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Abstract 

Hard X-ray Absorption Spectroscopy (XAS) is a method to probe the K- or L-edge of metals. 

Thus, it is an excellent tool for investigating the coordination of metal ions in solutions. Modern 

synchrotron beamlines provide a wide range of tuneable X-ray energies with a high flux of 

photons for analysing many different elements. A disadvantage of the high flux X-rays is the 

degradation of the sample even after only a brief time of exposure, particularly when samples 

are static. Microfluidic flow devices offer a wide range of benefits for analysing samples in 

solutions using XAS. One significant benefit is that they offer constant replenishment of fresh 

samples to avoid X-ray-induced redox processes, resulting in bubble formation, elevated 

temperatures and in turn sample degradation. In this work, we analysed CuSO4 in aqueous 

solutions using XAS and hydrodynamic flow focusing of sample with sheath fluids. X-ray 

transparent polyimide, low background, microfluidic device (MfD) was fabricated and 

validated at the Balder beamline in MAX IV synchrotron facility, Sweden. The device was 

fully functional, and no radiation damage was evident under flow, enabling effective analysis 

without the sample degradation typically associated with high-flux X-ray exposure. This 

advancement supports more reliable and efficient XAS studies of metal ions in solution, 

offering benefits for research in areas such as catalysis and life sciences. 

1 Introduction 

X-ray absorption Spectroscopy (XAS) is a well-established technique to study the local 

geometric and/or electron structure of matter1. Synchrotron, hard X-ray sources provide an 

extensive range of X-ray tunability, and 4th generation synchrotrons (such as MAX IV) provide 

higher brilliance, lower divergence, and higher coherence levels than any previous-generation 
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synchrotron 2. However, these properties are coupled with a higher X-ray photon flux on the 

samples. This leads to faster and/or more extensive degradation of samples being analysed 

when static samples are exposed for longer times 3–5. To overcome this, samples must be 

replenished quickly, accurately and in a setup that minimally interferes with the high-brilliance 

X-rays from the newest generation synchrotron sources. 

CuII in water containing samples is especially prone to X-ray induced reduction 11. Water 

undergoes radiolysis in the X-ray beam with the production of radicals, aqueous electrons, and 

hydrogen gas. The aqueous electrons in the solution can readily reduce high valent ions, like 

the CuII to CuI. This reduction is particularly easy to follow with XAS by looking at the Cu K-

edge XANES, where a pronounced pre-edge peak grows in at ~8980 -8985 eV with increased 

radiation time. This process is observed at both ambient and cryogenic conditions, but cooling 

the solution slows down the process. In Gerbrand Mesu et al 3 they investigated different salt 

solutions at ambient conditions and saw very rapid reduction in the presence of halides (CuCl2, 

CuBr2), while the sulphate and nitrate salts where stable under their conditions (bending 

magnet beamline, 0.5 x 0.5 mm2 beam spot). In this paper we used Cu sulphate salt solution 

and a much higher flux density on the sample (wiggler beamline, 0.05 x 0.05 mm2 beam spot 

size) and could indeed observe similar photoreduction under static conditions. In Nienaber 12 

they investigated the photoreduction of salt solutions under cryogenic conditions and 

monitored the influence of cryoprotectant, but also confirmed that excitation of the edge itself 

was not important for the reduction effect by radiating the solution below and above the 

absorption edge.  

 

The use of continuous flow avoids radiation damage with the regularly exchanged samples 

which are only exposed to the high intense beam for a brief time. However, two common 
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challenges while using hard X-rays (typically regarded as energy > 3 keV) analysis for aqueous 

samples are,  

• Correct sample presentation within the X-ray source, and  

• The necessary replenishment of radiation degraded sample 13.  

Microfluidics is one tool that can be integrated into many different 10,14 analytical techniques, 

suitable to reduce X-ray-induced damage and to enable liquid-phase spectroscopy at 

synchrotron facilities. Some previously published examples include jet-based flow 

measurements for tender X-ray spectroscopy, laminar-flow microfluidics combined with soft 

X-ray absorption spectroscopy, droplet-based microfluidic XAS, and X-ray-compatible 

microfluidic platforms for in situ synchrotron studies of reacting aqueous systems 6–9. Recent 

reviews further show that device material, X-ray path length, background scattering, wall 

interactions and sample consumption remain central design constraints for X-ray-compatible 

microfluidics 10. In contrast to many previously reported hard-XAS liquid-flow systems, the 

present platform combines an X-ray-transparent, low-background polyimide device with two-

dimensional hydrodynamic flow focusing. This allows the sample stream to be confined 

between sheath flows, positioned away from the channel walls, and tuned in width/path length 

by adjusting the relative flow rates. The resulting platform provides controlled sample 

presentation in the X-ray beam while reducing wall interactions, sample consumption, and 

beam-induced damage. 

