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To advance an understanding of key electrochemical and photocatalytic processes that depend on the electronic structure of aqueous solutions, X-ray photoemission spectroscopy has become an invaluable tool, especially when practiced with liquid microjet setups. Determining vertical ionization energies referenced to the vacuum level, and binding energies referenced to the Fermi level, including the much-coveted reorganization energy of the oxidized species of a redox couple, requires that energy levels be properly defined. The present paper addresses specifically how the vacuum level "just outside the surface" can be known through the energy position of the rising edge of the secondary electrons, and how the Fermi level reference is uniquely determined via the introduction of a redox couple. Taking the case of the ferricyanide/ferrocyanide and ferric/ferrous couples, the paper also tackles issues related to the electrokinetic effects inherent to the production of a liquid jet in vacuum, which has become the standard water sample environment for photoemission experiments.

Introduction

Despite liquid water occupies a central role in chemistry, the determination of its electronic properties is still challenging, from both experimental and theoretical standpoints. 1,2,3,4,5,6,7,8,[9][10][11]12 In this context, UV or X-ray photoelectron spectroscopy (XPS) was summoned to determine the electronic structure of water. The advent of liquid microjet extreme UV photoelectron spectroscopy, more than two decades ago, enabled Winter and coworkers 13,14,15 to measure directly the vertical ionization energy (IE) of liquid water HOMO (1b 1 level), referenced to the vacuum level (VL), "just outside the surface" of water (VL S ). Liquid jets present clear advantages over the condensation of water on a substrate in near ambient pressure (NAP) conditions, 16,17 which is the experimental alternative to study liquid water with photoelectron spectroscopy: first, the surface of water is clean and radiolytic effects are minimized as the sample is continuously renewed, and second, the solutes and their concentrations can be easily changed. Importantly, solid nanoparticles can also be suspended in solutions and examined by XPS using a liquid jet setup. 18,19,20 This opens interesting questions such as determining the alignment of semiconductor band edges with redox potential levels in water, especially in the context of photochemistry. 21,22 In the same vein, the charge of metallic nanoparticles are imposed by the redox couple in the solution as the FL of the particle and the redox couple align at equilibrium, 23 and XPS seems to be the ideal tool to determine changes in the electron level schemes.

Consequently, liquid jet XPS appears as a versatile and efficient tool to unravel the electronic structure of water and solutes (or suspensions) in it. However liquid jet experiments suffer from a serious issue, the question of the binding energy reference. In these experiments, VL S is commonly determined from the known 1b 1 IE of the gas phase water molecules (IE 1b 1 (g) =12.621 eV) surrounding the jet, 13,14,15 whose own vacuum level is pinned to that of liquid water (see Figure 1(a)). Recently, positioning VL S with the gas phase 1b 1 level without careful calibrations was critically reviewed by several groups. 24,25,26 As the focal point dimension of the Xray beam is bigger than the jet diameter, the probed gaseous molecules do not reside "just outside" the liquid surface, and therefore one must take into consideration the contact potential difference (CPD) established between the liquid surface and the skimmer of the electron analyser (see Figure 1(b)), that is equal to the difference in work functions. The CPD obviously impacts the measured gas phase kinetic energies. The issue is not new. Siegbahn et al. 27 already proposed in 1983 a method determining an affine relationship between the measured kinetic energy of a gas phase level and its real value in the immediate vicinity of the surface of the liquid. For their part, Morgner et al. 28 in 1991 proposed to align the VL S of the liquid and analyser by minimizing the width of the gas phase spectral lines. The second problem that arises in liquid jet experiments is the streaming potential ϕ str that is due to the shearing of the double layer in the glass capillary. 29 It depends on the pressure difference between the two ends of the capillary ∆p (or equivalently to the flowrate, via Poiseuille's law), the chemistry of the solution/capillary material interface, and the electrolyte concentration. 25,30,26 . Adding alkali halides reduces ϕ str by increasing the conductivity of the solution (in the Helmholtz-Smoluchowski 29 formula, ϕ str is indeed inversely proportional to the solution conductivity, see below) and by decreasing the zeta potential ζ (ϕ str ∝ ζ). The latter effect is due to a short Debye length at the glass/solution interface (typically 1 nm for a 0.1 M KCl solution).

