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A B S T R A C T   

Surface-supported metal-organic frameworks HKUST-1 (Hong Kong University of Science and Technology) were 
used as a model system for a development of a near ambient pressure (NAP) XPS based approach to investigate 
interaction with atmospheres of water, methanol or pyridine at pressures ranging from 1 to 4 mbar. The films 
were grown on a gold substrate functionalized with a COOH-terminated self-assembled monolayer using liquid- 
phase epitaxy in a step-by-step fashion. Measurement protocols were developed and optimised for different gases 
in order to obtain spectra of similar quality in terms of signal intensity, noise and shape. Peak shapes were found 
to depend on the efficiency of charge compensation. Reference measurements in argon proved to be a useful 
strategy not only for the evaluation of the Cu(II)-fraction in pristine samples, but also to identify the contribu-
tions by the respective gas atmosphere to the C 1s and O 1s photoelectron spectra. Reduced copper was found 
during the exposition of HKUST-1 to water vapour and pyridine, but this effect was not observed in case of 
methanol. Additionally, it was established that there are no changes in relative Cu(II) percentage with increasing 
exposure time. This indicates that saturation was reached already at the lowest time of gas exposure. A detailed 
elucidation of the mechanism of Cu(II) reduction to Cu(I) in HKUST-1 mediated by water and pyridine is part of 
ongoing work and not in the scope of the present paper.   

1. Introduction 

Metal–organic frameworks (MOFs) are constructed from coordinated 
metal ions or metal-oxo clusters, acting as nodes, and organic building 
blocks, referred to as linkers [1]. More than 70.000 MOFs have been 
synthesized so far [2], and the number of MOFs which have an associ-
ated theoretical description is roughly one million. Originally developed 
for such applications as gas storage [3], gas separation [4–7] and 
catalysis [8,9], in recent years it has been shown that these porous, 
crystalline solids also have enormous potential in completely different 
areas. For many advanced applications in nanotechnology, it is neces-
sary that the MOFs, usually obtained in powder form, are deposited on 
solid substrates. These so called surface-supported metal–organic 

frameworks (SURMOFs) [10], fabricated using layer-by-layer methods, 
are receiving increasing attention as a novel form of nanotechnology 
[11,12]. Recently developed deposition techniques enable control of 
film thickness, homogeneity, morphology and dimensions for a huge 
number of MOF compounds, which offers tremendous opportunities in 
different application fields, such as energy storage, water splitting, CO2 
reduction, as well as for the fabrication of membranes. These applica-
tions meet the increasing demands for environmental sustainability and 
cleaner energy. 

The metal–organic framework HKUST-1 (Hong Kong University of 
Science and Technology) was introduced by Williams et al. [13] and is 
also known as CPO-27 and Cu3(BTC)2. It consists of Cu(II)-dimers linked 
together with 1,3,5-benzenetricarboxylate (BTC), forming a highly 
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crystalline 3D-network, which has shown very promising performance 
for both gas storage and separation techniques, and activity for diverse 
Lewis-acid catalysed reactions [14]. 

Although existing applications are encouraging, SURMOF thin films 
still face numerous challenges, including the need for a more thorough 
understanding of the stability of the internal and external interfaces, 
especially in a presence of different gases and water vapour. In partic-
ular, a known concern about HKUST-1 and other MOFs is their insta-
bility under humidity, which limits their use in ambient working 
conditions [15]. X-ray diffraction (XRD) has shown that the crystal 
structure of HKUST-1 is still intact after exposure to water vapour, 
although the uptake of gases is dramatically decreased. This indicates 
that so called surface barriers are responsible for the behaviour observed 
[16]. 

With that in mind, near-ambient pressure X-ray photoelectron 
spectroscopy (NAP-XPS) is a unique method for in-situ investigations of 
SURMOFs under gas/vapour exposure. With recent instrumental ad-
vances, samples can routinely be characterised in the mbar-range, 
allowing the answering of important questions about the sample’s sta-
bility and interaction with gas molecules. HKUST-1 is an extensively 
studied SURMOF system and is therefore a suitable model system for 
developing NAP-XPS measurement protocols for MOFs. Analysis of Cu 
2p-photoelectron and Cu LMM Auger spectra allows to determine the 
relative amount of Cu(I) and Cu(II)-species, giving significant informa-
tion on the pristine state and the stability of HKUST-1 s under near- 
ambient pressure conditions. 

