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Abstract

Research has shown the potential of photofuel cells (PFCs) for waste water treatment, enabling the
(partial) recovery of the energy released from the degraded compounds as electricity. Literature on
PFCs targeting air pollution on the other hand is extremely scarce. In this work an autonomously
operating air purification device targeting sustainable electricity generation is presented. Knowledge
on gas phase operation of PFCs was gathered by combining photocatalytic and photoelectrochemical
measurements, both for TiO, and WOs-based photocatalysts. While TiO,-based photocatalysts
performed better in direct photocatalytic experiments, they were outperformed by WOs-based
photoanodes in all-gas-phase PFC operation. Not only do WOs-based photocatalysts generate the
highest steady state photocurrent, they also achieved the highest fuel-to-electricity conversion (>
65%). The discrepancies between gas phase photocatalytic and photoelectrochemical processes
highlight the difference in driving material properties. This study serves as a proof-of-concept towards

development of an autonomous, low-cost and widely applicable waste gas-to-electricity PFC device.
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1. Introduction

Air pollution is a global environmental issue that affects human health [1]. Heterogeneous
photocatalysis has since long been identified as a possible solution, using light to produce electron-
hole pairs that can be used in oxidation/reduction reactions of harmful compounds [2,3]. More
specifically, systems using photocatalytically generated electron-hole pairs to promote
electrochemical reactions (e.g. light-driven energy storage systems) are currently an important area of
study [4-6]. In this study a photoelectrochemical (PEC) cell will be investigated, generally applying
photocatalytic reactions at the anode and electrochemical H, production at the cathode. PEC devices
have shown promising results for treating waste streams with simultaneous energy recovery [7],
addressing in a single device the quest for environmental sanitation and more sustainable energy
production. Most of the research on PEC technology targets waste water treatment [7-12], however,
recently PEC cells targeting H, production applied in gas phase also turned out to be promising [13—
17]. Indeed, a study by Verbruggen and co-workers showed that 30% higher photocurrents were
obtained when a vapour feed was fed to the cell instead of the pure liquid feed [17]. However, when
targeting simultaneous energy recovery, several bottlenecks are associated with PEC cells targeting H,
production. Due to the redox potential of H; evolution, an external bias is almost always required for
steady operation, thus reducing the net energy gain such a cell can provide. In addition, further H.-
processing infrastructure is required to handle the evolved H; gas, while only very small amounts of H,
can be produced by an autonomous device [18]. As an alternative approach, in 2006 Kaneko presented
a photofuel cell (PFC) [19], which is basically a PEC cell with an O;-reducing cathode, degrading waste
products and pollutants acting as the fuel at the anode, while simultaneously recovering part of the

energy stored in these compounds as electricity.

While PFCs running on liquid feeds have since become an increasingly studied research area, research
on PEC technology using a gas feed and targeting electricity generation (i.e. gas phase PFC) is extremely

rare, with only a single paper reporting on this topic so far, in which just one type of TiO,-based



photoanode is considered [20]. In the present work, an all-solid PEC cell built around a membrane
electrode assembly (MEA) is used, based on the initial concept of a two-compartment ‘reverse fuel
cell’ as first proposed by Seger and Kamat in 2009 [21]. Five either TiO2- or WOs-based photocatalysts
were studied, both from commercially available sources (P25, PC500 and WO3 nanoparticles) and
prepared through established protocols (TiO; qiu and WOs mart), this way covering a broad range of
material properties. In literature, methanol is broadly used as a model VOC and is therefore also used
in this study. As photocatalysis is the driving force behind the reactions at the photoanode, and
consequently the entire cell operation, the first part of this study focusses purely on the photocatalytic
behaviour. In the second part of this study, chronoamperometry (CA) and cyclic voltammetry (CV)

measurements were combined to characterise the all-gas phase PFC system in more detail.

The goal of this study is to showcase the potential of a robust, autonomous, low-cost and widely
applicable PFC device for waste gas-to-electricity conversion. By doing so, the key performance
indicators of the studied PFC systems - unconventionally operated entirely in gas phase - are obtained.
The comparison with a direct photocatalytic process enables the identification of the different driving

material properties in both processes.

2. Experimental

2.1. Material synthesis and characterisation

Five different photocatalysts were studied: commercially available P25 (Evonik), WOs nanopowder
(Sigma-Aldrich) and PC500 (CristalACTiV), and photocatalysts synthesized according to established
protocols: TiO, according to Qiu et al. (2006) [22] and WOs after Martinez-de la Cruz et al. (2010) [23]
further denoted as TiO2 qiu and WOs3 mart. respectively. This set of five materials provides a broad range
of varying material properties (surface area, band gap, electronic properties, crystalline composition).

