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Abstract. 

Globally, water disinfection is reliant on chlorination but a route that avoids the formation of chemical 

residues would be preferred. Hydrogen peroxide, can offer such an alternative, is a broad-spectrum 

biocide but typically is less effective than traditional approaches to water remediation. Here, we show 

that the reactive species— including hydroxyl, hydroperoxyl and superoxide radicals— formed over a 

AuPd catalyst during the synthesis of hydrogen peroxide from hydrogen and air are over 107 times more 

potent than an equivalent amount of pre-formed hydrogen peroxide and over 108 times more effective 

than chlorination under equivalent conditions. The key to bactericidal and virucidal efficacy is the 

radical flux that forms when hydrogen and oxygen are activated on the catalyst. This approach can form 

the basis of an alternative method for water disinfection particularly in communities not currently served 

by traditional means of water remediation or where access to potable water is scarce. 
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Introduction 

Hydrogen peroxide (H2O2) has applications as a disinfectant and is produced on an industrial  scale 

using an indirect process in which anthraquinone carrier molecules are utilised to prevent mixing of H2 

and O2 feeds.1 There has been considerable interest in designing a direct process and progress has been 

made using dilute H2 and O2 mixtures below the lower explosion limit),2 with Pd-based catalysts highly 

effective, although catalytic activity is markedly enhanced when alloyed with Au.3-5 This synergistic 

effect has been noted with AuPd alloy compositions prepared using a range of methods and on many 

supports.6,7 As reported by Wilson and Flaherty, the reaction pathway is considered to involve a 

sequential proton-electron transfer to surface bound species (O2 and OOH) whereas the unselective 

production of H2O results from O-O bond cleavage.8  Further theoretical studies by Li et al.9 have shown 

that the alloying of Pd with Au is able to promote the release of H2O2 from Au-Pd surfaces and have 

led to the suggestion that, in a similar manner but to a far lesser extent, Au may promote the desorption 

of surface bound intermediate species, such as OH and OOH, into solution.  

Within the current scientific landscape, the growing climate crisis is inextricably linked to access to 

fresh, potable water. In this respect the need for improved water management and sanitation are key 

pillars in mitigating the severe risk to numerous communities that is associated with water scarcity. 

Indeed, access to clean water is a United Nations Sustainable Development Goal with an estimated 3.6 

billion people worldwide now living in areas that are potentially water-scarce, with this estimated to 

increase to 5.7 billion by 2050,10 creating strong competition amongst users. Therefore, it is essential 

that water sanitation, hygiene infrastructure and services are adapted to ensure sustainability and 

resilience in the face of climate-related risks, this is of utmost importance in communities that have no 

or limited access to traditional means of water decontamination. The need for alternative solutions to 

the growing challenges associated with provision of potable water in an ever-urbanizing world 

threatened by climate change has been noted recently,11,12 and there is a particular focus on decentralized 

approaches to water disinfection.  

Access to clean water is a major global priority. Water decontamination is currently achieved by 

oxidative processes such as chlorination, UV irradiation and ozonation.13 Disinfection by-products 

following chlorination have, however, been linked to carcinogenic effects.14 The electrolysis of (NaCl 

containing) wastewater is often used to achieve microbicidal activity via the formation of hypochlorous 

acid species (HOCl) and reactive oxygen species ((ROS) [•OH], [H2O2], [O3], ([•O2
-]).15 However, a 

major aim is to provide water that is free from toxic chemical residues and consequently growing 

attention has been placed on H2O2. 16-18  Indeed, with a broad spectrum bactericidal activity (D-value, 

the value taken to reduce microbial population, is less than 4 min at 3 wt.%)19 and water being the only 

by-product from its utilisation, effectively negating the need for dechlorination of toxic residues 
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downstream,20 H2O2 can be considered an attractive alternative to traditional biocides.19 However, a low 

sporicidal activity has thus far limited use for sterilization processes.21,22 

Practically, concentrated pre-formed H2O2 is used, requiring transport and storage at the point of use. 