Previous XPS studies show that HKUST-1 samples contain Cu(I)- 
species [17–20], with relative amounts of Cu(I) and Cu(II) changing 
with heating, X-ray irradiation or exposure to such gases as H2, O2, NO, 
CO or water vapour [18,20–23]. NAP-XPS studies of the effect of 
different gases on HKUST-1 have previously been reported by Nijem 
et al., exposing the samples for up to 0.03 mbar NH3 [19] and 0.27 mbar 
NO [24]. Both studies also included loading the samples with water 
vapour, in order to study an adsorption of gas molecules at both dry and 
humid conditions. In the first study [19] the authors found that 
ammonia replaces water at unsaturated Cu(II)-centres, while the second 
[24] showed an enhanced adsorption of nitric oxide with an increase in 
the number of Cu(I)-sites following thermal treatment or X-ray 
irradiation. 

Since Cu(II)-species are sensitive to X-ray irradiation and even pris-
tine samples can be assumed to contain Cu(I) ions, the experimental 
strategy and the interpretation of NAP-XPS results should be carefully 
considered. In this paper, we analyse SURMOF HKUST-1 in NAP-XPS 
investigations under water-, methanol- and pyridine atmospheres at 
pressures ranging from 1 to 4 mbar. Measurement conditions were 
optimised for different atmospheres to obtain spectra of similar quality 
in terms of signal intensity, noise and shape where the latter one is 
determined by the efficiency of charge compensation. Reference 

measurements under argon proved to be a useful strategy not only for 
the evaluation of Cu(II)-fractions in pristine samples, but also of C 1s and 
O 1s XP spectra. Since the photoelectron signal of gas phase water, 
methanol and pyridine partly overlaps with the C 1s and O1s photo-
electron signal from HKUST-1, comparison with reference spectra ac-
quired under argon atmosphere is helpful for peak fitting analysis. 

2. Experimental 

2.1. Sample preparation 

All HKUST-1 SURMOFs were grown on the gold surface functional-
ized with a COOH-terminated self-assembled monolayer (SAM) to pro-
mote the formation of preferentially oriented films in [100] direction 
with a high degree of structural perfection [25,26]. To grow SAM layers, 
silicon substrates coated with a 150 nm thick gold film with a roughness 
of 2–3 nm were immersed into ethanolic solutions of 16-mercaptohexa-
decanoic acid for 72 h. The SURMOF synthesis was performed as 
liquid-phase epitaxy (LPE) in a step-by-step fashion, in which the 
functionalized substrate is sequentially and repeatedly exposed to an 
ethanolic metal salt solution and an ethanolic linker solution. Between 
each step the surface is cleaned with pure ethanol. For HKUST-1 SUR-
MOFs, ethanolic solutions of Cu(II) acetate (1 mM Cu(OAc)2) and 
ethanolic 1,3,5-benzenetricarboxylic acid (0.2 mM H3BTC) were used. 
Recently, reasonable progress in the procedure of the HKUST-1 growth 
was achieved. Thus, firstly, it was established that the water content in 
the synthesis solutions has a tremendous impact on the crystallinity of 
the HKUST-1 films. In this study we used 10 vol % water in the linker 
solution to get high crystallinity in films as recently recommended by 
Müller et al. [27]. Secondly, it was found that an additional ultra-
sonication during the immersion of the sample in pure ethanol results in 
a decrease of the defect density in high-quality (HQ)-HKUST-1 SURMOF 
films. In such HQ-HKUST-1 films the amount of Cu(I) sites is usually less 
4% [20]. The HKUST-1 films were prepared in a nitrogen filled glove box 
automatically regulated humidity (here 9–11 %) and an automated 
six-axis robot TX 60 from Staubli (Pfaffikon, Switzerland) with a pneu-
matic gripper system, for further details see Z. G. Gu et al. [28]. The 
functionalized substrate was dipped successively in metal salt solution, 
pure ethanol, linker solution and again pure ethanol for 10 min, 1 min, 
15 min, 1 min, respectively. Between each step, the sample was rinsed 
with pure ethanol for 5 s. The desired thickness can be adjusted using a 
number of distinct LPE cycles. In this study, 40 cycles were used, which 
resulted in a total film thickness of approximately 100 nm, as illustrated 
in Fig. 1c. After the epitaxial growth of the SURMOFs, samples were 
characterized by X-ray diffraction (XRD) using a D8-Advance Bruker 
AXS diffractometer (Cu Kα-radiation, λ 1.5418 Å) in θ/2θ geometry. 
The obtained XRD data are presented in Fig. SI1 in the Supplementary 
Information (SI). 