Since we rely on materials of which the synthesis and characterisation have already been established



in literature, only a brief layout on the synthesis procedures, and basic characterisation results that
validate the syntheses, can be retrieved from the Supporting Information section (materials synthesis,

characterisation, or catalyst optimisation is outside the scope of this study).

2.2. Photocatalytic measurements

As the photocatalytic reactions occurring at the photoanode of a PFC initiate all further reactions
occurring in the PFC system, the photoactive properties of the anode material are crucial for PFC
performance and will be studied as such in this first part. Therefore, a custom-made slit-shaped
photocatalytic reactor, sealed with a quartz glass on top, with an internal reactor volume of
150 mm x 20 mm x 2.75 mm was used for screening the different photocatalytic materials. A
schematic illustration of the entire setup and reactor geometry is available in earlier work [24]. The
samples were coated on glass slides and placed in the middle of the reactor bed. First, soda lime glass
slides (25 mm x 15 mm, VWR) were washed in Piranha solution (70% sulfuric acid (H.SO4, Chem-Lab),
30% hydrogen peroxide (H,0,, ChemLab)) for 30 minutes. Application of the coating was performed
by drop casting the suspension (the photocatalytic materials were suspended in methanol (Merck) by
sonication for 1 hour (16.7 mg mL™)) on a dry glass slide, resulting in a photocatalyst coverage of 0.9 mg
cm2. The glass slides were then dried in air at room temperature for 2 hours and subsequently
overnight at 90°C. Next, the glass slides were placed in a vacuum oven at 35°C for 2 hours and were
finally illuminated with UVA for 6 hours in the flat plate reactor under constant flushing (2 L N, min?,
Messer) to remove all remaining traces of organic solvent. For each photocatalytic gas phase

experiment, six coated glass slides were used.

For the actual photocatalytic test, air (composed of 720 mL N, mint and 190 mL O, min (Messer)) was
bubbled through a gas wash bottle containing an aqueous 5 wt% methanol solution before entering

the photocatalytic reactor, resulting in a moist methanol vapour with a methanol vapour concentration



of 28 mmol m=3. To reach an adsorption/desorption equilibrium the reactor was closed for 2 hours and
subsequently illuminated using a Philips Cleo UVA lamp (25 W) placed longitudinally over the sample
area at a distance of 1 cm resulting in an incident intensity of 4.25 mW cm with a maximum emission
around 370 nm (confirmed using an Avantes AvaSpec-3648 spectrometer). After 24 h of continuous
illumination, the reactor was purged with pure nitrogen gas (200 mL min) and the composition of the
reactor outlet was monitored in-line by FTIR spectroscopy (Thermo Fisher Scientific Nicolet 380 with
ZnSe windows and 2 m heated gas cell). A dark control experiment (same setup, 24 h in dark) was
performed before each light measurement to account for any intrinsic activity and potential minor
leakage. Macros Basic software was used to determine the amount of methanol and CO; present in
the outlet flow after 24 h of reaction. To that end the C-O stretching vibration bands of methanol (at
1034 cm™, vc.o) and the O=C=0 asymmetrical stretching vibration bands of CO, (at 2360 cm™, Vas 0=c=0)
were recorded over time. These spectral features were selected as they do not interfere with any other
species present in the gas mixture. To obtain the conversion efficiency (Eq. 1) the amount of methanol
present in the outlet flow was expressed as the integrated surface under the IR band (S), both for the

dark and light measurement.

Conversion ef ficiency (%) = M %X 100 (Eqg. 1)
d

ark

2.3. Photoelectrochemical measurements

An in-house engineered PFC (50 mm x 50 mm x 30 mm, Figure 1) was used for all electrochemical
measurements. To obtain an economically viable, competitive technology, a low-cost robust cell design
is required. Therefore, for this study an inexpensive PFC was designed mainly consisting of chemically
resistant poly(methyl methacrylate) (PMMA). The inlet and outlet flow are divided over six different
channels (respectively 1.2, 1, 0.8, 0.8, 1 and 1.2 mm internal diameter), that result in a steady laminar

flow pattern, as illustrated in the Supporting Information section (Fig. S1). A quartz window (13 mm x



13 mm) covers the photoanode to allow UV transparency. The PFC can be used in a two- and a three-
electrode configuration. By default, it is equipped with two stainless steel wires, and an additional
platinum wire can be added as working electrode at the photoanode of the three-electrode cell to

allow voltammetry measurements (Fig. S2).