The determination of ϕ str independently of the CPD has been, until now, impracticable in liquid jet photoemission experiments. For instance, in Kurahashi et al. 25 the measured kinetic energy of gas phase O 1s is compared to its "true" value (in the absence of a perturbing electrostatic potential). The procedure consists in estimating the sum of ϕ str and of the CPD for a given concentration of solutes. Therefore, the finding of an "ideal" electrolyte concentration for which the combined ϕ str + CPD potential would be zero as in ref 25 is not transferable to other experimental XPS systems with different geometries and materials used. Several groups using the gas phase (VL S ) procedure have addressed the question of the combined effects of the CPD and of the streaming potential in liquid jet XPS experiments on water. The procedures of Siegbahn et al. 27 and Morgner et al. 28 were both used by Olivieri et al., 24 and more recently the procedure of Morgner et al. 28 was carried out by Perry at al.. 31 The question has been reassessed by Nishitani et al. in 2020. 26 In the present work, we start considering the question of using the Fermi level (FL) of the analyser as a binding energy (BE) reference as it is common practice in the XPS of (conductive) solid samples, 32 instead of using the VL of liquid water. 13,14,15,17,31 After briefly describing the liquid jet XPS experiment, we discuss the shape and position of the secondary electron energy distribution curve (SEEDC) and determine the work functions of the ferricyanide/ferrocyanide and Fe 3+( aq)/Fe 2+ (aq) solutions. This gives us the opportunity to estimate the streaming potential. Then we focus on the measurement of binding energies (BE) referenced to FL. In the case of the ferricyanide/ferrocyanide solution, we have obtained the BE of the ferrocyanide t 2g level, which directly gives the reorganization energy of the oxidized species λ OX , 33 that is related to the electron transfer barrier energy in the Marcus-Hush theory. 34 The vertical ionization energies of the aqueous solutions (IE 1b 1 (l) ), referenced to VL S and independent of FL, are also determined and compared with previous findings. We also show that the appearance of a surfactant like 1-butanol at the liquid/gas interface affects the IE 1b 1 (l) of the Zobell solution. Finally, we propose ways to improve the liquid jet setups in XPS experiments by reducing the effects of the streaming potential. In XPS experiments, the FL of a metallic electrode in contact with the aqueous solution can be chosen as the zero of BEs (Figure 1(a)). The principle is the same as that adopted in our previous "static" NAP-XPS work, 17 where we reported on the electronic structure of saturated alkali halide solutions condensed on a gold substrate. The FL is already the natural common reference level of the electrode and the analyser at thermodynamic equilibrium, when both are connected by a metallic wire. 32 What we must now focus on is the solution/electrode junction. The "FL of water" can only be defined properly if a known redox couple is present. The electrochemistry literature thoroughly addressed this question in the 1980's and it was concluded that the redox level and the Fermi level of the metal align at the junction at equilibrium, as both are electrochemical potentials. 35,36 In such conditions, the valence band and core-level BEs of the solution can be referenced to a common FL. Work functions qΦ, i.e. the energy difference between VL S and FL can be also obtained by measuring the SEEDC.

Thermodynamics and Fermi level alignment

With respect to our previous NAP-XPS work, 17 we bring a conceptual and methodological improvement by introducing a well-defined redox couple in the solution. The redox couple enables the exchange of charge between a metallic electrode and the solution and aligns the electrochemical potentials. In its absence, the electrode is unpoised: Percival and Bard 37 have shown that the open circuit potential (OCP) varies between ~0 V for a de-aerated solution and 520 mV/NHE for an air-saturated one. The redox couple provides us with a crucial thermodynamic quantity, ∆ r G red/ox sol the (positive) Gibbs energy change (eV/particle) of the oxidation reaction red → ox +e in vacuum at rest at infinity. This level, denoted VL ∞ , is the thermodynamic reference energy 38 (see Figure 1(a)). Considering the ferricyanide/ferrocyanide couple (in the so-called Zobell solution 39 we use) or the Fe 3+ (aq)/Fe 2+ (aq) one, for which one electron e is exchanged, the reaction at the electrode is ox + 𝑒𝑒 (metal) ⇄ red. We show in section S1 of the SI that, at equilibrium, a Galvani potential difference appears at the metal/solution interface, such that the electrochemical potentials (i.e. the FL) are aligned. Then (at constant pressure and temperature):

μ � e met = μ � red sol -μ � ox sol = -∆ r G red/ox sol {1}
where μ � e met , μ � red sol and μ � ox sol are the electrochemical potentials of the metal electrons, of the reduced, and of the oxidized form of the electroactive species in water, respectively. The electronic diagram after FL alignment is depicted in Figure 1(a). FL is positioned -μ � e met (or equivalently ∆ r G red/ox sol ) below VL ∞ . ∆ r G red/ox sol is given by the following equation:

∆ r G red/ox sol =E ox/red +∆ r G H 2 /H + ⊖ {2}
where E ox/red (expressed in V) is the reduction potential of the couple expressed with respect to the reference electrode potential, i.e. the standard hydrogen electrode (SHE). E ox/red is measurable by voltammetry or potentiometry. The standard Gibbs energy

∆ r G H 2 /H + ⊖ of the oxidation reaction ½ H 2 (g)+ H 2 O (l) → H 3 O + (aq) + e (at VL ∞ ) has been calculated
with high accuracy by Isse and Gennaro (see SI, section S2). 38 The value they recommend is 4.281 eV. If VL S ("just outside the surface) instead of VL ∞ is now considered, one must add the surface dipolar contribution 10,40 |q|χ d (see Figure 1(a)), which is +0.14 eV, as estimated by Fawcett, 41 and recently calculated (DFT) by Ambrosio et al.. 10 One obtains a VL S -FL difference of 4.42 eV for the H + /H 2 couple, a value remarkably close to that recommended by Trasatti 42 Please do not adjust margins Please do not adjust margins (with one electron exchanged), the calculated work function qΦ calc (VL S ) is:

qΦ calc = ∆ r G red/ox sol + |q|χ d {3} qΦ calc
can be directly compared to the experimental work function given by the cut-off of the SEEDC.