As such, the use of stabilizers to prevent H2O2 degradation is common, although these deleteriously 

affect the microbicidal efficacy of H2O2, with the accumulation of chemical residues also a concern.23,24 

The bactericidal activity of H2O2 is generally thought to occur through the production of hydroxyl 

radicals (HO•) although the species responsible for the oxidative damage is still disputed. While there 

is little evidence in the literature to support the primary role of HOO•/ O2
•- species in bacterial 

remediation, it is reasonable to consider their potential involvement in bacterial kill.20 The use of Fenton 

reactions and the rapid production of oxidative radicals are particularly applicable for water 

treatments.25 However, pre-formed H2O2 is less effective than chlorination and this limits its application 

in large-scale water treatment.20 The direct synthesis of H2O2 from H2 and O2 using AuPd nanoparticles 

has been demonstrated at the laboratory scale as an alternative to the anthraquinone process and would 

allow for decentralised H2O2 production in remote locations as well as promoting a localised, circular 

water economy in more urbanised regions. This would remove the need to store concentrated solutions 

and provide a route to in situ production of reactive oxygen species with microbicidal activity.4,26,27  

Within this study we demonstrate that the addition of Au to a Pd catalyst is key in promoting the release 

of oxygen based radical species, formed during the direct synthesis of H2 and O2, into solution.  These 

species are found to offer bactericidal and virucidal efficacy far greater than that observed via 

chlorination or through the use of preformed H2O2 alone while also inhibiting the formation of biofilms, 

a known cause of pathogen survival and propagation. This approach offers the potential for in situ water 

purification that can, we propose, be suitable for decentralised applications.  

Results 

H2O2 formation and and radical species identification. 

Given that underlying geology and local environment can result in appreciable variation in the degree 

of water quality, including hardness and the concentration of inorganic salt impurities, we initially set 

out to determine the effect of a range of common ions on catalytic activity towards H2O2 synthesis 

(Supplementary Fig. 1). These studies were undertaken in a batch reactor, utilising a well-studied AuPd 

catalyst,5 where under extended contact time the possible influence of common ions could be more 

easily discerned.  We found that the addition of common ions such as Na+, Ca2+, Mg2+, Fe2+, CO3
2-, 

NO3
-, PO4

3- and SO4
2- had no significant effect on H2O2 synthesis activity. Perhaps unsurprisingly, given 

the ability of halide ions to inhibit H2O2 degradation pathways,28 the presence of Cl- resulted in an 

appreciable increase in net H2O2 concentration (Supplementary Fig. 2-9). Additional studies also 

established the limited deleterious effect of model organic species; 2-methylisoborneol, geosmin and 

glucose, with the former two compounds in particular a challenge in water remediation (Supplementary 
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Fig. 10-12). With the insignificant effect of model inorganic and organic contaminants established all 

further work was conducted using HPLC grade water as received, in keeping with standard testing 

protocols. 29  

We have previously reported that a 1%AuPd/TiO2 catalyst can produce 200–1000 ppm of H2O2 at liquid 

residence times of approximately 30 seconds, under reaction conditions favourable for water 

purification.30 We now demonstrate, in a similar flow regime (Supplementary Fig. 13), it is possible to 

synthesise H2O2 in water over a range of Au: Pd ratios utilising gas compositions which could be 

generated through the electrolysis of water and dilution with air. In keeping with previous studies5 a 

synergistic effect between Au and Pd was observed (Supplementary Fig. 14) and a continuous 

production of H2O2 (200+ ppm) over the 0.5%Au-0.5%Pd/TiO2 catalyst demonstrated (Supplementary 

Fig. 15). As with our previous investigations,5 analysis of post-reaction solutions by inductively coupled 

plasma atomic emission spectroscopy (ICP-AES) indicates no leaching of precious metal species up to 

six hours on-stream (Supplementary Table 1).  

The direct synthesis of H2O2 on Pd clusters has been proposed to follow a non-Langmuirian mechanism 

with a zero-order kinetics with respect to O2 and first order kinetics with respect to H2, at partial 

pressures similar to our reaction conditions.8 Therefore, the catalyst surface sites would likely be 

saturated with O2-derived intermediates, due to a large heat of adsorption of O2 on water saturated Pd 

surfaces, (48 – 75 kJ mol–1).31 The formation of H2O2 is considered as a sequential proton – electron 

transfer events to O2 and HOO where the chemical potential of H2 oxidation is the thermodynamic 

driving force.  

Figure 1a (i-v) show spin trapping EPR experiments using 5,5-dimethyl-1-pyrroline N-oxide (DMPO) 

and various gas atmospheres (see Supplementary Note 1). Using 5% H2/N2 flow (absence of O2-derived 

intermediates) we observed the trapping of H• in the reaction solution proving homolytic H2 cleavage 

occurs on the catalyst surface and radical diffusion into the surrounding solution (Fig. 1a (i)). 