For preparing the photoanode, the photocatalyst was suspended in an isopropanol solution
(containing 3 wt% Nafion, Fuel Cell Earth) and drop casted on Toray carbon paper 030 (Fuel Cell Earth),
resulting in a photocatalyst loading of 1.6 mg cm™. For the cathode, platinum nanoparticles on carbon
black (10 wt% Pt, Pt-C, Sigma-Aldrich) were suspended in an isopropanol solution (incl. 3 wt% Nafion)
and drop casted on Toray carbon paper 030 resulting in a loading of 0.4 mg Pt-C cm™. Both anode and
cathode were dried overnight at 80°C. A membrane electrode assembly (MEA) was achieved by hot-
pressing (5.5 tons and 135°C for 3 min) both anode and cathode on opposite sides of a preconditioned
Nafion 117 membrane (Fuel Cell Earth) after adding 12 uL Nafion solution (5 wt%, Fuel Cell Earth) on
the anode. Before use, the MEA was illuminated with UV light (Philips Cleo, 25 W), in humid
atmosphere, for two days to remove residual traces of solvent. The MEA was subsequently sandwiched
between the anode and cathode side of the PFC. A Philips fluorescence S 25 W UVA lamp was
positioned 3 cm from the photoanode of the PFC. This resulted in an incident intensity of 2.35 mW
cm? at the photoanode (max. emission at 353 nm). The complete PFC setup as used in this study is
schematically shown in the Supporting Information section (Fig. S3). Additional experiments were
performed using a 300 W Xe source (Oriel Instruments), equipped with an AM1.5 filter to provide
simulated solar light adjusted at a total irradiance of 100 mW cm (between 300 and 1100 nm). For
visible light experiments, a 420 nm cut-on filter was added. The absolute irradiance spectrum of all

used lamps can be obtained from the Supporting Information section (Fig. S4).
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Figure 1. Three-electrode PFC employed in this study when a) closed and b) open.

A fully automated, modular test gas setup was used to conduct the gas phase experiments. Using a gas
wash bottle mounted in the gas setup, methanol and water vapour are introduced at the anode.
Synthetic air (21 % O in N, (Messer)) as carrier gas was sent through the gas wash bottle and fed to
the anode inlet at a flow rate of 50 mL min™. The cathode was not flushed as the final goal is to enable
autonomous operation of the PFC (e.g. using sunlight, unbiased and without active flushing of the
cathode). All CA and CV measurements were performed using a VersaSTAT 3 potentiostat (Princeton
Applied Research). Before each methanol measurement the PFC was flushed with the moist methanol
vapour to reach equilibrium (stable photocurrent and IR signal). For the unbiased CA measurements,
the photoanode was first illuminated for 6 min, followed by 6 min in dark and finally 20 min of UV
illumination while constantly flushing the photoanode with moist methanol vapour. Six different
methanol concentrations were studied, corresponding to solutions containing 0, 0.1, 0.5, 1, 3 and
5 wt% of methanol in water, eventually resulting in moist methanol vapours with concentrations of
respectively 0, 0.6, 2.8, 5.6, 16.9 and 28.1 mmol m3 in air (0, 86, 429, 858, 2573 and 4288 ppmv),
respectively. CV was performed for all studied photocatalysts for a methanol concentration of
17 mmolm3 at 10 mV s? both in dark and under UV illumination. The system was allowed to

equilibrate for 5 s at the starting potential prior to each measurement. Each measurement consisted



of three cycles in dark and three under UV illumination. The third cycle of each experiment was used

for analysis.

3. Results and discussion

3.1. Characterisation of the photocatalysts

The five photocatalysts selected for this study (P25, TiO2 qiy, WO3 sigma, WO3 mart. and PC500) have
already been extensively described in literature or by the manufacturer [22,25]. To confirm correct
synthesis of the two photocatalysts prepared in the lab, several standard physico-chemical
characterisation experiments (N, sorption, UV-VIS spectroscopy, X-ray diffraction and energy
dispersive X-ray fluorescence) were performed. An overview of relevant photocatalyst properties is
shown in Table 1, highlighting the variety in material characteristics that are covered by the different
selected photocatalysts. A more detailed characterisation of the studied photocatalysts, including N,
sorption isotherms, XRD patterns and XRF spectra, can be found in the Supporting Information section.

Please note that material optimisation is outside the scope of this study.

Table 1. Physical characteristics (bandgap, BET surface area and crystallite particle size) of commercial and synthesized
materials.

Material Bandgap Eg (eV)? Surface area BET (m2g?) Crystallite particle size (hm)*
P25Evonik® 3.2 52 19 (A)®, 32 (R)®

TiO2 qiv? 3.1 68 30 (A)5, 36 (R)®

WOs3 Sigma1 2.6 7 <1008

WO3 mart 2 2.6 9 17
PC500cristalactivt 3.3 295 9.57

1) Commercially available photocatalysts.

