at the low wavenumber side of the band. The citric acid solution has the weakest HB network, and the sodium sulfate solution is in between the two. The fingerprint region of the spectra shows a common peak between 1630 and 1640 cm−1, owing to the OH bending vibration of water. The spectrum of the sulfate solution additionally exhibits a strong S = O stretching band at 1091 cm−1. The citric acid solution shows a multitude of peaks in the fingerprint region. The most dominant ones appear at 1713 and 1222 cm−1, and can be assigned to the carboxylic acid groups [32].



When the Al plate is added, all three spectra change significantly. The intensity of the OH stretching band is reduced by about 20–30%. At first glance, this reduction appears small when we argue that we move from studying the bulk fluid to the interface. However, the working principle of ATR needs to be kept in mind here. The penetration depth dp of the evanescent field is commonly described as


    d p  =  λ  2 π ⋅  n  I R E   ⋅    (    sin  2  α −    (     n  s a m p l e      n  I R E      )   2   )      1 2         



(1)




with the wavelength λ, the reflection angle α, and the refractive indices of the IRE and the sample, nIRE and nsample, respectively. When we assume that the liquid wets the diamond surface even in the presence of the Al plate, this penetration depth will remain the same. So, the key is to get the metal so close to the IRE surface that the probed molecules represent the thin interfacial layer. This is why a force needs to be applied to the metal plate in order to press it onto the IRE. The effective path length, on the other hand, determines the absolute absorbance, but it is an auxiliary parameter that cannot be measured. It represents the absorption path that would be necessary in a transmission experiment to observe the same attenuation of the radiation [17,33].



The shape of the OH stretching band alters such that the high-wavenumber wing becomes dominant in all three cases. Figure 3 illustrates the absorbance normalized bands and their differences in order to emphasize this effect. This change suggests a weakening of the HB network in the presence of the Al surface. The Al plate exhibits a thin oxide layer and the O2− ions can act as HB acceptors. Moreover, the Al3+ ions can interact with water oxygen atoms via Coulomb forces. However, the interactions at the surface are weaker than the hydrogen bonds in fully tetrahedrally coordinated bulk water. The change in the molecular interactions is further supported by the peaks in the fingerprint region. The OH bending mode slightly shifts towards higher wavenumber. The same behavior can be noted for the sulfate and the carboxylic acid peaks.




4. Conclusions


In conclusion, we have shown that ATR-IR spectroscopy is capable of analyzing the molecular interactions between solvent molecules and a metal surface. For this purpose, the solvent or a solution was initially placed on top of the ATR crystal, and, in the second step, a metal plate was added and pressed onto the crystal. The fluid remaining in a very thin layer between the ATR crystal and the metal plate allows for recording the IR spectrum of the interfacial molecules. The IR spectrum yields information about the intermolecular interactions at the surface via monitoring of their effects on the vibrational structure of the solvent and solute. However, it needs to be kept in mind that the signals do not exclusively originate from the interfacial mono-molecular layer, but from a thin layer that is determined by the penetration depth of the ATR approach. Applying a force to the metal plate ensures that the fluid layer is thin and that the interfacial molecular interactions are sufficiently prominent in the spectra.



Using the example of water and aqueous solutions of sodium sulfate and citric acid in contact with an aluminum plate, it was shown that the presence of an Al surface results in a weakening of the hydrogen bonding network between the water molecules. A key advantage of the proposed method is its experimental simplicity and that no specialized or custom-made equipment is needed. Measurements can be performed on any ATR-IR instrument in a straightforward manner.
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Figure 1. Schematic of the experimental procedure. IRE = internal reflection element; F = force. 
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Figure 2. Fingerprint and hydroxyl (OH) stretching region of the IR spectra recorded with and without aluminum plate. (A): water; (B): aqueous sodium sulfate solution; and, (C): aqueous citric acid solution. 
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Figure 3. Normalized spectra (color code as in Figure 2) and difference spectra (green) in the OH stretching region. (A): water; (B): aqueous sodium sulfate solution; and, (C): aqueous citric acid solution. 
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