Here, we present a microfluidic system utilising the principles for hydrodynamic flow focusing 

15,16 (see Figure 1) to achieve this. A common method of flow focusing is the lamination of a 

sample between two streams of a low miscible, non-sample containing fluid 7,17. The 

achievement of flow focusing, and the resultant flow volumes are obtained through careful 

control of the inlet flow rates/pressure and the microfluidic device (MfD) fluidic pathway 
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design. The device and pressure settings must be matched with the fluid properties; the flow 

focusing is typically done via empirical methods 18. In laminar flow regime, the flow velocity 

approaches to 'zero' at the channel walls, this is considered a primary reason for sample 

adsorption and reduction at the walls when exposed to X-ray beam 19,20. Flowing liquids 

adjacently to achieve flow focusing thus provides a means to avoiding the effects encountered 

at the wall to liquid interaction by isolating the sample liquid from the device wall 3,9,10.  

 

Figure 1 - Hydrodynamic Flow Focusing: A. Typical hydrodynamic flow-focusing microfluidic device showing 

two sheath fluid inlets and one sample fluid inlet that would be connected to a syringe or microfluidic pump. 

There is a fluid outlet for collection of the combined sheath and sample B. A close-up shows the focusing of the 

sample fluid flow by the sheath flows and the resultant "laminated" fluid flow.  

 

Hard-XAS measurements of aqueous metal-ion solutions at high-flux synchrotron beamlines 

are particularly sensitive to beam-induced chemistry and sample-environment artefacts. In this 

work, we present a two-dimensional hydrodynamic flow-focusing microfluidic device 
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fabricated from X-ray-transparent polyimide and designed to minimise background, avoid 

beam interaction with channel walls, and enable tuneable control of the effective sample width 

and path length. Using aqueous CuSO4 as a benchmark radiation-sensitive system, we validate 

the device at the Balder beamline at MAX IV and quantify the trade-off between focused-

stream geometry, spectral quality and sample consumption 9,10 demonstrating a novel system 

for hard-XAS validation of a simple, low-background, wall-isolating polyimide platform for 

radiation-sensitive aqueous samples. 

2 Materials and Methods 

2.1 Device Design and Fabrication 

Pre-studies were carried out using commercially available Cyclic olefin copolymer (COC) 

MfDs, which were tested using a CuSO4(aq) sample fluid. Using the Balder XAS beamline at 

MAX IV Laboratory a long-time-frame data collection was carried out. After three hours of X-

ray beam interaction with the COC device at the same spot on the channel it was noted that 

channel deformation was occurring followed by a heat build-up at the X-ray spot location. It 

was found that consecutive Cu K-edge spectra that were measured in the COC chip displayed 

changes upon subsequent scans (Figure S1). The authors attribute these spectral changes to a 

reduction of CuII to CuI/Cu0 upon the second and third scan. This Cu reduction was determined 

as being at the location of the X-ray/MfD/solution interaction point 3. This pre-study led to the 

design determination that the X-ray beam should not interact with the slower flow along the 

walls. Therefore, a sheath fluid should achieve a hydrodynamic flow focus removing much of 

the interaction of the sample fluid from the MfD at the point of X-ray analysis. In addition, the 

focused beam spot has to be well defined (with a movable aperture) in order to not illuminate 

the side walls. These two steps would likely prevent this solution data disruption from Cu build-

up on the internal surface of the device.  
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In this work, X-ray transparent polyimide film (Kapton®) layers were chosen to fabricate MfDs. 

The material was sourced commercially (Bevi AB, Sweden), and the thickness of the foil 

(Kapton® HN) was 125 μm for the fluidic path layer and 20 μm for the sealing layers (UL 510) 

on the top and bottom. The choice of polyimide was due to the thermal stability of the material 

(400°C), good mechanical properties 21 and X-ray compatibility. The film also has high 

transmission of X-ray frequencies and has, compared to other polymers, low sensitivity to 

ionising radiation damage 22. 

 

The microfluidic pathway design was created using computer-aided-design (CAD) software 

(SOLIDWORKS 2018, Dassault Systèmes, France). The MfD was made of three separate 

polyimide layers with the middle fluidic layer (design from CAD) sealed on both sides. Three 

inlet channels (300 μm wide) and a central channel for the laminated flow (500 μm wide) were 

designed with a total length of 70 mm. To optimise the flow-focusing performance and the 

equal distribution of flow streams, the side (sheath) inlets were angled at 45° to the sample 

inlet. This angled setup also helped facilitate the tubing connectors and chip holder design - 

discussed in section 2.2. 