2) Photocatalysts synthesized based on literature protocols.

3) Obtained by the Tauc method applied on diffuse reflectance spectra.
4) Estimated from XRD using the Scherrer equation.

5) A= anatase, R=rutile.

6) According to manufacturer data (Sigma-Aldrich).

7) According to data obtained by Nufio and co-workers in 2016 [26].

3.2. Photocatalytic measurements



In a PFC, the photocatalytic reactions occurring at the photoanode are the driving force behind all
further reactions, so obtaining a better understanding of gas phase PFC operation implies proper
knowledge on the photocatalytic reactions that lie at the base of the PFC operation. In order to do so,
the first part of this study focuses on the purely photocatalytic degradation of moist methanol vapour

by the five selected photocatalysts.

The reaction products (both gaseous and adsorbed on the substrate) were determined by FTIR. After
24 h of reaction (both under UV illumination and in dark) the content of the slit-shaped reactor was
sent to a FTIR spectrometer. The IR spectra are shown in the Supporting Information section (Fig. S8).
Besides CO, CO;, H,0 and methanol no other stable gaseous intermediates were observed in
detectable amounts in the spectra obtained after 24 h UV illumination, pointing at the almost complete
oxidation of methanol to CO,, with formation of small amounts of CO as by-product (not observed for
P25). The photocatalytic performance of the different photocatalysts towards methanol degradation,
and thus complete conversion to CO,, was assessed by the ratios of methanol and CO, before and after
illumination. Figure S9 in Supporting Information illustrates the differences in methanol-to-CO,
conversion under dark vs. UV-irradiation, as derived from the areas under the FTIR absorbance vs. time
plots obtained by flushing the resulting reaction mixture after 24 h of reaction. As expected, for all
studied photocatalysts a decrease in the amount of methanol and an increase in the amount of CO,

can be observed after illumination of the samples.

Figure 2 shows that all selected materials present significant methanol conversion (> 64%), with the
highest conversion being obtained by TiO; qi, 2006 (87%), followed by PC500 (78%), P25 (76%), while
both WOs-based materials exhibit a slightly lower methanol conversion around 65%. The very small
surface area (< 10 m? g') of both WOs-based materials can already in part explain their lower methanol
conversion efficiencies [27]. Crystal structure and present crystal facets are known to influence
photocatalytic methanol oxidation, both due to the effect of ions coordination and the type of

adsorption of water and methanol on the photocatalyst surface [28]. Although anatase is known to be



more active than rutile, the combination of anatase and rutile, as present in both P25 and TiO; qu,
might result in a higher conversion efficiency due to synergistic effects that can be ascribed to
enhanced charge separation between the anatase and rutile phases [29]. In addition, faster electron-
hole recombination in smaller particles could contribute to the lower methanol conversion presented
by P25 and PC500 when compared to TiO; qu [27]. An additional asset of TiO; qu, is its favourable
mesoporous structure (Table 1) compared to the other studied photocatalysts. Toledo and co-workers
compared pure P25 with a P25-WOs; photocatalyst and showed that under UV illumination the addition
of WOs led to a decrease in photocatalytic hydrogen production, which is related to lower methanol
conversion. Under UV illumination, TiO, outperformed WOs for photocatalytic methanol conversion,
as s also evidenced in this study. On the other hand, WOs; can, in contrast to TiO,, use part of the visible
light spectrum and that makes it a promising material for use in sunlight-driven (autonomous)

applications, but is not considered here [30].
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Figure 2. Photocatalytic test results using the slit-shaped reactor: methanol conversion efficiencies of all studied
photocatalysts.

3.3. Photoelectrochemical measurements
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The combination of unbiased CA with CV measurements (broad potential windows) for the five
selected photocatalysts increases the limited knowledge on gas phase PFC operation towards
simultaneous waste gas degradation and electricity production. Coupled with results of the
photocatalytic methanol oxidation, this will enable the identification of crucial material properties of
both processes. The results for different methanol concentrations fed to the PFC device, are presented

in Figure 3.
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Figure 3. PFC: Photocurrent density as a function of time when feeding the photoanode with moist methanol vapours of
different concentrations (see legend, expressed in millimoles of methanol m3) when using different photocatalysts at the
photoanode.