If the question of the electronic level alignment at the solution/metal is now resolved with the addition of a redox couple, the vexing question of the streaming potential remains intact. The question was not addressed in ref. 24 where the "FL procedure" of ref 17 (a static NAP experiment with no streaming potential at stake) was used. Indeed, we shall see that the difference between the measured work function (qΦ meas ), and the calculated one �qΦ calc � gives the streaming potential energy qϕ str , and therefore the measured BEs can be corrected.

Experimental

The liquid jet setup system of the soft X-ray PLEIADES beamline of SOLEIL synchrotron facility is described in detail in ref 43 . The scheme given in Figure 1(b) summarizes all the useful information on the experimental geometry and the electrical connections. The "electrode" is a gold-plated stainless-steel union kept at room temperature and placed upstream of the glass capillary. Downstream of the capillary, we use a system to recover the solution and allow further analyses (see below). This solution-recoverer consists in beryllium copper alloy catcher that is in electrical contact with the gold-plated electrode. The "upstream electrode" and the "downstream catcher" can be both grounded, or both biased to negative voltages to measure SEEDC curves. Parameters useful for the discussion of results, such as the photon energy hν, flowrates are recorded in the text and the figure captions.

The so-called "Zobell" ferricyanide/ferrocyanide solution is a widely used oxidation reduction potential standard. 39 It consists of 3.33 mM K 4 Fe(CN) 6 (Fe II ) and 3.33 mM K 3 Fe(CN) 6 (Fe III ) in a 0.1M KCl solution. At the temperature of SOLEIL laboratory, i.e. 21°C, the open circuit potential (OCP) of the Zobell solution is 0.441 V, referenced to the SHE. Control voltammetry measurements carried out at 22°C (see SI, Section S3 Figure S2) for a fresh solution give an OCP SHE of 0.439 V, which is coherent with the known redox potential dependence on temperature. 39 After exposure to the synchrotron beam the recovered solution presents a voltammogram (see Section S3 of the SI, Figure S2) identical to that of the fresh solution, in particular the limiting currents, which shows that there has been no significant change in the composition of the redox species during synchrotron irradiation. Given the OCP and voltammetry results, we calculate a ∆ r G FeII(CN) 6 4-/FeIII(CN) We also considered the Fe 3+ (aq)/Fe 2+ (aq) couple, using a 50 mM FeCl 3 /50 mM FeCl 2 solution. As the starting solution was not buffered at very low pH, the experiments were made in the presence of solid oxyhydroxides. 44 The OCP measured by potentiometry at 22°C (see SI section S3), is stable at 0.720 V/SHE, 10 min after preparation of the solution. Therefore ∆ r G Fe 2+ /Fe 3+ sol = 5.00 eV and qΦ calc is 5.14 eV.

Results and discussion

The SEEDC of the pure Zobell solution (hν=91.21 eV) is reported in Figure 2(a) (red dotted curve). The solution was (nominally) biased to -20.57 V (see SI section S5). The XPS measured increase in kinetic energies qV bias was 20.52 eV. The latter value was subtracted to the KE. The SEEDC is plotted on a KE scale that is referenced to the FL (electrode/analyser), to directly measure the work function. The curve is fitted with an erf step function:

I SEEDC (KE) = H � 1 2 + 1 2 erf �1.665 × KE-KE(MP) Γ SEEDC �� {4}
where H measures the amplitude of the step, KE(MP) determines the KE of the mid-point (MP) and Γ SEEDC describes the broadening of the step (the full width at half maximum of the derivative, which is a Gaussian). To ease comparison with other published data, we will also consider the "onset" of the step defined as the intercept of the tangent at the MP with the horizontal baseline. The kinetic energy difference KE(MP) -KE(onset) is determined mathematically using:

KE(MP) -KE(onset) = 1 4 � π ln(2) × Γ SEEDC = 0.532 × Γ SEEDC {5}
The fitting parameters are given in Table 1.

For the Zobell solution, we find that Γ SEEDC is 0.58 eV. Γ SEEDC is much larger than the value reported by Olivieri et al. 24 (50 meV) for a NaCl solution. The large value we find cannot be accounted for by the resolution of the hemispherical analyser that is ~5 meV (the photon bandwidth does not matter for the SEEDC).