Fig. 1. Cu 2p3/2 intensity expressed as area under the spectrum (a) and charging relative to the aliphatic carbon component binding energy set to 285.0 eV (b) for the 
respective atmospheres at pressures ranging from 10 5 mbar to 8 mbar. Scheme of the analysed SURFMOF HKUST-1/Au sample showing its total thickness and the 
information depth z95 of Cu 2p photoelectrons (c), as defined by term 4.245, Note 2, ISO 18115-1(2013) [30]. 



2.2. NAP-XPS measurements 

Measurements were performed with an EnviroESCA, a laboratory 
NAP-XPS instrument manufactured by SPECS Surface Nano Analysis 
GmbH (Berlin, Germany). The instrument is equipped with a mono-
chromatic Al Kα X-ray source, which is separated from the sample 
environment by a silicon nitride window. The first aperture towards the 
spectrometer is 300 μm in diameter, and the working distance is 
approximately the same. It is followed by a three-stage differential 
pumping system for a rapid pressure drop to 10− 9 mbar before the 
photoelectrons enter the hemispherical energy analyser held at UHV 
conditions. For more instrumental details, see P.M. Dietrich et al. [29]. 
For gas exposure, a glass vial filled with the respective degassed liquid 
was connected to the chamber by a leak valve. In these experiments, 
argon (99.999 %, Air Liquide), water (ultrapure HPLC grade, Alfa 
Aesar), methanol (99.9 %, Merck) and pyridine (99.8 %, Sigma Aldrich) 
were used. 

In NAP-conditions, the signal attenuation due to scattering of pho-
toelectrons by gas molecules must be considered. Due to different 
scattering cross sections, the attenuation varies among different kinds of 
gases. Fig. 1a shows how the intensity of the Cu 2p3/2 peak decreases 
with increasing pressure for water vapour, methanol, pyridine and 
argon. 

The combination of a gas atmosphere, especially argon, and an 
electron flood gun is known as dual mode charge compensation [31]. An 
electron flood gun is not compatible with NAP-conditions due to the hot 
filament emitter. However, the environment of ionized gas and free 
electrons in NAP-XPS provides effective charge compensation for 
non-conducting samples [29]. The charge compensation and stabiliza-
tion in the different atmospheres is illustrated in Fig. 1b by displaying 
the charging relative to the C 1s core level peak of aliphatic (adventi-
tious) carbon at 285.0 eV. It is necessary to mention that the use of low 
energy electrons from a flood gun can cause reduction of Cu, as shown e. 
g., for NOTT-100 MOFs by Edwards et al. [31]. 

With the goal of obtaining photoelectron spectra with a comparable 
quality in different gas atmospheres, the pressure was chosen such that 
the measured absolute Cu 2p3/2 intensity was always in the same range, 
while the pressure was high enough for sufficient charge compensation, 
i.e., 1 mbar for argon, 2 mbar for pyridine, 3 mbar for methanol and 
4 mbar for water vapour. The motivation for reference measurements at 
1 mbar of argon was to use argon as an inert atmosphere for effective 
charge compensation, stabilization of the surface charge and to get 
reference spectra of the as received HKUST-1 sample with similar full 
width at half maximum (FWHM) as for those measured under reactive 
atmospheres. Additionally, it is an advantage that the core level 
photoemission lines of argon do not overlap with that of any other el-
ements of interest. 