The CA measurements, shown in Figure 3, show an increase in generated photocurrent for all studied

photocatalysts when methanol vapour was introduced in the photoanode feed, in accordance to what
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was observed by Kaneko and co-workers for agueous methanol streams (only for TiO;) [19]. A control
experiment (MEA without photocatalyst) was performed, showing no increase in generated
photocurrent upon UV illumination of the cell (Fig. S10). The increase in photocurrent upon methanol
introduction can be explained by the lower oxidation potential of methanol compared to that of water
(0.03 Vs. 1.23 Vat pH 0 and vs. NHE, respectively) [31], which makes it a more efficient hole scavenger
and results in less recombination losses. In addition, the current doubling effect is a well-known
phenomenon related to increased photocurrent generation upon introduction of methanol. It is
associated with the formation of intermediate radicals during oxidation of the hole scavenger,
resulting in the injection of an electron into the conduction band of the photocatalyst, obtaining two
electrons from one absorbed photon (one photogenerated and one injected) [10]. As expected, it can
be observed that the increase in generated photocurrent upon methanol introduction is higher at
higher methanol concentrations in the moist vapours (Figure 3). Also note that, overall, very stable

photocurrents are obtained over time, highlighting the robustness of the system used in this study.

When considering the first ‘light-ON’ phase in Figure 3, a standard photocurrent profile can be
observed, as described in detail by Rongé and co-workers, with an initial anodic overshoot, followed
by a steady state current increase and eventually current decay until the light is turned off. The anodic
overshoot is absent in almost all of the second ‘Light ON’ phases, due to repetition of the illumination
[32]. The absence of the initial anodic spike for PC500 again reflects the poor electronic properties of
this photocatalyst, as hole trapping by surface states at the photoanode surface is known as an

important contributor to the generation of an anodic overshoot [33].

An important performance indicator for future application of gas phase PFC technology is the absolute
photocurrent generation. For a pure water vapour feed, the highest photocurrents are obtained using
both WO3-based materials: WOs3 sigma > WO3 mart. > P25 > TiO; i > PC500. Additionally, strong increases

in photocurrent are observed for these W0Os-based photocatalysts when adding methanol vapour to
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the feed, outperforming the TiO,-based photocatalysts over the full methanol concentration range.
The higher absolute photocurrents generated using WOs-based photocatalysts can be ascribed to the
higher electron mobility of WO3 (~ 5 cm? V! s?) compared to TiO; (~ 0.2 cm? V! s?) [34]. These results
clearly highlight the importance of efficient electron transport in a PFC. To our knowledge, these are
the first promising results for application of WOs-based photocatalysts in a gas phase PFC system. A
property known for influencing the electron mobility of a photocatalyst is its crystal structure [35],
which is reflected in the results of the TiO,-based photocatalysts. While both WOs-based
photocatalysts reach similar absolute photocurrents (both monoclinic crystal structures), distinct
differences can be observed between the different TiO,-based photocatalysts. Polycrystalline
photocatalysts (in this case P25 and TiO; qu, cfr. Supporting Information) are known for their higher
electron mobility compared to single-crystal materials [35], such as PC500 (pure anatase). In addition,
the ratio anatase/rutile of the commercially available P25 is close to optimal, while this is presumably
not the case for TiO; qu. PC500 is known to have very poor electronic properties, resulting in very low
charge carrier stability [36], explaining the strikingly low absolute photocurrent generation observed
for this photocatalyst and thus eliminating this photocatalyst for use in (unbiased) gas phase PFC’s,

while on the other hand it is known to be an excellent material in pure gas phase photocatalysis [37].

As the final goal is to obtain an autonomously operating sunlight-driven PFC device solely using
polluted air to sustainably generate electricity, additional CA measurements using simulated solar light
(and solely visible light) were performed as proof-of-concept and are shown in Figure 4 for P25 and
WO3 sigma and in the Supporting Information section (Fig. S11) for the other photocatalysts.
Autonomous un-biased performance of the PFC was obtained with all studied photocatalysts when
feeding the PFC with methanol-rich vapours. These results also underline the suitability of WOs as
photoanode for this application. The smaller band gap of WOs (Table 1) enables absorption of visible
light besides UV light, thus working with (simulated) solar light instead of solely UV light results in the

generation of higher absolute photocurrents and consequently an even higher photocurrent increase
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compared to TiO,-based photocatalysts. Note that the UV measurements were performed with a
different lamp as the two other measurements (thus obtaining a different irradiance spectrum as can
be seen in Fig. S4), and consequently the sum of the generated photocurrents obtained under visible

and UV light does not equal the photocurrent generated under simulated solar light (AM1.5).
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Figure 4. PFC — Solar light response: Photocurrent density as a function of time when using different light sources (simulated
sunlight (AM1.5, 100 mW cm-), visible light (solar simulator with cut-on filter > 420 nm) and UV light (adjusted to 4 mW cm-
2)), both when feeding the photoanode with pure water vapour and moist methanol vapour (17 mmol m-3) when using P25
and WOs sigma at the photoanode.