We shall see that the SEEDC broadening can be due to the liquid jet experimental setup itself. Let us assume that the jet is positively charged when it goes out into the vacuum (which is indeed the case for the Zobell solution, see below). Then the electric potential will be higher downstream of the capillary than upstream. At PLEIADES, the jet does not break before entering the catcher of the solution-recoverer, and thus the liquid remains in contact with it. Given that a redox couple is introduced in the liquid, the downstream catcher This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5

Please do not adjust margins Please do not adjust margins Please do not adjust margins Please do not adjust margins will provide electrons to the solution (reduction of Fe III ), while the gold-plated union, upstream of the capillary, will recover electrons (oxidation of Fe II ). Then a bipolar electronic current will circulate, 45,46 Thus, in the presence of a bipolar current the classical Helmholtz-Smoluchowski equation is modified (see SI section S6) :

ϕ str = εε 0 ζ(Δp)S ηL K L S L + 1 �G up -1 +G down -1 �

{6}

where ε is the relative dielectric constant of the solution, ε 0 the vacuum permittivity, ζ the zeta potential, η the dynamic viscosity of the solution, Δp the pressure difference before and after the capillary, K L the bulk solution conductivity (12.9 mS/cm), S the section of the capillary and L its length, G up the transfer conductance at the gold-plated union electrode upstream of the capillary, and G down the transfer conductance of the catcher, downstream of the capillary. G up is likely large and constant with time. However, G down is likely much smaller as the jet splashes in the catcher. Therefore:

ϕ str ≈ εε 0 ζ(Δp)S ηL K L S L +G down {6'}
Equation {6'} shows how the catcher/jet junction conductance G down can determine the streaming potential, if it is much greater than the solution conductance

K L S
L (10 -7 S) in the capillary. However, as the contact between the jet and the metallic catcher fluctuates with time, ϕ str will reflect the fluctuations of G down , varying around an average value. In those conditions, the MP of the SEEDC rising edge in Figure 2(a) marks the position of VL S displaced by the average value of the streaming potential, and Γ SEEDC contains the fluctuation on G down .

Thus, the nature of the junction between the jet and the downstream catcher or trap can impact the streaming potential. Riley et al. 47 compared the effects of a grounded copper beryllium alloy catcher (as in the present study) and of a cold trap on the streaming potential, using a 30 mM NaF/ 100 mM phenol solution. They observed that the streaming potential is much greater but also much more stable when the grounded catcher is replaced by a cold trap. According to these authors, the instabilities may arise from the solution "not being in constant contact with the grounded catcher tip". Naturally, one should admit the existence of a bipolar current also in their case due to the presence some unknown redox couple in the solution. A cold trap (G down = 0) should lead to a stable streaming potential. This may explain why Olivieri et al., 24 who also used a cold trap, found indeed a value of Γ SEEDC one order of magnitude smaller than the present one.

The qΦ values are reported in Table 1. For the Zobell solution qΦ meas is 4.34(06) eV considering the onset and 4.65(06) eV considering the MP. Using equation {3}, qΦ calc is 4.86 eV. This is 0.21(06) eV greater than the measured qΦ(MP), and thus the steaming potential energy qϕ str = qΦ meas (MP) -qΦ calc is ~-0.21 eV. The jet is positively charged, which makes that the measured kinetic energies (binding energies) are underestimated (overestimated).

The modified Helmholtz-Smoluchowski equation (Equation {6}) shows that ϕ str depends on the chemistry of the solution via ζ, ∆p (flowrate), and on a multiplicity of other experimental parameters, such as the bipolar current conductances. To illustrate this point, we present in Figure 2(b), see the solid orange curves, the HOMO (measured at hν=403.75(06) eV) and the SEEDC of a 0.05 M FeCl 3 / 0.05 M FeCl 2 solution. The BE (valence) and KE (SEEDC) are referenced to FL (electrode/analyser). The fitting parameters are reported in Table 1. qΦ meas (MP) is found equal to 5.11(06) eV, which is equal, within the error bars, to the theoretical position qΦ calc , 5.14 eV (qϕ str is -0.04(06) eV). Thus, the magnitude of the streaming potential is much smaller than for the Zobell solution. There can be two reasons for a sizeable reduction of the streaming potential. First, G down can be larger than in the case of the Zobell solution, due to a better solution/metal contact in the catcher. Second, the chemistry at the glass capillary/solution interface is likely different. In fact, the zeta potential ζ of the glass capillary depends on the pH. For amorphous silica grown on a Si wafer, ranges from -66 mV at pH=9 to +13 mV at pH=2, with the isoelectric point at pH 3.8. 48 Indeed, the FeCl 3 /FeCl 2 solution is acidic (pH=1.94, as given by PHREEQC, 49 see SI), while the Zobell solution is nominally at pH=7. The glass surface should be positively charged for the FeCl 3 /FeCl 2 solution and negatively charged for the Zobell one.

