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Experimental 

Chemicals 

1-Ethyl-3-methylimidazolium tetrafluoroborate (EMIMBF4) (99%), poly(vinylidene fluoride-co-

hexafluoropropylene) (PVDF-HFP) (ACS grade), anhydrous N,N-dimethylformamide (DMF) 

(99.8%), sodium phosphotungstate hydrate (Na3[PW12O40]xH2O (98%), and ferrocenemethanol 

(98%) were all purchased from Sigma-Aldrich and used as received. 

 

Preparation of Ionic Liquid-Ferrocenemethanol Membrane  

A 2 g quantity of PVDF-HFP was dissolved in 13 mL of DMF. Next, 2 mL of EMIMBF4 ionic 

liquid (IL) was added to the solution. To prepare IL membranes containing the ferrocenemethanol 

redox couple, 2 mL of a 10 mM ferrocenemethanol solution in DMF was added to the PVDF-

HFP/EMIMBF4 solution. The solution was stirred continuously for approximately 2 hours. The 

solution was cast in a glass petri dish and vacuum dried in an oven at 70°C for 10 hours. The 

thickness of the membrane was around ~100 µm. 

 

Preparation of Photocathodes  

The two types of WPOM photocathodes used in this study were prepared by (i) drop casting a salt 

solution of Keggin WPOM (Na3PW12O40) in methanol directly onto the conductive side of indium-

tin oxide (ITO) coated glass slides (10 x 10 mm) obtained from MTI Corporation and (ii) benchtop 

SL wherein only WPOM anions were deposited onto ITO.  

The benchtop ion SL apparatus used in this work has been described in detail elsewhere.1 

Briefly, the dry ion localization and locomotion (DRILL) interface developed by Fedorov and co-

workers2 was modified to include a total of four electrospray emitters. A regulated pressure of 

heated N2 gas (160°C) was used to desolvate the charged droplets produced by the electrospray 

emitters. An electrostatic pusher plate was used to direct only WPOM anions onto the electrode 

surface without counter cations and neutral solvent molecules, thereby achieving a uniform 

distribution of WPOM anions on the ITO surface. The deposition ion current of WPOM was 

measured using a picoammeter (model 9103, RBD Instruments, Bend, OR). Approximately 

equivalent numbers of ions (~1015 ions) were deposited onto the cathodes with each of the 

deposition methods.  
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Fabrication of Integrated Photoelectrochemical Energy Storage Cells 

The IPES cells were fabricated by sandwiching together the WPOM photocathodes, IL-

ferrocenemethanol membrane, and redox anode. Filter paper (Whatman, pore size: 70 µm, 

thickness: 200 µm, Grade 5 cellulose, catalog no.: 1005070) soaked in EMIMBF4 was placed 

between the photocathode and ionic liquid membrane, which improved the separation between the 

redox couple and photocathode electrode surfaces (see Figure 1). We examined the performance 

of different substrates selected based on surface morphology as anodes. These included glassy 

carbon (GC), gold-coated silicon wafer (Au), ITO, and carbon nanotube coated (CNT) paper. The 

electro- and photo-chemical performance of the cell was optimized by changing the amount of 

POM deposited on the photocathodes, the concentration of ferrocenemethanol in the ionic liquid 

membrane, and the material used for the anode counter electrode.  

 

Testing of Photoelectrochemical Cells  

The IPES cells were irradiated with a 125 W/m2 UV-Vis light source (Newport UV lamp) 

simulating the solar spectrum equipped with an attenuator, two collimators, and a fiber optic cable. 

Throughout these tests an auto-ranging picoammeter was used to measure the current and a Fluke 

79 Series II multimeter was used to measure the voltage across the cell. 

 

Intrinsic Electrochemistry of WPOM and Ferrocenemethanol 

Cyclic voltammetry (CV) measurements of dropcast WPOM and ferrocenemethanol were 

performed to confirm their intrinsic redox activity on ITO and GC. A three electrode setup was 

employed in which the dropcast electrode was used as the working electrode, platinum wire as the 

counter electrode, and silver wire as the reference electrode. Pristine EMIMBF4 was used as the 

electrolyte. 

 

Hyperspectral Optical Absorption Microscopy 

The macroscopic uniformity and aggregate formation of benchtop SL and drop cast WPOM on 

ITO photocathodes were characterized using hyperspectral optical microscopy. Approximately 

~1015 WPOM ions were deposited using drop casting and benchtop SL and characterized as 

prepared by optical microscopy. The setup, data acquisition, and data analysis schemes are detailed 

elsewhere.3, 4 For the current work, a custom illuminator based on a reflective collimator (Thorlabs, 
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Inc.) delivered incoherent white light (EQ-1500 LDLS, Energetiq Technology Inc.) to the samples. 