X-ray induced degradation of Cu(II)-species is common for Cu(II)- 
species in general [32–34] and has also been observed for HKUST-1 
before [22,24]. This behaviour was clearly observed during our mea-
surements as well (see Fig. SI2a and SI5 in SI). By a careful design of the 
measurement protocol, we minimized the effect of beam induced dam-
age for the data presented in the main paper. This was done by reducing 
the acquisition time for the Cu 2p3/2 spectra to 7 min, and the Cu LMM 
Auger spectra to 5 min, which was found to be the shortest acquisition 
time possible while obtaining spectra of meaningful quality. Further, the 
measurement spot was changed for each new set of measurements. We 
always used the following order of acquisition: Cu 2p3/2, Cu LMM, C 1s, 
O 1s, survey. All core level spectra were acquired at 30 eV pass energy, 
0.25 s dwell time and 0.1 eV energy step width. Survey spectra were 
acquired at 100 eV pass energy, 0.1 s dwell time and 1 eV energy step 
width. 

2.3. Data analysis 

UNIFIT 2018 was used for XPS peak analysis [35]. The two satellite 

peaks of the Cu(II)-species were fitted with a Gaussian shape, and the Cu 
(II) main component peak was generally fitted using a higher FWHM and 
a somewhat larger Lorentzian contribution than in the case of the Cu(I) 
component peak as recommended in the literature [32]. Since the 
FWHM decreases at increasing pressures due to the environmental 
charge compensation under NAP conditions [29], the FWHM was 
different for each measurement condition. The Lorentzian-Gaussian 
mixing factor was kept constant at 0.2 for Cu(I) and 0.3 for Cu(II), 
values which were found to be the most appropriate by trial and error 
during peak fit analysis. Furthermore, the binding energy of Cu(I) and 
Cu(II) component peaks were constrained to 933.2 ± 0.1 eV and 
935 ± 0.1 eV, which is in good agreement with other XPS studies of 
HKUST-1 [20,22]. The relative amounts of Cu(I) and Cu(II) was calcu-
lated directly from the relative areas of the peak components obtained 
from peak fitting. The distinction between Cu(I) and Cu(II) species is 
discussed in detail in Chapter SI2, of the Supporting Information. The 
parameters used for peak analysis are listed in Table 1. The binding 
energy scale was corrected for static charging with respect to the C 1s 
component peak of aliphatic (adventitious) carbon at 285.0 eV, in 
accordance with ISO 19318:2004 [36]. The background was fitted in 
parallel with the peak fit, with a Shirley background for O 1s and C 1s 
spectra, and for the Cu 2p3/2 spectra with a Tougaard background. For 
graphical representation, the XP spectra were normalised to maximum 
intensity. 

The error in peak intensities from the peak fit for Cu(II) was esti-
mated by matrix inversion as offered by the UNIFIT software [35]. The 
calculated errors for peak components are listed in Table SI2, SI. 

3. Results and discussion 

The Cu 2p3/2, C 1s and O1s XP spectra and the Cu LMM Auger 
spectrum were measured first in 1 mbar argon as reference (Fig. 2) for 
all the other results acquired in water, methanol and pyridine atmo-
spheres. The Cu 2p3/2 XP spectrum (Fig. 2a) shows a main peak at a 
binding energy of 935.1 eV assigned to Cu(II)-species, and two distinct 
satellite peaks at binding energies of 944.2 eV and 940.0 eV, which are 
exclusively associated with Cu(II)-species. A minor peak at 933.2 eV is 
assigned to emerging Cu(I)-species, contributing approximately 2 % of 
the total Cu atomic fraction. This number is in accordance with previous 
XPS investigations of HKUST-1 samples in ultra-high vacuum, which 
report Cu(I) fractions of 3–6 % [17,18,20] in pristine samples. 

The C 1s XP spectrum is presented in Fig. 2c and it can be fitted with 
three components, one at 285.0 eV originating from the aromatic ring in 
BTC, one at 286.4 eV assigned to C–O species and one at 288.8 eV from 
the carboxylic groups in BTC. The O 1s XP spectrum is shown in Fig. 2d. 
It is known that in the HKUST-1 structure, each Cu-atom is bound to 5 

Table 1 
Overview of parameters used for peak analysis by UNIFIT 2018 software [35]. 
LG = 0 defines a pure Gaussian peak shape function and LG = 1 a pure Lor-
entzian function. (g) identifies gas phase measurements.  