Binding energies are measured while the solution is negatively biased (the bias has no effect on the liquid phase HOMO as the gas phase 1b 1 is at lower kinetic energy, see SI). The binding energy BE 1b 1 (l) is determined using either the centroid of the HOMO ("centroid") fitted by a Gaussian of FWHM Γ HOMO or the intersection of a horizontal baseline with the tangent to the inflection point of the rising edge ("edge"), in which case:

BE(centroid) -BE(edge) = Γ HOMO �2 ln(2) = 0.849 × Γ HOMO {7}
We find that the BE 1b1(l) of the Zobell solution (Figure 2(a)) is 6.90 eV at the 1b 1 HOMO centroid and 5.61 eV at the edge (see Table 1). Thus the BE 1b 1 (l) values corrected for the streaming potential are 6.69 eV (centroid) and 5.40 eV (edge). In the gap of water, see the zoomed region in Figure 2(a), we can see two small photoemission peaks. The structures whose centroids are at BEs of 3.0 eV and 1.54 eV are attributed to the valence-ionized ferricyanide and ferrocyanide t 2g states, 50 respectively. The photoemission process affecting the ferrocyanide t 2g level corresponds to the "vertical" oxidation of ferrocyanide into ferricyanide. The vertical ionization energy is IE t 2g when referenced to VL S and IE t 2g -|q|χ d when referenced to VL ∞ . Because the photoemission process occurs at a timescale much shorter than the motion of nuclei (molecular vibrations of the ion, and rotation of the surrounding water molecules), the final unrelaxed state of ferrocyanide has an ionization energy referenced to VL ∞ greater than the Gibbs energy difference of the adiabatic oxidation process ∆ r G FeII(CN) 6 4-/FeIII(CN) 6 3- sol . As shown in the energy level diagram of Figure 2(a), the reorganization free energy of the oxidized species λ OX of the redox couple is:

λ OX = BE FeII t 2g (referenced to FL) {8}
or equivalently:

λ OX = IE FeII t 2g -|q|χ d -∆ r G FeII(CN) 6 4-/FeIII(CN) 6 3- sol {9}
The valence band spectrum (referenced to FL of the analyser/downstream electrode) in Figure 2(a) indicates that the measured binding energy of ferrocyanide BE FeII t 2g meas is 1.54 eV. From equation {8}, λ OX is equal to the experimental BE value in the absence of streaming potential. This binding energy value is overestimated, due to the streaming potential (by -0.21 eV, see above). After correction, λ OX (= BE FeII t 2g corr ) is 1.33 eV. This is equivalent to using equation {9}, with IE FeII t 2g =6.19 eV (VL S is determined by the mid-point of the SEEDC).

In the absence of a well-defined ferricyanide/ferrocyanide redox couple, the determination of λ OX is normally impracticable, because the electronic levels of water, and in particular the binding energy of the ferrocyanide solute, can be fixed by some unknown "background" couple (see ref 37 ). Nonetheless, considering a solution with the ferrocyanide ion alone, Seidel et al. have calculated a λ OX value of 1.47 eV. 50 This λ OX value is only 0.14 eV higher than that of 1. 33 The present experiment provides λ OX values in the 1.33 eV (corrected from streaming potential)-1.54 eV (uncorrected). The corrected λ OX value is within 0.1 eV of those calculated by DFT (1.23-1.24 eV 50,51 ). However, experimental λ OX from electrochemical current-potential characteristics are distinctly smaller: they span from 0.4 eV 52 to 0.97 eV. 53 The reason of the discrepancy with the present XPS study may lie in the fact that the electrochemical determinations are indirect, depending on the currentpotential theoretical models. 52,54 Another reason may be that the reorganization energy we measure concerns the bulk liquid phase, while electrochemical measurements depend on the reorganisation energy in the layers close to an electrode. It has been shown recently that the outer-shell reorganization energy can be considerably smaller than that expected for a homogeneous reaction for an electron transfer occurring in the vicinity of a surface electrode. 55 The ionization energy of the liquid phase 1b 1 HOMO IE 1b 1 (l) is the sum of qΦ and BE 1b1(l) . However, to obtain it accurately we directly calculate the difference between the KE energy of the SEEDC cut-off and that of liquid water HOMO. In this case, the precision on IE 1b 1 (l) is better than that for the HOMO BE and the work function separately, because it is essentially determined by the precision on hν. Moreover, being a difference in KE, it is not affected by the residual streaming potential. IE 1b 1 (l) depends on the choice of the HOMO BE (centroid or edge) and work function cutoff (onset or MP). Within the Frank Condon approximation, the HOMO centroid marks the vertical ionization (the nuclei coordinates in the ionized state are still those of the ground state). It is not completely clear if the HOMO edge in Figure 2(a) positions the adiabatic ionization energy, as Perry et al. claim. 31 To discuss this point we consider calculations 56 of ionization energies of the water hexamer, that can be considered as an approximant of bulk liquid water. The ionized [(H 2 O) 6 + ] species evolves towards (H 2 O) 5 H + + OH via proton transfer from the ionized molecule. The energy difference between the vertical IE and the adiabatic one is ~2.5 eV, a value significantly greater than the energy difference of 1.2 eV (equation {7}) between the centroid and the extrapolated edge. Thus, as the physical interpretation BE of the HOMO edge is not completely clear, we consider only the HOMO centroid. For the Zobell solution, IE 1b1(l) is equal to 11.24(04) eV (see Table 1) considering the SEEDC onset and 11.55(04) eV considering the MP. For its part, the IE 1b1(l) (MP) of the FeCl 3 /FeCl 2 solution is 11.59(06) eV (at MP), equal within the error bars, to that of the Zobell solution. As expected, IE 1b 1 (l) is independent of FL, and thus of the redox couples present in the solution.