Furthermore, when H2 and H2O2 are fed into the reactor, no radical ROS were detected and only H• was 

observed (Fig. 1a(ii)), suggesting that H2 cleavage is not initiating the production of O-centred radicals 

from H2O2. The radicals in solution during H2O2 synthesis over supported AuPd catalysts have not 

previously been reported. It is reasonable to suggest that any H2 activation would lead to reaction with 

adsorbed O2 species when both reaction gases are present. Indeed, no signal associated with H• in 

solution was detected if both H2 and O2 were used (Fig. 1a (iii)). When H2O2, commercial or 

synthesised, is fed through the reactor limited radical ROS are detected under a pressure of 10 bar, 

consistent with the limited biocidal activity observed when H2O2 is used as a disinfectant (Fig. 1a (iv-

v)). The EPR spin trapping experiments show that, as previously suggested by Li et al.,9 surface bound 

intermediates can desorb from the catalyst surface as radicals in the case of reaction with H2 and O2, 

and H2O2 passing through the catalyst bed but not in the case of H2 and preformed H2O2. When H2O2 is 
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synthesised in situ, this will enrich the aqueous solution of newly formed H2O2 with a broadband of O-

centred radicals available to attack bacterial cells: highly oxidative, short lived and short range HO• plus 

longer-range HOO•/O2
•– (Fig. 1a(iii)). Double integration from spin trapping EPR in conjunction with 

the calibration curve (Supplementary Figs. 16 and 17) suggested a concentration of trapped O-centred 

radicals (in the form of DMPO-OH adduct) equal to 0.66 ± 0.04 M, although it is important to note 

that we are unable to determine concentration of individual oxygen-based radical species.  When 

feeding ex situ synthesised H2O2, with or without stabilisers at 200 ppm, the amount of trapped O-

centred radicals was quantified between 0.13 ± 0.04 M and 0.18 ± 0.04 M corresponding to 22 – 27 

% of the amount measured when feeding the reactor with H2 and O2. It is important to stress that these 

concentrations are not the total amount of O-centred radicals released into solution by the Au-Pd 

catalyst. They are only representative of the amount of radicals trapped in the form of the DMPO-OH 

adduct at the time of measurements (and before the adduct further reacts via side-reactions). 

Nevertheless, the changes in relative concentrations of the DMPO–OH adduct do follow the changes of 

total O-centred radicals released by the catalyst. Concentrations in the range of 0.13 to 0.66 M appear 

to be much smaller than the concentration of DMPO spin trap added to the water feeding the reactor 

(8.8 mM). Furthermore, when using a 5% H2/N2 gas feed, resulting in the absence of O2-derived 

intermediates, the concentration of trapped H• was 7.8 ± 0.5 M (based on the calibration in 

Supplementary Figs. 16 and 17) which, although still much smaller than the concentration of spin trap 

used, is an order of magnitude larger than the concentration of trapped HO• and HOO•. These would 

suggest that most of the proton-mediated electron transfer events leading to the formation of H2O2 are 

indeed surface reactions with H2O2 being the main product being desorbed from the catalyst surface. 

However, the AuPd catalysts are also capable of injecting into solution O-based radicals (HO•/HOO•/ 

O2
•–) which can directly attack bacteria as well as sustain further radical formation through reaction 

with synthesised H2O2. 

Interestingly, no free radical injection into solution is observed with Pd only catalysts (Fig. 1b(viii-ix)), 

despite forming H2O2. However, a detectable amount of radical ROS is observed with Au only catalysts 

(Fig. 1b(xi)). This observation would indicate that the presence of Au is necessary for desorbing reactive 

species from the catalyst surface in the form of free radicals. The knowledge generated by these spin 

trapping EPR experiments prompts the possibility that the radical ROS released into solution, in 

conjunction with H2O2, can have applications in water disinfection and this is what we wish to explore 

in this study.  

Concentrations of H2O2 as low as 125 ppm have been shown to have significant effects on reducing 

faecal coliform levels in greywater at extended contact times with a similar efficacy to 5 ppm Cl2 when 

treating samples with 90 colony forming units (CFU) per 100 mL.32  The catalytic in situ production of 

ROS to disinfect contaminated water streams would be an attractive development and would also negate 

health concerns associated with stabilizing agents typically used to promote the shelf-life of commercial 
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H2O2.
33,34 We now demonstrate that this is indeed a feasible approach to water remediation. In keeping 

with standard testing protocols, bactericidal efficacy was established in the absence of alternative 

contaminants which may reduce radical concentrations.29 Using these standardised preformed H2O2, 

produced either commercially or catalytically (100-200 ppm), exhibited limited bactericidal activity 

against Escherichia coli K12 JM109 (1.5 log10 reduction within 60 min) (Fig. 2a, Supplementary Fig. 