 

X-ray Beam path Considerations for Device Design: The path length is the distance through 

the sample that the light has travelled (measured sample thickness) 5,23. Figure 2 shows a 

simplified illustration of the path length calculation for different flow-focusing parameters, i.e., 

differing ratios of the sheath to sample thicknesses for the device(s) used in this study. The 

samples inside the channel were laminated with sheaths on both sides, usually DI water in this 

work. The sheaths, therefore, did have a small contribution to the attenuation of the beam when 

flown independently of samples in the channel. The choice of sheath also depends on the 
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viscosity comparable to that of the sample, thus avoiding any diffusion in the channel during 

pressure-driven flow. 

 

As examples of the effect of sample and sheath fluid thicknesses, Figure 2 B shows a longer 

path length (~200 μm) but with a relatively smaller volume of the sample flow interacting with 

the X-ray beam. In this scenario, a very small proportion of the total volume of the sample is 

probed. Figure 2 C shows a smaller path length (~77 μm) but with a relatively larger volume 

of the sample interacting with the X-ray beam (NOTE flow direction of fluid is into the page). 

In this scenario, an increased proportion of the total sample volume is probed, and the sample 

material contact with the MfD is reduced. 

 

Figure 2 - Determination of tuneable sample width and path length. Fs and FSh are sample and sheath flow, 

respectively; the flow direction is into the page. The device channel is 500 μm wide and 125 μm deep (thickness 

of the Kapton device fluidic layer). The sheath and the sample flow completely fill the fluidic layer. The X-ray 

beam (Ø50 μm) interacts with the fluid sample at 45°. The figures illustrate the interaction between the X-ray 
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beam, MfD, sheath fluid and the sample fluid. A. shows a perpendicular cross-section of the MfD showing the 

fluidic path in the centre. In B. the maximum sample width (300 μm) is illustrated, resulting in ~200 μm 

pathlength for the beam through the sample. In C. the minimum sample width tested (50 μm) is illustrated, 

resulting in ~77 μm pathlength for the beam through the sample. 

 

Different sample vs sheath widths were tested in this work, as they make up the total sample 

path length, placed at 45° to the X-ray beam and fluorescence detector. The signal-to-noise 

ratio (SNR) was used as a quality determinant for the data gathered from the MfDs using 

different fluidic layer thicknesses; see section 3.2.  

 

Kapton Device Fabrication: The channels for the centre foil layer were cut using a laser-cutter 

(ÖSTLING Marking Systems GmbH, Germany, Class 2M LASER, wavelength 635 nm). The 

laser-cut layer was thoroughly rinsed in isopropyl alcohol (IPA) and dried with nitrogen gas to 

provide a clean bonding surface for sealing layers. Subsequently, the layer was sealed using a 

silicone adhesive coated Kapton tape (20 μm thick) on either side to complete the microfluidic 

chip (components 6, 7 and 8 in Figure ). The device's sealing involves high levels of precision 

to manually press and roll the polyimide adhesive tape onto the laser cut polyimide fluidic layer 

to avoid any air pockets and misalignment issues. The connector layer (component 8 in Figure ) 

involved an additional step. The inlets and outlet on the connector layer were punched with a 

biopsy punch of 1 mm diameter and then aligned appropriately to the underlying fluidic layer 

(component 7 in Figure ). Once the chip was sealed, the connectors were fitted to the device 

using a bio adhesive tape (Adhesive ring - fluidic design 0698, from Microfluidic ChipShop, 

Germany). Standard male Luer or Labsmith fluid connectors were used (Fluidic 263, 

Microfluidic ChipShop, Germany or Bonded port connector LS-400 and One-piece fitting LS-

T116-100, Mengle engineering respectively). To increase the rigidity of the thin Kapton 
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devices, a device holder and auxiliary assemblies were designed using CAD (components 1 

and 10 in Figure ). The fluidic connectors were inserted into the 3D printed female hollow ports 

(component 10 in Figure ).  

 

Figure 3 – (Left) Microfluidic device holder fully assembled with the device and fluidic connectors used at the 

beamline. (Right) Exploded view showing the various components of the device holder and the polyimide device 