The samples were mounted onto the stage of an upright optical microscope (Zeiss Axio Imager 

2M) equipped with a commercially available hyperspectral imager (Surface Optics, SOC710-VP, 

Spectral resolution: 4.7 nm). Image cubes were time-integrated for 20 ms and normalized to map 

spatially-resolved hyperspectral optical absorption with a pixel-limited spatial resolution of 435 

nm.3 The corresponding line profiles of optical absorption spectrographs were used to demonstrate 

the WPOM distribution and uniformity of films formed by drop casting and benchtop SL WPOM 

on ITO photocathode. Prior to characterization with hyperspectral optical microscopy, as-prepared 

drop cast and benchtop SL WPOM samples were imaged using a conventional Nikon Eclipse 

LV150N Digital Imaging system using 5x and 20x objectives to examine the macroscopic features 

at two different magnifications.  

 

Raman Spectroscopy 

The chemical state of drop cast and benchtop SL WPOM on ITO photocathodes was characterized 

using Raman micro-spectroscopy.  The apparatus used for these measurements has been described 

in detail elsewhere.5, 6 For this work, the top optical access was used to deliver 532 nm laser-

irradiation through a 100X microscope objective (Mitutoyo, NA = 0.7). The back-scattered 

radiation was collected through the same objective, filtered through a dichroic beamsplitter/long 

pass filter assembly, and fiber-coupled to a spectrometer-CCD detection system (Andor, Shamrock 

303i and iDus 416).  

Approximately ~1015 ions were deposited onto the ITO surface using drop casting and 

benchtop SL and the influence of counter cations on the electronic states of WPOM was assessed 

using Raman micro-spectroscopy. The data shown is spatially (100 spectra in a 10 x10 μm2 area) 

and temporally (integration time of 1 sec) averaged to ensure sample integrity throughout the 

measurements.  Simulations of the Raman spectra of WPOM were performed using a local version 

of NWChem.7 The minimum energy structure of PW12O40
3-

 was calculated using the B3LYP 

exchange-correlation functional in conjunction with the def2-TZVP basis set.8 Molecular 

polarizability derivative tensors were computed at the same level of theory and the simulated 

spectrum was represented as a sum of Lorentzians centered at the predicted normal mode 

frequencies and broadened by 15 cm-1. A single scaling factor of 0.976 was used to align the 

computed spectra to their experimental analogues. 
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In situ UV-Vis Spectroscopy  

The photochromic transition of drop casted WPOM on ITO from clear to dark color was 

demonstrated by monitoring the changes in absorbance at visible wavelengths using ex situ and in 

situ UV-Vis spectroscopy during device operation. A Stellar Net Inc. Black Comet CXR-100 

spectrometer coupled with a Stellar Net Inc. R600-8-VIS-NIR two-way fiber optic probe was used 

both to deliver UV-Vis light to the surface and to collect the reflected radiation. Absorbance 

spectra of the surface were recorded at different time intervals upon irradiation.  

 

Electrochemistry of Photocathode and Redox Anode 

Initially, the intrinsic electrochemical redox activity of WPOM and ferrocenemethanol in 

EMIMBF4 ionic liquid was examined by CV on an ITO photocathode with a glassy carbon (GC) 

anode (Figure 1). The EMIMBF4 ionic liquid was used as an electrolyte as it provides an enhanced 

potential window for WPOM. As expected, the CV of WPOM revealed multiple redox peaks, 

whereas that of Ferrocene showed only a single peak. The first reduction potential of WPOM was 

observed at 20 mV, whereas the oxidation potential of the Ferrocenemethanol redox couple was 

found at 220 mV. These results indicate that a potential difference of ~200 mV may develop across 

the IPES cell upon charging if WPOM undergoes photoredox reactions under irradiation. A higher 

potential (> 200 mV) may develop across the cell if WPOM goes to the second or third redox steps 

in the reduction process during irradiation as it absorbs more photons.  
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Figure S1. Representative cyclic voltammograms of solution drop cast WPOM and 

ferrocenemethanol on ITO and GC electrodes, respectively. Scan rate: 50 mVs-1. 

 

Effect of Surface Properties on the Counter Redox Reaction  

The IPES cells were fabricated using EMIMBF4 membranes, as described in the 

experimental section, and the effect of the surface properties of four different counter anodes such 

as GC, Au, ITO, and CNT on the kinetics of the ferrocenemethanol redox reaction were explored. 

The redox activity of ferrocenemethanol at the counter anode may act as a energy storage 

component of the IPES cell, and therefore influence the overall performance of the cell. These 

electrodes were chosen based on their surface morphology: planar (GC, Au, and ITO) and porous 

(CNT). Initially, the effect of using planar surfaces as redox anode on the performance of the IPES 

cells was evaluated using a WPOM drop cast photocathode.  
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Figure S2. Representative charge-discharge profiles of IPES cells with planar surfaces such as 

GC, Au/Si, and ITO as counter anodes and WPOM dropcast photocathodes. (a) current response, 

(b) potential response. Approximately ~1015 WPOM ions were deposited using solution drop 

casting onto ITO photocathodes in each case. 