A clear difference in concentration response can be seen between the TiO, and WOs-based
photocatalysts (Figure 3 and Table 2). While both WOs-based materials follow a similar trend, with a
steep increase in generated photocurrent even for low methanol concentrations that levels off at
higher methanol concentrations, TiO, qiu and PC500 on the other hand show a distinct proportional

increase in generated photocurrent over the entire concentration range, but without reaching the
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absolute photocurrents generated by the WOs-based photocatalysts. The concentration response of
P25 follows a trend in-between. It is rationalized that decomposition of small quantities of methanol
on WOs is already very efficient, resulting in only small photocurrent increases at higher methanol
concentrations with the same amount of photocatalyst, especially considering the small surface area
that eventually results in saturation or even a drop in photocurrent generation, as seen for WO3 mart.
Such a decrease in photocurrent upon increasing the concentration of an organic compound might
also be ascribed to the formation of intermediates acting as recombination centres, as described by
Xie and co-workers [18]. Due to the larger surface area of all TiO,-based photocatalysts (Table 1)
saturation of the surface at high methanol concentrations is less likely for these photoanodes, and
proportionally increasing photocurrent generation with increasing methanol concentration is expected
(Table 2), as long as surface saturation is avoided. In addition, the high relative increase in generated
photocurrent density upon introduction of high methanol concentrations observed for PC500 might
be due to a combination of the favourable morphological characteristics of PC500 and the fact that
methanol acts as a hole scavenger that largely reduces recombination rate. It should be kept in mind

though, that PC500 performs very poorly in absolute terms.

Table 2. Relative increase in generated photocurrent obtained with a moist methanol vapour relative to the photocurrent
generated with pure water vapour (Imethano/IH20)-

IMethanoI / |H20

Methanol conc. (mmol m3) P25 TiOzqiy WOs sigma WOs mart. PC500
0.6 1.3 1.5 3.2 4.0 1.6
2.8 2.0 2.3 3.9 4.0 5.8
5.6 3.2 2.9 4.5 4.4 9.8
16.9 4.3 5.5 4.6 5.1 23.1
28.1 4.9 7.8 4.6 4.8 30.5

Interestingly, the photocatalysts resulting in the lowest direct photocatalytic methanol conversion
(Figure 2), i.e. both types of WQOs3, actually lead to the highest absolute photocurrent generation when
applying the same methanol vapour concentration (28 mmol m?3) to the photoanode feed (Figure 3).

In terms of absolute photocurrent increase generated by adding 28 mmol m? methanol to the
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photoanode, the following order can be obtained (expressed in pA cm™): WOs3 sigma (18.6) > WO3 mart.
(17.4) > P25 (12.2) > TiOzqu (7.5) > PC500 (5.9). Thus, a clear difference is observed in the performance
of the different photocatalysts when comparing both air remediation technologies (photocatalysis vs.
PFC). Although photocatalysis is the driving force behind the functional operation of a PFC, large
differences are clearly induced by physically separating the ongoing reactions in two distinct
compartments. Therefore, material properties that are beneficial for photocatalytic VOC degradation
might be less crucial for photoelectrochemical VOC degradation and vice versa. For example, although
the high surface area of the studied types of TiO, contributed to enhanced direct photocatalytic
methanol conversion, this property clearly appears less important for photoelectrochemical VOC
oxidation. Good electron mobility on the other hand proves crucial for an efficient PFC system, while
of lesser importance for purely gas phase photocatalytic systems. This is clearly evidenced by the fact
that the poor electronic properties of PC500 did not result in much lower photocatalytic methanol
conversion compared to the other photocatalysts, but did largely decrease the absolute photocurrents

that were obtained in the PFC.

In the next section, CV analysis contributes to the understanding of gas phase PFC operation. It should
be stressed that this technique has only scarcely been applied in the field of gas phase PFC [38]. CV
measurements were performed for all studied photocatalysts, both for pure water vapour and a moist
methanol vapour (17 mmol m=3) as photoanode feed. The results are shown in Figure 5. The initial CV

measurements were performed between -0.2 and 1 V.
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Figure 5. PFC: Cyclic voltammograms (scan rate = 10 mV s'1) obtained for pure water vapour and moist methanol vapour
(17 mmol m3), both in dark and under UV illumination when using different photocatalysts at the photoanode.