2.2 Device Holder Fabrication 

The device holder plays a pivotal role in beamline-related studies as the experiments happen 

in an enclosed hutch with remote manipulation due to ionising radiation dangers from the X-

ray beam usage. The thin polyimide MfDs required a robust backing to prevent device 

deformation during operation. The device and holder assembly were mounted vertically, 

hanging from the manipulation stage without support below (Figure 4, this is the sample setup 

used at the Balder beamline at MAX IV). The device holder was designed using CAD and 

fabricated either from a micromachined 3mm FR4 printed circuit board (PCB), or 3D Printed 

from continuous glass fibre reinforced nylon (Mark TWO, Markforged Inc., USA). The use of 
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two methods was for an additional study comparison of the stiffness and accuracy of the MfD 

device holder. The fluidic connector supports and clamping plates were 3D Printed from 

continuous glass fibre reinforced nylon (Mark TWO, Markforged Inc., USA). The layout of 

the device holder had a window (component 5 in Figure ) to allow beam-sample interaction 

without blocking the incident and scattered beam with the 3D Printed material (this blocking 

would cause X-ray signal attenuation and possible measurement data corruption).  The inlets 

and outlet were additionally supported with a pair of open blocks that appropriately position 

the Luer fittings (mentioned above) (components 12 and 13 in Figure ). This need for additional 

support was due to the thinness of the device and the reason to place all the inlets/outlets on 

the same vertical plane to simplify the device holder design.  

 

Figure 4 – Microfluidic device mounted in 'hanging mode' on the beamline stage fully assembled with holder, 

fluorescence detector and ionisation chamber.  

2.3 Sample Delivery System 

The sample delivery system determines the flexibility and pressure boundaries of the entire 

MfD and thus affects the performance in experiments in terms of interrupted flow patterns, 

unstable flow between different layers (sheath and sample), air bubbles and so on. The 
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experimental setup consisted of the following components: a pressure controller with four 

outlet channels of 0-200 mbar and 0-2 bar pressure ranges (MK3+ - OB1 from Elveflow, 

France); microfluidic flow rate sensors (MFS from Elveflow, France); and a microscope 

(Nikon Eclipse Ci – NIS-Elements BR 5.21.01) that was customised to visualise an MfD 

mounted vertically to the experimental bench.  The pressure controller was supplied with N2 

gas from a standard laboratory cylinder. Sample reservoirs of various sizes, e.g., Eppendorf 

tubes, Falcon tubes or glass bottles (Elveflow, France) were connected via ferrule and flange 

fittings; the research team's previous experience indicates that the reservoir container has no 

discernible effect on the performance of the system. Polytetrafluoroethylene (PTFE) tubing of 

1/16" outside and 1/32" inside diameter (Elveflow, France) was experimentally determined to 

have optimal fluidic resistance for the MfD device in this study. The outlet from the MfD was 

connected to a waste collector (Falcon tube or beaker). The fluid control and actions were 

established using the microfluidic pump control software (ESI Microfluidic Software, 

Elveflow, France). The experimental setup is shown in Figure .  
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Figure 5 - Schematic of the experimental setup. A.  Top view showing the path of the X-ray beam and detection 

in transmission (I1) and fluorescence; B. Side view showing the hydrodynamic flow-focusing microfluidic device 

and fluidic connections; C. Closeup of the polyimide device and X-ray beam interaction (holder and fluidic 

connectors hidden for clarity)    

2.4 Sample Preparation and X-ray Data Collection 

Sample preparation: Copper sulphate (CuSO4) in water (180 mM) was used as the sample 

solution in this study to test the MfD device. The solution was degassed by sonication (15 

minutes at 27°C) and filtered (0.2 μm, PTFE) through a syringe filter to remove any particles 

before being loaded into the sample containers (15 mL Falcon tube). Degassed purified Type 

1 water (Milli-Q® IQ Water Purification System, Merck KGaA, Germany) was used for the 

sheath flow fluid via a 50 mL Falcon tube reservoir, connected to the pressure controller. All 
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sample preparation was performed at the MAX IV Biolab facilities. In this work, the sheath 

was degassed DI water (Table 1). 

 

Table 1 - List of samples used in this study 

Name Concentration 

CuSO4(aq) 180 mM 

Coomassie Blue 5 g in 50 mL of DI water 

DI water N/A 

 

X-ray data collection: There are two modes of detection used at the Balder beamline, 

transmission and fluorescence. Transmission is the collection of spectra through the sample, 

which provides information on the absorption of intensity by the sample, and fluorescence is 

the spectral collection at 45°, which provides information on scattered light by the sample. The 

conditions for sample mounting at Balder with respect to the MfD and the sample source are 

the same as for previously published work  24; the schematic setup is also shown in Figure . 

 

XAS data were collected in fluorescence mode at the Balder beamline using the Silicon Drift 

Detector (SDD) (X-PIPS™ 7-element SDD, Mirion Technologies Inc., USA). The liquid 

nitrogen (LN2) cooled double crystal (Si111) monochromator (FMB Oxford, UK) was 

calibrated to 8979 eV for the first inflexion point of the Cu-foil for the copper K-edge data 

collection. The focused X-ray beam (50 x 50 μm2) passed through an aperture of movable slit 

blades set to vertical 300 μm x horizontal 150 μm opening, restricting the final beam 

dimensions. The beam's shaping was made to ensure that no part of the beam's weaker "tails" 
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would move onto the channel walls (channel width 500 µm). The hydrodynamically focused 

channel of the MfD was aligned to the beam position by horizontally scanning over the channel.  