XP- 
spectrum 

Component Binding energy 
[eV] 

LG-mixing 
ratio 

Cu 2p3/2 

Cu(I) 933.2 ± 0.1 0.2 
Cu(II) 935.1 ± 0.1 0.3 
Satellite 1 940.3 ± 0.3 0 
Satellite 2 944.5 ± 0.3 0 

C 1s 

C–C, C–H 285.0 0.1 
C–O 286.4 ± 0.1 0.1 
O––C–O 288.8 ± 0.2 0.1 
Methanol (g) 288.0 0 
Pyridine (g) 286.5 0.2 

O 1s 

O––C–O 532.0 0.1 
H2Oads + other CHO 
contamination species 

533.3 ± 0.2 0.1 

Methanol (g) 534.5 0.2 
Water vapour 535.4 0.2  



oxygen atoms, 4 of them as part of the BTC-linker and one from adsorbed 
water. Thus, the broad main component at 532.0 eV of the O 1s spec-
trum (Fig. 2d) is assigned to carboxyl group oxygen atoms from the BTC- 
linker. This broad peak covers the photoemission originating from both 

carboxylic oxygen species. In addition, a feature at higher binding en-
ergy is observed at ~533.3 eV and may be assigned to a superposition of 
contributions of adsorbed water and other species from CHO contami-
nants as discussed by Trotochaud et al. [37]. 

Fig. 2. The Cu 2p3/2 (a), C 1s (c) and O 1s (d) XP spectra and Cu LMM Auger spectrum (b) of HKUST-1 acquired in 1 mbar argon atmosphere characterizing the 
pristine state of sample. 

Fig. 3. The Cu 2p3/2 XP spectra of HKUST-1 exposed to 4 mbar water vapour (a), 3 mbar methanol (b) and 2 mbar pyridine (c), after 0.5 h, 1.5 h and 2.5 h of 
exposure. The vertical line indicates the contribution from Cu(I) at binding energy 933.2 eV. 



Then we started to study the stability of HKUST-1 SURMOFs in the 
presence of reactive atmospheres. Fig. 3 displays the fitted Cu 2p3/2 
NAP-XP spectra of HKUST-1 exposed to 4 mbar water vapour (a), 
3 mbar methanol (b) and 2 mbar pyridine (c) atmospheres after 0.5 h, 
1.5 h and 2.5 h exposure. The vertical line at 933.2 eV indicates the 
position of Cu(I)-species. The complete dataset of the relative Cu(I)- 
fraction at the various pressure conditions and exposure times is listed 
in Table 2. Minor variations in the amount of Cu(II) relative to that of 
reduced Cu-species have been found, however, they are dependent on 
type of absorbed molecules from the different atmospheres. Within the 
error of the peak fit analysis (see Table SI2 in SI), there are no changes in 
relative Cu(II) percentage with increasing exposure time pointing to 
saturation reached in the analysed surface layer (cf. Fig. 1c) already at 
the lowest time of exposure. This result confirms previous observations 
for ammonia in HKUST-1 [22], where the saturation effect was found at 
very low exposures as well. 

The result is that the Cu(I) contribution is negligible for samples 
exposed to argon and methanol, but it is approximately 4% for samples 
exposed to water vapour and 8 % for samples exposed to pyridine. A 
similar value, ~6 %, was obtained by Nijem et al. for HKUST-1 exposed 
to 0.01 Torr water or 0.26 Torr NH3 [19]. Despite much higher 

exposures in our case, we assume that the adsorption mechanism for 
water molecules should be the same as proposed by Nijem et al. It is 
important to mention that, despite small changes of electronic config-
uration of copper metallic centres as concluded from XPS, the 
HKUST-1 structure, as it was confirmed with XRD measurements (see 
Fig. SI1 in SI), remains stable. 