The results from Figure 5 confirm that upon illumination of the PFC whilst feeding the photoanode
with pure water vapour, a small increase in generated current (the photocurrent) can be observed for
all materials compared to dark conditions (almost not observable for PC500, which is in agreement
with the CA measurements). When adding methanol vapour (17 mmol m™) to the photoanode feed in
dark, no increase in generated current was observed. In fact, the voltammogram nicely coincides with
that of pure water vapour for all photocatalysts except at high potentials where a small decrease in

generated current can be observed upon introducing methanol. This might be attributed to the onset
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of oxygen evolution at this potential, which shall be discussed later. When the PFCis illuminated whilst
feeding with methanol vapour, a large increase in generated current can be observed for all studied
photocatalysts compared to the dark result. As in the unbiased CA measurements, under illumination
an increase in the absolute generated photocurrent is observed when methanol was added to pure
water vapour at the photoanode. A control experiment (MEA without photocatalyst) was performed,
showing no change in current upon introduction of either UV light or methanol vapour (Fig. S12), thus
evidencing that the changes in generated photocurrent observed in Figure 5 are only due to
photoelectrochemical reactions. The peak (ca. 0.06 V) derived for TiO, qi, in the anodic scan obtained
with moist methanol vapour cannot be attributed to methanol oxidation, as it is also observed when
flushing with pure water vapour (ca. -0.04 V). EDXRF measurements (Supporting Information Fig. S7)
showed no detectable impurities in the material (when compared to P25) that could explain this

observation.

Although all studied photocatalysts show photoelectrochemical methanol oxidation, clear differences
can be observed amongst the different materials (e.g. shape CV, absolute photocurrents). In order to
determine the key performance indicators of the studied PFC systems, more extensive CV
measurements were performed, scanning to higher (1.5 V) and lower (-1 V) applied potentials. The
results for P25 and WO3sigma are shown in Figure 6. The results obtained with TiO; g, WO3 mart. and

PC500 are provided in the Supporting Information section (Fig. S13).
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Figure 6. PFC: Cyclic voltammograms showing the effect of the applied potential window (scan rate = 10 mV s) obtained for
pure water vapour and moist methanol vapour (17 mmol m-3), both in dark and under UV illumination when using (left) P25
and (right) WOj3 sigma at the photoanode.

Figure 6a (CV till 1.5 V) shows that for P25 a steep increase in generated (photo)current is induced
around 1.1 V both in dark and under UV, which is less pronounced when feeding the photoanode with
a moist methanol vapour (vs. pure water vapour). This steep increase in generated current can be
attributed to the onset of the oxygen evolution reaction (OER) [39]. When studying the CVs ranging till

-1V (Figure 6¢/d and Fig. S13) a clear reaction can also be observed for all photocatalysts at very low
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applied potentials. The observed decrease in generated current at these low (negative) potentials can

be attributed to the onset of the hydrogen evolution reaction (HER) [40].

When analysing at the anodic curve of Figure 6¢ (CVs till -1 V) it can be observed for P25 that at-0.32 V
the photocurrents (UV) generated when flushing with a moist methanol vapour no longer coincide
with the currents obtained in dark, but are shifted upwards. This sudden upward photocurrent shift
can be attributed to the onset of methanol oxidation. To further study this, an additional CV
measurement was performed for all photocatalysts initiating the CV measurement at 0.2 V (incl. 5s
equilibration at 0.2V, Figure 6e/f and Fig. S13). In this measurement, it could be observed for all
photocatalysts that the generated photocurrents obtained when the photoanode was fed with a moist
methanol vapour (under UV illumination) were distinctly shifted upwards compared to the currents
obtained in dark and with pure water vapour. This distinct upward shift started immediately at the
initial applied potential. This indicates that the methanol molecules present in the vicinity of the
electrode surface are already oxidised, i.e. oxidised at a potential below 0.2 V, hence the initial current
is not zero. This distinct upward shift in photocurrent generation directly starting at 0.2 V was present

for all studied photocatalysts.

In further characterisation of the PFC system, Table 3 summarises the efficiency parameters calculated
from the CV measurements. The measured open-circuit voltages (Voc) can be compared to the maximal
theoretically expected Vo.. The Vo can be regarded as the force driving the electron flow from
photoanode to cathode during unbiased PFC operation and is thus determined by the difference
between the energy level of the conduction band of the selected photocatalyst and the redox potential
of the cathodic reaction. For the theoretical maximal V.., reduction towards H,O is assumed at the
cathode (1.23 V vs. NHE at pH=0), although H,0, formation (0.68 V vs. NHE at pH=0) is also technically
possible and often favoured due to its lower redox potential. Thus, depending on the exact reaction at
the cathode, the measured Vo can deviate largely from the theoretical maximum value. The ratio of

the measured V.. to the theoretical maximal Vo was also used by Kaneko and co-workers as a rough
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estimate for the fuel-to-electricity conversion [19], and is shown for all studied photocatalysts in Table
3 (= fuel-eff. (%)). The WOs-based photocatalysts present the highest fuel-to-electricity conversion,

associated with the highest Vo values.