 

During the experiments, the samples were flowed through the three inlet microchannels at rates 

between 30 µl/min and 150 µl/min to tune the width of the middle sample flow within the 

sheath flows. At energy above the absorption edge of interest, the fluorescence counts/sec were 

checked, and the region of interest (ROI) was set around the emission line of interest (Cu Kα). 

The distance between the sample and the fluorescence detector was adjusted to be in the linear 

response range.  

 

Continuous fly scans to record Extended X-ray Absorption Fine Structure (EXAFS) (settings:  

Δt 10 ms, energy step 0.25 eV, -150 to +650 eV around E0, ~100 sec/scan) or only X-ray 

Absorption Near Edge Structure (XANES) (settings:  Δt 10 ms, energy step 0.25 eV, -80 to 

+150 eV around E0, 33 sec/scan) were started when the sample was confirmed in the channel 

by checking the increase in Cu fluorescence count.  The number of scans is indicated in each 

figure (Figure 9-11). E0 in this case, was the tabulated edge energy of elemental Cu K 8979 eV. 

 

The multiple scan repeats of the sample solution ( 

Table 1) were first examined for changes in the edge region; if no changes were observed, they 

were merged into a single averaged spectrum. The spectrum normalisation and extraction of 

EXAFS oscillations and conversion of the energy scale to the wave-vector (k) scale were 

performed as previously described 25. Fourier Transforms (FT) of EXAFS spectra were 

calculated using in-house software and cos2 windows extending over 10% at both k-range ends 
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(k = 2–13 Å-1). No simulation of EXAFS was attempted, only the visual inspection compared 

to Cu foil EXAFS and comparison of signal to noise were evaluated. 

 

3 Results and Discussion 

3.1 Device Characterisation  

The devices were fabricated in Kapton (polyimide) with the techniques mentioned in section 

2.1, and assembled within the chip holder (Figure 6).  The chip holder provided a robust 

backing to the Kapton devices throughout the experiment that lasted for more than 24 h.  

a  b  c      

Figure 6 - Fabricated Microfluidic Devices in holder. a) Kapton chip mounted on chip holder, Luer 

connectors, Silicone sleeves and Teflon tubing; b) Kapton chip with trifurcation outlet for future sample 

recovery, Labsmith connectors and tygon tubing; c) A schematic of the MfD with labelled inlet channels (1, 2, 

3), applied pressure (P1, P2), flow sensors (F1, F2, F3) and waste, nomenclature used throughout the paper. 

 

Relative Sheath and Sample Flow Rate: The ratio between sheath and sample flow rates 

influenced the flow focusing capability of the device in terms of the sample width and mixing 

of solutions. The effect of flow rate ratio k can be defined as the ratio between the flow rate of 

side flows (sheath) to the central channel (sample), given by  
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𝑘 = ௦ܸℎ௘௔௧ℎ௦ܸ௔௠௣௟௘                 (1) 

Where Vsheath and Vsample are volumetric flow rates of sheath (on both sides) and sample flows, 

respectively.  

 

Several experiments were conducted to determine the sample width when flow rates (based on 

pressure values) on sheath and sample were changed accordingly. Based on the mathematical 

k-value, the pressure values were chosen to determine the sample widths. This was done to 

predict the sample width at the beamline where there is no access to image the sample flow due 

to space constraint. The same sample width can be achieved by balancing the pressures/flows 

of sheath and sample (Error! Reference source not found.). It was also observed that the 

sample fluid width decreased as the flow rate of the sheath fluid increased over that of the 

sample fluid (eqn. 1). The offline experiments provided a guideline to predict the width of the 

focused sample stream at the beamline and therefore the pressure ranges read remotely via the 

software helped us to get a fair idea whether the sample width was greater than the beam size 

(Figure 7).  Multiple tests revealed a pattern of flow rate vs. sample width relationship (Figure 

88). 

 

 

Figure 7 - Images of MfD when flowing Coomassie dye with DI water in the central channel and DI water on 

side channels at different pressure values (flow rates), resulting in different sample widths. When sample fluid 
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pressure increases above the sheath fluid flow, the sample fluid stream width increases. a) side flow 80 mbar 

and central flow 68 mbar; b) side 79 mbar and central 80 mbar; c) side 70 mbar and central 80 mbar. 