A subsequent step of the project, the elucidation of the mechanism of 
Cu(II) reduction to Cu(I) in HKUST-1 mediated by water and pyridine is 
part of ongoing work. So far the mechanism of the Cu(II) reduction re-
mains unclear. A collaboration with a theory group was launched to 
identify possible mechanisms. In case of exposure of H-KUST-1 to water 
dissociation/deprotonation might be one of possible routes. 

The Cu LMM Auger spectra acquired under the various atmospheres 
are presented in Fig. SI3, SI. Moreover, the Wagner plot, displaying the 
Cu 2p3/2 binding energy versus the kinetic energy of the maximum in-
tensity in the Cu LMM Auger spectrum is shown in Fig. SI4, SI. Such data 
presentation is a useful tool for characterising the copper species, 
especially when it is necessary to compare experimental results with 
reference data. The corresponding data are summarized in Table SI1, SI. 
The Wagner plot in Fig. SI4 confirms the XPS results. The figure shows 
that the data points from Cu 2p3/2 in water vapor, methanol and pyri-
dine are close to the one from argon, meaning that there are only minor 
differences in electronic configuration under the different conditions. 

The copper dimers in HKUST-1 are linked by 1,3,5-benzenetricarbox-
ylate units (BTC2− ), the chemical structure of which is displayed in 
Fig. 4d. Thus, not only the Cu 2p XP spectra but also the C 1s and O 1s XP 
spectra can provide useful information on the stability of HKUST-1 
under gas exposure. However, in NAP-XPS the gas phase peak may 
overlap with photoelectron signals from the sample, which is the case for 
the C 1s spectra for the experiments using exposure to methanol or 
pyridine, and the O 1s spectra for the experiments under exposure to 
methanol or water vapour. This superposition complicates peak fitting 
analysis and interpretation of the spectra. Two approaches for dis-
tinguishing the photoelectron signals from the gas/vapour itself and 
HKUST-1 in the C 1s and O1s XP spectra are proposed. The simplest 
approach is to superpose the spectra with reference spectra acquired in 
argon atmosphere, as shown in the upper row of Fig. 4b, c for C 1s and 
Fig. 5a, b for O 1s XP spectra. This approach is appropriate for quali-
tative analysis only, however, the information obtained from it is helpful 
for the spectra quantification using a peak fitting procedure. Here an 
evaluation of difference spectra as displayed Fig. 6 helps to identify the 
O 1s or C 1s binding energies of the respective component peaks in the 

Table 2 
Overview of the relative Cu(I)-fraction at the various pressures and exposure 
times.  

Gas Pressure Exposure time (h) Exposure (108 La) % Cu(I) 

Argon 1 mbar 0.5 1.4 2 

Water vapour 4 mbar 

0.5 5.4 5 
1.5 16.2 4 
2.5 27 4 
3.5 37.8 4 
4.5 48.6 4 
16.5 178 6 

Methanol 3 mbar 

0.5 3.7 1 
1.5 10.9 3 
2.5 18.2 3 
3.5 25.5 3 
4.5 32.8 3 

Pyridine 2 mbarb 
0.5 2.4 7 
1.5 7.3 9 
2.5 13.8 9  

a 1 Langmuir [L] equals to the gas exposure of 10-6 Torr for 1 s. 
b The pressure was increased to maximum 5 mbar after 2 h exposure. 

Fig. 4. The C1s NAP-XP spectra of HKUST-1 
exposed to water vapour (a), methanol (b) and 
pyridine (c) atmospheres after 0.5 h exposure. 
The upper set of spectra compares the C1s 
spectra under NAP-XPS conditions with refer-
ence measurements of HKUST-1 in 1 mbar 
argon, while the lower spectra show the peak 
fitting analysis of the NAP-XP spectra. Compo-
nent peaks originating from the environment 
atmosphere are shown in grey. The chemical 
structure of the organic linker BTC2- is shown in 
d), highlighting the two types of carbon bonds 
found in the linker: aromatic carbon (green) and 
carboxylic carbon (red).   



spectra resulting from gaseous species. Finally, Fig SI7 shows that C1s 
and O1s spectra do not change vs. increasing exposure-time. This was 
proved for 0.5 h and 4.5 h exposure to 4 mbar water and 3 mbar 
methanol. 