Table 3. Efficiency parameters of studied photocatalysts when working with a moist methanol feed (17 mmol m-3).

PmaX
Jsc (MA cm?) Voc (V) (MW cm?)  Fuel-eff. (%) n (%) FF
P25 19.9 0.54 3.1 42 0.13 0.29
TiOzqiu 6.1 0.78 14 60 0.06 0.30
WO3 sigma 194 0.83 4.4 70 0.19 0.27
WO3 mart. 11.5 0.79 3.5 66 0.15 0.39
PC500 23.4 0.27 1.8 19 0.08 0.28

Polarisation curves (J-V plot), obtained as described by Antoniadou and co-workers [8] and added in
the Supporting Information section (Fig. S14a), were used to obtain the real maximal electric power
output (J.V)max Or Pmax. Pmax can be used to determine the overall efficiency (n) by dividing Pmax by the
power density of the incident radiation (2.35 mW cm). The highest n-values were also found for both
WOs-based photocatalysts, followed by P25, with very low values for both PC500 and TiO; qiy. The
critical note should be added that the obtained n-values are still quite low, as this is the first study on
the application of a PFC for gas phase VOC degradation. This study merely aims at showcasing the
potential of this technique for the conversion of gaseous pollutants, such as VOCs, serving as fuel for
sustainable electricity production. The next step will be to optimise the materials and the process as a
whole. Still, the PFC process as used in this study already enables to convert large parts of the energy
stored in the degraded VOC to electricity, with both WOs-based photocatalysts exceeding 65%

conversion.

The fill factor (FF) was calculated for all photocatalysts by dividing Pmax by the theoretical maximal
power output (Voc.Jsc). The FFs obtained with both TiO, and WOs-based photocatalysts are significantly
higher than those obtained in liquid phase PFC systems working with a methanol solution as reported
by Hu and co-workers, showing FFs of 0.17 and 0.11 for TiO, and WOs, respectively [41], while FFs up
to 0.39 are attained in our work. This can be attributed to the cell configuration used in this study

22



combining anode, electrolyte and cathode in a MEA, reducing electrolyte resistance and associated
current losses due to the reduced distance between the two electrodes. In the study of Hu and co-
workers the TiO,-photoanode performed better than the WO3 one [41]. Both the difference in cell
configuration (reduced recombination and thus possibly benefiting WOs), operating phase (drastically
lower diffusion limitations could play an important role in gas phase operation, amongst others) and
the different nature of the studied photocatalysts can contribute to this difference. For completeness,

power density (J-P) curves can be found in the Supporting Information section (Fig. S14b).

To summarise, this study illustrates the potential of a PFC, using a WOs-based photoanode, as waste-
to-energy recovering air purification device. The described proof-of-concept can serve further

development of an autonomous, low-cost and widely applicable gas phase PFC system.

4. Conclusion

In this study an autonomous, robust, low-cost, and widely applicable PFC device targeting air instead
of water pollution was presented. Simultaneous waste gas degradation, using methanol as a model
compound, and electricity production were achieved in the absence of an electrical bias. WOs-based
photocatalysts were successfully applied, for the first time, as photoanode material under these
conditions. Improved insight into the driving material parameters behind gas phase photofuel cell
operation was obtained by comparing direct photocatalytic and photoelectrochemical gas phase
experiments for five different materials. The partially visible light-active WO3 photoanodes clearly
outperformed the UV-active TiO,-based electrodes both under pure UV and solar light irradiation. They
resulted in the highest steady state photocurrent, fuel-to-electricity conversion (> 65%) and overall
efficiency, proving promising candidates as photoanodes for an autonomously operating sunlight-
driven PFC device solely using polluted air to sustainably generate electricity. In contrast, both studied
WOs-based photocatalysts resulted in the lowest direct photocatalytic methanol conversion (~ 65%),

highlighting the difference in driving material properties between both processes. While the low
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surface area of both WOs-based photocatalysts reduced the direct photocatalytic performance of
these materials, this property seemed of lesser importance in a gas phase PFC, which on the other
hand largely benefits from the high electron mobility provided by WOs-based materials. This study
aims to serve as proof-of-concept towards further development of an autonomous, low-cost and

widely applicable waste gas-to-electricity PFC device.
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