 

Tuneable Sample Width: The optical characterisation of the MfD was carried out at the offline 

station microscope. The device characterisation was done to validate the device's performance 

under different pressure and flow rate conditions. The devices were tested with deionised water 

(DI) and Coomassie blue dye (Table 1, Coomassie Brilliant Blue G-250 Dye, Catalog# 20279 

from Thermo ScientificTM, Sweden). A dye and DI water solution was prepared, filtered and 

degassed before flowing through the setup. Several tests were done for different pressure values 

on the P1 (side pressure) and P2 (sample pressure) to tune the sample widths (Figure 8, Graph 

1a).  

P1 (mbar) P2 (mbar) Sample width (µm) Sample flow rate (µm/min) 

30 22.5 100 65 

60 47 100 103 

90 73 100 141 

30 24 118 84 

60 52 118 144 

90 81 118 186 

30 26 149 95 

60 52 149 144 

90 81 149 186 

30 29 200 121 

90 88 200 234 

Table 2 - Applied side pressure P1, applied sample pressure P2, measured sample width with microscope. Linear 

fitting of the pressure values for each sample width gave a (intercept) and b (slope) parameters, see graph 1a 
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30 37 300 183 

90 107 300 400 

 

Figure 8 - a) A sample pressure (P2) versus side pressure (P1) for sample widths of 100 (square), 118 (red 

circle), 149 (blue up triangle), 200 (green down triangle), and 300 μm (purple diamond) with linear regression 

fit (red line); b) Slope values from fits in "a" versus the measured sample width. Linear regression line (slope = 

0.669 + 0.00164 *sample width) from this plot was used to predict the slope at any width to calculate the 

pressures P1 and P2 from the formula P2 = -2 + slope*P1. 

 

P2 was plotted vs. P1 with a linear relationship for each sample width (Figure 8, Graph 1a). 

The slope grew bigger the wider the sample, while the intercept was ~ -2. In a second linear 

regression plot (Figure 8, Graph 1b) the slopes were plotted versus the sample widths to predict 

the slope for any desired sample width within the range of 50 -300 μm. By first calculating the 

slope (slope= 0.669 + 0.00164 * sample width) and then use the slope value to predict the 

needed sample pressure (P2) for a chosen P1 side pressure (P2 = -2 + slope*P1). In this way, 

without access to a microscope the sample width for the experiment at the beamline was 

predicted.  
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3.2 Device characterisation with X-rays 

Validation of sample width with X-rays: Validation of the "sample width predictor" method, 

described above, was performed using X-rays to indirectly measure the sample width from the 

Cu fluorescence signal detected from the sample copper sulphate solution. The MfD was 

horizontally scanned across the fluidic channel by moving the x-axis motor position (the MfD 

is attached to the sample positioning system) in front of the X-ray beam. Fluorescence counts 

recorded and plotted vs. the x-axis position in mm gave a peak spectrum (Figure 9, graph a). 

The full width half maximum (FWHM) of the fitted peak represents the hypotenuse in a right-

angled triangle with the legs being the real sample width and the device thickness, depicted by 

the inset in Figure 99 (graph a).  Using the Pythagoras theorem, the sample width was 

calculated. 

 

In Table 3, the calculated and applied pressures for the sample widths 50, 100, 150 and 200 μm 

were compared to the resulting flow meter measured flows (F1 (sheath), F2 (sample), and F3 

(sheath)) and X-ray measured sample widths based on the FWHM described above.  The 

intended sample width (in the first column) was not in complete agreement with the measured 

sample width (5th column) 50 became 69, 100 became 115, 150 became 124 and 200 became 

131 μm wide samples. The 50 and 100 μm became bigger, and the 150 and 200 μm became 

smaller than predicted, with an increasing uncertainty the closer to the lowest and highest 

numbers. In the last column, the signal intensity from the sample under the different conditions 

is given as fluorescence counts with the ratio of the Cu region of interest versus the total. The 

wider the sample, the more counts hitting the detector are Cu fluorescence.  
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Table 3 - Summarising the metrics corresponding to the different experimental conditions related to sample 

width calculated and measured. 

 

*  Calculated based on a linear regression analysis of the slope of pressures vs sample widths, see text. 

** Using Pythagoras theorem: FWHM of fluorescence peak in channel cross-section (motor x) is the hypotenuse, 

and device thickness (125 μm) is leg b, and sample width is leg a. 

*** Fluorescence detector counts at the sample peak (Figure 9) motor position, in the region of interest (Cu Kα) 

and the total count number, percent Cu counts in parenthesis.  