Therefore, comparisons can also be made with the IE 1b 1 (l) values of solutions that do not incorporate any known redox potential. The HOMO and SEEDC spectra of the plain Previous measurements concerning solutions without electroactive species were based on the gas phase 1b 1 reference method. The values that Winter et al. 13 obtained in 2004 (11.16 eV) and Kurahashi et al. 25 in 2014 (11.31(04) eV) were likely affected by the contribution of the CPD/streaming potential on the gas phase 1b 1 energy position. The most recent published value of IE 1b 1 (l) (2020) is provided by Perry et al.. 31 Perry et al. have used the 1b 1 gas phase method in combination with a CPD/streaming potential elimination procedure. The method is critically reviewed by Nishitani et al. 26 who consider that the calibration is correct to 0.1 eV. Perry et al. have found that IE 1b 1 (l) is 11.67 (15) eV for a NaCl solution (10 mM to 500 mM). This latter value enters the error bars of IE 1b1(l) we have determined considering the SEEDC MP. Therefore, the "flat vacuum level" method used by Perry et al. would determine in fact the average value of VL S , if one admits that the streaming potential fluctuates.

The hypothesis that the SEEDC MP (and not the onset) corresponds to VL S in liquid jet experiments affected by streaming potential fluctuations may find a further confirmation from new data obtained from another liquid jet XPS setup. At the time of writing the present paper, Bernd Winter communicated us (yet unpublished) IE 1b 1 (l) values of water. 57 There was no added redox couple in the alkali halide solutions examined by these authors, therefore only IE 1b 1 (l) values can be compared with our data. The Winter group uses the SEEDC method, as in ref 17 and the present work. Judging from the SEEDC curves shown in Figure 5 of ref 57 , the step width Γ SEEDC is ~0.47 eV using equation {5} and considering an onset-MP energy difference of ~250 meV. This Γ SEEDC value is comparable to the ones we give in Table 1, and thus the broadening may have the same origin. Taking the SEEDC step shape into consideration, the found ionization energies are also in excellent agreement, despite the use of different XPS setups. Considering the SEEDC onset, the Winter group finds an IE 1b 1 (l) of 11.33(03) eV, close to the value we find 11.24(04) eV for the Zobell solution (Table 1). If the SEEDC MP is taken as a reference, we deduce that IE 1b 1 (l) is 11.58 eV, which falls within the error bars of our findings (Table 1). Now we explore the effect of the addition of a polar organic molecule 1-butanol (with a concentration 64 mM) on the work function and vertical ionization energy of the Zobell solution. The corresponding valence band and SEEDC are shown as green dotted curves in Figure 2(a). The corresponding C 1s spectrum is shown in section S4 of the SI. Figure 2(a) shows that the centroid of the liquid phase 1b 1 peak is found at the same position as that of the pristine Zobell solution. In fact, the FL position in the band gap is not affected by the addition of the alcohol. The voltammogram presented in Figure S2, section S3 of the SI shows indeed no change in the OCP with respect to that of the Zobell solution. However we see in the valence band spectrum an increase in the photoemission intensity at a BE of ~5 eV, which we attribute to the Cl 3p level of Cl -ions 17 segregated in layers close to the surface, due to the presence of the surfactant. While the FL remains at the same position, the MPreferenced work function qΦ meas changes appreciably from 4.65 eV to 4.48 eV (Table 1). The -0.17 eV variation is attributed to a change in the surface dipolar energy brought by the surfactant. This variation suggests that the dipole moment of the surfactant is oriented outward, with the hydrophobic tail oriented away from the surface, in accord with calculations. 58 Three decades ago, Dynarowicz, 59 using the dynamic jet method, 60 had already observed that the (Volta) electric potential of the surface of water increases (ΔV = +200 meV) upon the adsorption of 1-butanol (with a concentration equal to the present one). The positive ΔV corresponds in fact to a decrease of the work function by the same magnitude, which is that we observe. This experiment also shows that the "work function method" used to estimate the streaming potential is unapplicable when the water surface is contaminated by organics. If 1-butanol affects the surface dipole energy, it does not alter the "width" of the SEEDC rising edge, as Γ SEEDC (0.49 eV) is practically equal to that of the pristine Zobell solution. Therefore, surface contamination by organics does not lead to an increase of Γ SEEDC as it was proposed in ref 24 . The changes in the surface dipole energy due to the 1-butanol surfactant are less impressive than the decrease in the work function measured by Olivieri et al. 24 when butylamine (0.15 M) is added to a 0.05 M NaCl solution, that is -0.53 eV with respect to the plain NaCl solution. This considerable change in the work function may not be entirely due to a change in the surface dipole, as suggested in ref 24 . Indeed, as the butylamine pK b is 3.2, the pH of the solution is 11.97 at the considered concentration. Considering that the pH of the pristine NaCl solution is around 7 (the solution is under constant He purge to avoid CO 2 dissolution 24 ), the change is +5 pH units. If we assume that the "background redox couple" 37 depends on the H + concentration, such as the oxygen reduction reaction, or the proton reduction reaction, this may result in a decrease in the "background redox potential" by -0.059 × 5 = -0.3 V. As VL ∞ -FL will be reduced by the same amount in eV, there are -0.2 eV left for the butylamine dipolar contribution, which is comparable to what we have found for 1-butanol. The present reanalysis of the data of ref. 24 emphasizes the importance of controlling the position of the FL with a known redox couple.