In the second approach an attempt to fit the gas phase peak is done. 
The XPS signals from the respective gas/vapour phase can be distin-
guished accurately from the sample signal by peak fitting analysis and is 
shown in the lower row of Figs. 4 and 5. Peak fitting is straight forward 
for the water vapour O 1s core level peak in Fig. 5a, which is well 

separated in binding energy. However, it is more challenging for the C1s 
peak acquired in methanol and pyridine atmosphere (Fig. 4b, c), where 
the gas phase peak is less distinct. As already mentioned, the evaluation 
of difference spectra (cf. Fig. 6) helps to identify binding energies of the 
respective component peaks resulting from gaseous species. As input to 
the peak fit analysis, the XP spectra of the pure gas phase at each con-
dition have also been measured, these are displayed in Fig. SI6. Details 
on the peak fitting parameters are presented in Table 1. 

No obvious changes were observed for the second O1s component at 

Fig. 5. The O1s NAP-XP spectra of HKUST-1 exposed to water vapour (a), methanol (b) and pyridine (c) after 0.5 h exposure. The upper set of spectra compares the 
O1s peak under NAP-XPS conditions with reference measurements of HKUST-1 in 1 mbar argon, while the lower spectra show the fitted peaks of the NAP-XP spectra. 
Components originating from the environment atmosphere are shown in grey. 

Fig. 6. Difference spectra obtained by using normalized O 1s and C 1s NAP-XP spectra of HKUST-1 exposed to water vapour, methanol or pyridine after 0.5 h 
exposure and the respective spectra acquired under Ar atmosphere. The resulting O 1s and C 1s binding energies of the component peaks related to the different 
gaseous species are given by numbers. Note that the spectra of HKUST-1 exposed to methanol or pyridine are shifted upwards by 0.8 and 1.6 units, respectively. 
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533.3 eV after the exposure to water vapour in comparison with mea-
surements in argon atmosphere. We therefore cannot confirm water 
dissociation as concluded from the IR-data reported by Safy et al. [16]. 
For OH− species attached to Cu(II) we would expect a O1s position of 
532.9 ± 0.3 eV, (typical values for M-OH species [38]). Unfortunately, 
this binding energy overlaps with the photoemission peak at 533.3 eV 
measured with the pristine sample in Argon armosphere. As a result, the 
present O 1s data do not allow to judge on the presence or absence of OH 
species bound to the HKUST-I metal centers. 

4. Conclusion 

In this paper, it was demonstrated that our NAP-XPS approach to 
study gas adsorption on SURMOFs using HKUST-1 as a model in a 
development of a near ambient pressure (NAP) XPS based protocol to 
investigate interaction with reactive gas atmospheres at pressures up to 
a few mbar was successful. In this study HKUST-1 SURMOF films were 
grown on a gold surface functionalized with a COOH-terminated SAMs 
using LPE in a step-by-step fashion. NAP-XPS measurement protocols 
were optimised to obtain spectra acquired under exposure to the 
different gases at comparable quality in terms of signal intensity, noise 
and peak shape, the latter affected by charge compensation by the 
ionized gas atmosphere to which the SURMOF film was exposed. The 
upper pressure limit at which we can obtain useful information from the 
Cu 2p3/2 core level spectra was determined to be 4 mbar for water vapor, 
3 mbar for methanol and 2 mbar for pyridine. Reference NAP-XPS 
measurements in argon atmosphere proved to be a useful strategy not 
only for the evaluation of Cu(II) fraction in pristine samples, but also for 
separation of the photoelectron signals originating from HKUST-1 and 
the respective gas atmosphere in the C 1s and O 1s XP spectra. Addi-
tionally, compared to the reference spectrum, a reduced copper species 
was found during the exposure to water vapour and pyridine, but was 
not observed in case of exposure to methanol. It was also established that 
there were no changes in the relative fraction Cu(II) species with 
increasing exposure time, indicating that saturation is reached already 
at the lowest time of exposure which was 30 min in this study. The 
analysis of the C 1s and O 1s spectra showed the stability of the organic 
linker in the SURMOF film under the chosen conditions. 
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