 

Signal quality under flow: The quality of XAS data versus sample width and sample 

consumption was judged by recording XANES and EXAFS scans under the four chosen 

conditions described in Error! Reference source not found., hereafter referred to as the 

sample pressure, P2, 28, 26, 23 and 21 mbar.  In Figure 9b, the Cu XANES is displayed with 

acceptable quality in all four cases, but not surprisingly, with better signal to noise (Table 3) in 

the widest sample (28 mbar). Quality can be increased by measuring for a longer time/with 

more repeats; however, this will consume increasing sample volume. In this example, eight 

repeats were averaged to give a total scan time of ~5 minutes, which consumed between 160-

465 µL of sample for the different pressures, see Error! Reference source not found.. To 

judge the quality of EXAFS (Figure 99c), the oscillations were compared to "average" EXAFS 

composed of 48 scan repeats. In this averaged EXAFS, oscillations are distinct until k-11, 

where they quickly lose intensity. In the test case of 8 scans (14 minutes), all pressures 

displayed distinct oscillations up to k-10. However, only P2 28 and 26 mbar showed the last 
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oscillation as discernible from the noise. As with previous cases, the data quality improves with 

additional repeats, but this consumes a larger sample volume. The consumption of the sample 

for the data collection at P2 28 mbar (1240 µL) compared to P2 21 mbar (430 µL) was almost 

three times higher (Error! Reference source not found.). This is not particularly a problem 

with samples of low-cost and abundance, like the copper sulphate test sample. However, the 

sample used in the analysis can often be both costly and rare; therefore, better data collection 

with smaller sample consumption is preferable. 

 

 

Figure 9 - Four different P2 pressures (sample channel) were investigated 28 (black), 26 (red), 23 (blue) and 21 

mbar (green). In a) the sample width was measured via the lateral scanning motor position x versus the 

fluorescence count rate on the detector normalised to the incoming beam (I0). The peak's full width half 

maximum (FWHM) relates to the actual sample width, as illustrated in the top left corner. b) Cu K-edge XANES 

spectra of the 180 mM CuSO4(aq) solution (average of 8 scan repeats at 35 sec/scan, total ~5 min/XANES). c) 

Displays extracted k3 weighted EXAFS oscillations recorded under the same conditions (8 scans at 100 

sec/scan, total ~14 min/EXAFS) and compared to the average curve of 48 scans recorded under different 

pressure settings (grey, total scan time 80 min). 
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Table 4 - Statistics and sample consumption for XANES and EXAFS data collection at different P2 (sample 

pressure), which translates to different sample channel width given in Table 3. 

 

 

Static sample, reduction and diffusion: Radiation damage on the static sample inside the 

channel was investigated. The flow stopped, and repeated EXAFS spectra were recorded 

continuously for 37 minutes (22 scans, Figure 10). The pre-edge structure increased from the 

third scan onwards, indicating CuII → CuI reduction. In addition, after 13 minutes, the 

fluorescence intensity dropped (scan 8) significantly and continued dropping until scan 10. The 

authors attribute this drop to be likely due to diffusion of the Cu from the sample stream into 

the sheath flow stream, diluting the Cu signal during static interaction. From scan 11 the 

intensity increased again, but the edge was strongly shifted to lower energy, and a shoulder 

feature arose. The shape stayed for the next 11 scans (scan 11-22), but the intensity grew, likely 

showing deposition of "Cu" invigorate on the MfD device. To learn more about the nature of 

this deposit, the extracted EXAFS oscillations were analysed and the FT of the initial first two 

scans and the deposit scans were compared to both the flow EXAFS (same "average" as in 

Figure 910c) and a Cu foil (Figure ).  In the deposit EXAFS spectrum (Figure 11a, black), the 

EXAFS oscillation amplitude underwent destructive interference. In the resulting FT of 

EXAFS, the two FT peaks at around 4-5 Å reduced in distance (arrows, Figure b), resembling 

the Cu-Cu distances found in metal foil (dashed line). These data are consistent with radiolysis-
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driven conversion of solvated CuII to reduced copper species under static irradiation. The 

appearance of Cu0-like EXAFS features in the deposit does not, by itself, prove a direct CuI-

to-Cu0 photoreduction pathway, because aqueous CuI can also undergo disproportionation to 

CuII and Cu0. We therefore interpret the deposit more cautiously as a copper-containing 

reduced phase formed during beam exposure, plausibly via CuI intermediates followed by 

disproportionation and/or precipitation at the channel window 5,26. The reducing equivalents 

are generated by water radiolysis in the X-ray beam. 