Finally, the introduction of a redox couple in the solution also suggests further improvements that could be brought to liquid jet designs dedicated to photoemission spectroscopy. Having in mind the electrical scheme of Figure 1(b), the bipolar current circulating between the upstream electrode and the downstream catcher will be efficient to reduce or even suppress the streaming potential, only when the liquid/metal contact in the catcher will have a large, stable conductance. This could be realized using clean metallic inner parts forming a reservoir inside the catcher. Alternately to that scheme, the glass capillary could be replaced by a metallic one. Then the capillary itself would provide the circuit for the bipolar current created at its entrance and exit. Bipolar faradaic depolarization, as expected from the microfluidic studies of Duval et al., 46 would lead to a sizeable reduction of the streaming potential.

Conclusion

Liquid jet setups are now the "standard" water sample environment in XPS experiments because of its many advantages such as surface cleanliness, minimized radiolytic effects, and versatility. In this context, referencing properly the electronic energies of liquid water in jets is crucial for the advancement of the XPS of aqueous solutions. Starting from thermodynamic considerations, we have considered the referencing of energies with respect to the Fermi level common to the XPS analyser and an electrode in contact with a solution containing a redox couple with a known "electrode potential". This appears as a natural alternative to referencing the energies with respect to the vacuum level "just outside the surface", obtained from the ionization energies of the gas phase molecules surrounding the jet.

As the "Fermi level" methodology involves the measurement of the work function via the secondary electron energy distribution curve, the shape of the rising edge was discussed with respect to the electrical diagram of the liquid jet setup, and the energy position analysed with respect to electrokinetic effects inherent to liquid jets using glass capillaries. The presence of a known redox couple is a requisite to define properly binding energies and work functions. It also permits to estimate the streaming potential energy, as the difference between measured and calculated work functions, provided that the water surface is clean. The worth of binding energies referenced to the Fermi level has been emphasized in this paper, such as the measurement of the reorganization energy after oxidation of ferrocyanide into ferricyanide (1.33 eV). Even when redox couples are not introduced in aqueous solution, we have shown that the vertical ionization of water (11.55 eV) can be equally determined once it is referenced to the vacuum level "just outside the surface". Finally, the introduction of a redox couple has also suggested further improvements to the actual liquid jet design, aiming at reducing or even suppressing the streaming potential contribution. Please do not adjust margins Please do not adjust margins
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Figure 1 .

 1 Figure 1. (a) Energy level diagram in the absence of streaming potential. FL is the Fermi level common to the redox couple, the upstream electrode, and the analyser. VL S is the vacuum level "just outside the surface", and VL ∞ is the vacuum level at infinity. qΦ is the work function of the solution and |q|χ d the dipolar contribution to the surface potential energy. BE 1b 1 (l) and IE 1b 1 (l) are the liquid water HOMO 1b 1 binding energy (referenced to FL) and the vertical ionization energy (referenced to VL S ), respectively. IE 1b 1 (g) is the vertical ionization energy of gaseous water. ∆ r G red/ox sol is the (positive) Gibbs energy change (eV/particle) of the oxidation reaction red → ox +e (at VL ∞ ). (b) Scheme of the liquid jet setup: the upstream electrode, the glass capillary (diameter 25 or 40 µm, length 14 mm), the downstream copperberyllium alloy catcher used to recover the solution, and the skimmer of the electron analyser. Distances are 2 mm between the capillary orifice and the catcher tip, 1.5 mm between the skimmer and the water jet. The electric diagram is also given (the analyser remains always grounded).