The results obtained for planar electrodes are presented in Figure S2. The IPES cell with 

GC as the anode attained a maximum current of 25 nA and a potential of 125 mV. In contrast, we 

observed a maximum current of 20 nA and a potential of 15 mV for the cell containing the Au 

anode. A maximum current of 14 nA and a potential of 25 mV was observed for the cell containing 

an ITO anode. It is clear from these values that the IPES cell prepared using the GC anode shows 

a substantially larger photocurrent and potential across the cell in comparison with similar cells 

containing Au or ITO anodes. These observations are consistent with previous reports in the 

literature that showed the redox activity of ferrocenemethanol to be higher on GC compared to Au 

and ITO.9-11 The IPES cell with GC as the anode also showed stable performance for three cycles 

tested as shown in Figure S3. Interestingly, the current response of IPES prepared with benchtop 

SL WPOM showed improvement over cycles. This observation may be attributed to formation of 

a more stable performing interface in the absence of strongly coordinating counter ions compared 

to the IPES prepared with drop cast WPOM.  
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Figure S3. Photocharge-discharge current response profiles of IPES cells with drop cast and 

benchtop SL WPOM on ITO cathodes using GC as the counter anodes measured continuously 

for three cycles. Approximately ~1015 WPOM ions were deposited onto ITO in each experiment. 

 

Following the observation of higher performance of GC as the anode, the intrinsic 

electrochemical redox activity of both WPOM and ferrocenemethanol on ITO and GC were 

determined to reaffirm the activity on their respective electrodes. Overall, this experiment 

established the working principle of the IPES cell which is derived from the redox activity of 

WPOM and ferrocenemethanol and confirms that the redox reaction of WPOM in an operating 

IPES cell is driven by photon absorption. 

 

Photochromism of WPOM at Photocathodes 

Using WPOM as both photon- and electron-trapping centers at the photochemical interface 

is a unique feature of the IPES demonstrated herein. The photochromic properties of WPOM are 

another unique property of the WPOM-based IPES cell compared to other types of 

photoelectrochemical cells reported in the literature. Photochromism in IPES is caused by the 

reduction of WPOM when exposed to irradiation. According to literature data, the most prominent 

process upon irradiation of WPOM is a four-electron photoreduction from the 3- to 7- charge 

state.12 Ex situ UV-Vis absorbance spectroscopy experiments were performed to study the intrinsic 

photochromism of WPOM on ITO cathodes prepared by drop casting and benchtop SL. 

Photographic images of drop cast and benchtop SL WPOM on ITO cathodes before and 

(a) (b) 
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immediately after irradiation for 10 mins are shown in Figure S4 (a and c), respectively. The 

change of the ITO surface from clear to darkened blue in color in both cases confirms the reduction 

of WPOM on ITO. The corresponding absorption spectra measured on both ITO cathodes before 

and after irradiation are shown in Figure S4 (b and d), respectively. An increase in absorption is 

observed in the visible region (450 - 700 nm), which is in line with observation with the naked 

eye. Moving forward, the photochromism of WPOM upon reduction during IPES cell operation 

was explored by taking absorption measurements on the drop cast WPOM ITO side of the cell in 

situ as shown in Figure S4. During irradiation we observed a substantial increase in absorption at 

490, 515, and 585 nm which corresponds to the blue, green, and yellow regions of the visible 

spectrum, respectively. The formation of new absorption peaks at multiple wavelengths in the 

visible region in the UV-Vis spectrum during irradiation is attributed to the transition of WPOM 

through multiple redox steps.  

Additionally, in situ absorption measurements were performed on drop cast WPOM on 

ITO in the assembled IPES cell as a model system. A substantial increase in absorption due to the 

photochromic redox transition of WPOM on ITO was observed at 490, 515, and 585 nm 

corresponding to the blue, green, and yellow regions of the visible spectrum, respectively (see 

Figure S5). This result further corroborates the unique features of photochromic WPOM in the 

IPES which suggests additional possibilities (e.g., smart windows) for the newly developed light 

harvesting and storage technology. 
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Figure S4. Photochromism of WPOM on ITO upon irradiation (a) photographic image of drop 

cast WPOM before and after irradiation, (b) corresponding ex situ UV-Vis absorption spectra of 

drop cast WPOM before and after irradiation, (c) photographic image of benchtop SL WPOM 

before and after irradiation, (d) corresponding ex situ UV-Vis absorption spectra of benchtop SL 

WPOM before and after irradiation. Approximately ~1015 WPOM ions were deposited onto ITO 

in each case. 
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Figure S5. In situ UV-Vis absorption spectra measured on a working dropcast WPOM IPES cell 

demonstrating the photochromism induced by WPOM at different irradiation time intervals (0 to 

25 mins).  
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Figure S6. Spatially-resolved line profile obtained on benchtop SL and drop cast WPOM on ITO using 

hyperspectral optical bright field absorption spectroscopy at ~500 nm, showing the variations in the 

absorbance intensity across the 250 µm line. 
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Figure S7. Charge-discharge profiles of IPES cells with CNT paper as the counter electrode. Effect on drop 

cast and benchtop SL photocathode based cells are compared. (a) current response, (b) potential response. 

Approximately ~1015 WPOM ions were deposited onto ITO in each case. 
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