 

The CuII reduction process is similar to what happened in the experiments with single sample 

channel flow in the COC device without flow focusing (Figure S1). From these tests for 

radiation-sensitive liquid samples, one needs to flow the sample and use the hydrodynamic 

focusing strategy to get chemically sound results.  
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Figure 10 - Following the evolution of EXAFS scans after the fluid flow is stopped inside the device observation 

channel during a time of ~37 min, each scan repeat was ~100 sec. On the y-axis, fluorescence counts (If) are 

divided by the incoming X-ray beam (I0), but not normalised to 1, for comparison of signal strength. In a) and 

c) scan repeats 1 to 10 are displayed, with the dashed box in a marking the energy range in c. The same is true 

for b) and d), but displaying scan repeats 10-22. 
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Figure 11 - a) Extracted EXAFS oscillations (k-range 2-12 Å-1, k3-weighted) from the static experiment in graph 

3, average of the two first scans before change of spectrum (red) and average of the deposit scans 10-22 (black) 

compared to the average flow (blue) and the Cu foil EXAFS (dashed grey), y-axis is offset for clarity.  b) Fourier 

transform of EXAFS with two arrows marking the long-range Cu-Cu distances in the metal foil. The dashed line 

for the Cu foil has its y-axis to the right and the solution samples have the scale to the left. 

3.3 Bubbles in Fluidic Devices 

When water is exposed to an intense X-ray beam, bubbles are formed. These bubbles are an 

obstacle in any microfluidic platform, as the design and flow pattern can be disrupted by bubble 

formation and retention. Additionally, as XAS is a sensitive analytical method, bubbles are 

obviously evident in the spectra obtained. In the presented work, the aqueous solutions and 

sheath flows with DI water were continuously flowed with flow rates (sheath> 110 µl/min and 

sample > 30 µl/min) that avoided any bubble formation during the measurements. Acquiring 

spectra on continuous flow of aqueous solutions using hydrodynamic flow focusing proved an 

effective method to avoid bubble formation that is otherwise inevitable in static X-ray 

measurements.  

A limitation of the present study is that the device is validated using a benchmark aqueous 

CuSO4 system rather than a chemically complex or application-driven case study. We view 

this as an intentional methodological step: Cu K-edge XAS provides a sensitive readout of 
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beam-induced redox chemistry, making it an appropriate system for establishing the platform’s 

operating window. Future work should extend the device to lower-concentration samples, 

multicomponent solutions, time-resolved reaction chemistry and biologically or catalytically 

relevant metal systems, where the combination of radiation-damage mitigation and low sample 

consumption is expected to be especially beneficial. 

4 Conclusion 

In this study, fabrication and characterisation of a Polyimide microfluidic platform that can be 

used successfully with a Synchrotron Hard X-ray Absorption Spectroscopy technique to study 

aqueous salt solutions is presented. 

Investigating metal ion coordination in solution via XAS has become more efficient with 

modern synchrotron beamlines, yet high flux X-rays can cause sample degradation during static 

exposures. Microfluidic flow devices provide constant replenishment of fresh samples to 

prevent X-ray-induced redox processes, resulting in bubble formation and elevated 

temperatures. This study utilised hydrodynamic flow focusing of CuSO4 in aqueous solutions 

using a custom-designed polyimide MfD. Although holding only minimal sample volumes, it 

was demonstrated that sufficient signal strengths could be obtained by directing the X-ray 

beamline at an angle through the transparent microfluidic channel.  

The fabrication of the device is low cost, and it can be operated with commercial microfluidic 

pumps and control thus lending itself well for exploitation also at other X-ray beamlines. The 

Polyimide film displayed low background signal and negligible attenuation to the 

measurements taken throughout the study, showing potential of such a setup for applications 

related to e.g. catalysis studies or life science applications. The continuous flow of the sheathed 

sample demonstrated several benefits. First, it avoided sample build-up at the device wall and 

subsequent metal reduction, a process that may interfere with measurements using this device, 
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setup and sample. Second, bubble formation was avoided at flow rates of 30 µl/min and above. 

Finally, continuous flow of the sample in a narrow flow stream allowed utmost of the sample 

to be used in the analysis thus making the process more efficient. Flowing the aqueous sample 

provided better quality of spectra than measuring on static sample due to chemical changes and 

bubbles formed in the beam path. The quality depends on the homogeneity of the XAS sample, 

a true solution is 100% homogenous and therefor tend to yield better quality data than 

heterogenous powder samples. 

Cu redox chemistry is often an important component in the catalysis industry (e.g., click 

chemistry) as well as in biology (over thirty Cu containing enzymes). In other words, Cu is a 

key target for XAS analysis. Therefore, findings here have wider implications and benefit to 

hard X-ray spectroscopy outside of the use of aqueous CuSO4 solution. In addition, many other 

radiation sensitive systems and water-based liquids are studied with X-rays techniques, where 

conclusions from this work could impact the choice of device and design.  
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