  (4.44 eV) who, in fact, considered VL S (and not VL ∞ ) as the vacuum level of reference. Therefore, for the redox couples considered here ARTICLE Journal Name 4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

  {2}) and a calculated work function qΦ calc of 4.86 eV (equation {3}). The C 1s spectrum shown in the SI, section S4, Figure S3 is void of any component at 285 eV characteristic of organic contamination.

Figure 2 .

 2 Figure 2. (a) The red dotted curves correspond to the HOMO and SEEDC of the Zobell solution (3.33 mM FeIII(CN) 6 3-(aq)/ 3.33 mM FeII(CN) 6 4-(aq) in 0.1 M KCl). The green dotted curves correspond to the HOMO and SEEDC of the Zobell +ButOH solution, 1-butanol (64 mM) dissolved in the Zobell solution. BE and KE are corrected for qV bias (equal to 20.51 eV) and referenced to FL (analyzer/upstream electrode). The HOMO centroid is indicated by a vertical bar. The SEEDC rising edge is fitted with a dark solid line using equation {4}. The mid-point MP, indicated by a small black marks the position of the measured work function qΦ meas (4.65 eV for the clean solution and 4.48 eV for Zobell + ButOH). The position of qΦ calc (4.86 eV) for the Zobell solution is indicated by a vertical line. qϕ str is -0.21 eV (see text), therefore BE (KE) are overestimated (underestimated) by +0.21 eV. The photon energy (hν=91.21(02) eV) and qV bias were kept constant while replacing the pristine Zobell solution by the Zobell + ButOH solution. The nozzle diameter is 40 µm and the flowrate 2.5 mL/min. Curve fitting parameters of the HOMO and SEEDC curves are in Table 1. A zoomed view of the band gap is given for the Zobell solution, where the ferricyanide Fe III and ferrocyanide Fe II valence levels show up. The energy level scheme relates the vertical ionization energy of ferrocyanide Fe II (equal to the sum of the reorganization energy λ OX and the Gibbs energy of oxidation ∆ r G FeII(CN) 6 4-/FeIII(CN) 6 3- sol

6 |

 6 J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

8 |

 8 J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx Please do not adjust margins Please do not adjust margins 0.1 M KCl solution are shown in section S7, Figure S5 of the SI. The IE 1b 1 (l) is 11.34(04) eV considering the SEEDC onset and 11.58(04) eV considering the SEEDC MP. The latter value falls into the error bars of the value obtained for the Zobell solution and of the FeCl 3 /FeCl 2 solution.
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Table 1 .

 1 Work functions, SEEDC widths (𝚪𝚪 𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒 ), streaming potential energy, ferrocyanide t 2g BE (reorganization energy 𝛌𝛌 𝐎𝐎𝐎𝐎 ) measured (𝐁𝐁𝐒𝐒 𝐅𝐅𝐅𝐅𝐅𝐅𝐅𝐅 𝐭𝐭 𝟐𝟐𝟐𝟐

𝐦𝐦𝐅𝐅𝐦𝐦𝐦𝐦 

) and corrected (𝐁𝐁𝐒𝐒 𝐅𝐅𝐅𝐅𝐅𝐅𝐅𝐅 𝐭𝐭 𝟐𝟐𝟐𝟐 𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜 ) for the streaming potential (eq. {9}), liquid water HOMO 1b 1 BE, as measured (𝐁𝐁𝐒𝐒 𝟏𝟏𝐛𝐛 𝟏𝟏 (𝐥𝐥) 𝐦𝐦𝐅𝐅𝐦𝐦𝐦𝐦 ) and corrected (𝐁𝐁𝐒𝐒 𝟏𝟏𝐛𝐛 𝟏𝟏 (𝐥𝐥) 𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜 ) for the streaming potential, HOMO widths (𝚪𝚪 𝐇𝐇𝐎𝐎𝐇𝐇𝐎𝐎 ), ionization energies �𝐅𝐅𝐒𝐒 𝟏𝟏𝐛𝐛 𝟏𝟏 (𝐥𝐥) �. The accuracy of the measurements is discussed in the SI. The onset of the SEEDC and the edge of the HOMO and are calculated with equations {5} and {7}, respectively. All quantities are given in eV.

  eV we find with equation {9}. The relatively good agreement can be explained because the dipolar energy contribution |q|χ d , not considered by Seidel et al., is small (0.14 eV), and because IE Fe II t 2g (6.11 eV) and (4.64 eV) used in ref 50 are close to the present IE Fe II t 2g (6.19 eV) and ∆ r G FeII(CN) 6 4-/FeIII(CN) 6 3-

	the	standard	Gibbs	oxidation	energy	of	the
	ferricyanide/ferrocyanide				
	couple ∆ r G FeII(CN) 6 4-/FeIII(CN) 6 3-sol ⊖			

sol (4.72 eV).
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