18, Supplementary Table 2). To assess the viability of non-catalytic disinfection regimes an active 

chlorine solution (NaOCl) was added to the flow reactor feed in the absence of catalyst (Fig. 2b, 

Supplementary Table 2). Under flow conditions, high (1000 ppm) and low (5 ppm) chlorine 

concentrations failed to produce significant reduction in Escherichia coli levels (0.37 log10 and 0.44 

log10 respectively). The lack of bactericidal activity at low residence time in the reactor is consistent 

with chlorine derived disinfectants being highly effective only over extended contact times at low 

concentrations (0.5 ppm).35 Indeed, the D value of NaOCl against  Escherichia coli is sufficiently high 

at the Cl-concentrations used in this work (6.1 min at 500 ppm), suggesting that chlorine-based 

disinfection is insufficient for the rapid killing of high concentrations of Escherichia coli and that longer 

contact times are a prerequisite for adequate disinfection.35 Indeed, this in turn can be related to the 

varying oxidative activity of Cl-based species (hypochlorite, hypochlorous acid), with speciation 

largely dictated by pH, indeed this dependence a considerable drawback in the use of Cl-based 

disinfectants.36 A comparable limited activity is observed when utilising commercial H2O2 at a range of 

concentrations (5-1000 ppm) (Supplementary Table 2). These results show that dilute H2O2 requires 

extended times for effective pathogen reduction and for this reason concentrated H2O2 (12,000 ppm, 

1.2 wt.%) is typically used, for the remediation of bacteria, such as Escherichia coli, from water.37 

The reduction in Escherichia coli achieved using the flow reactor system under various gas atmospheres 

is shown in Fig. 2c with and without the AuPd based catalyst (30 s liquid residence time). A significantly 

higher (108 CFU/mL) bacterial concentration than that reported by Ronen et al. was used to perform 

control experiments.32 With no catalyst present, at typical reaction conditions, bacterial concentration 

decreased by <1 log10 showing that elevated (10 bar) pressure has limited antimicrobial activity. 

Reactions in the presence of the 0.5%Au-0.5%Pd/TiO2 catalyst and 5%H2/N2 showed a 0.1 log10 

reduction can be explained through the presence of residual O2 in the bacterial solution and low level 

H2O2 formation, the analogous reaction in the presence of air resulted in a 0.5 log10 reduction indicating 

limited oxidative damage initiated by the catalyst in the absence of H2 under our reaction conditions. In 

the presence of a 2%H2/air mixture and AuPd catalyst an 8.1 log10 reduction in viable bacteria was 

observed representing a 99.999999% reduction in CFU with a 30 s contact time through the packed 

bed. This is comparable to the bactericidal efficacy reported for a range of alternative approaches, 

including photocatalytic and photo-Fenton technologies (Supplementary Table 3).38,39 However, these 

routes typically require extended reaction times40 (on the order of hours) or require the presence of a 

secondary disinfectant such as ClO2
41 or preformed H2O2,42 with the latter generating radical species, 
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responsible for disinfection. While these routes are effective, they do not overcome the health concerns 

associated with the application of Cl-based disinfectants or preformed H2O2 and the need for continual 

illumination of the catalyst surface likely precludes this approach from widescale application. By 

comparison, the rapid generation of ROS from in situ generated H2O2 is far simpler and would not 

require significant redesign of reactor technology.  

The bactericidal activity of our in situ approach is observed to be significantly higher than suspension 

tests at similar H2O2 concentrations at short (1 min) and long (60 min) exposure times and significantly 

higher than that observed when either commercial or catalytically synthesised H2O2 are passed through 

the catalyst with the bacteria solution at identical contact times. With these observations suggesting 

different processes are occurring during the reaction between H2 and O2 which lead to the rapid 

bactericidal efficacy observed (Fig. 2a). The H2O2 present in reactor effluent with and without 

Escherichia coli was comparable, indicating that the biocidal activity is independent from the 

generation or consumption of H2O2 by the catalyst (Supplementary Fig. 19). With the concentration of 

residual H2O2 comparable to the allowable limits of H2O2 within drinking water recommended by the 

US Environmental Protection Agency43 the ability of low levels of residual H2O2 to prolong the potable 

lifetime of the treated water should also be considered.  

MS2 is a safe surrogate for the poliovirus and other small non-enveloped pathogenic viruses due to its 

comparable size and response to virucides.44 Using the same test conditions an 8.0 log10 reduction in 

viability of the non-enveloped virus MS2 was observed when passed over the AuPd catalyst in 

conjunction with H2 and O2 (Fig 2.d). Again, this contrasts with the complete lack of virucidal activity 

observed when using 200 ppm of commercial or synthesised H2O2 (Fig. 2d) in suspension tests 

suggesting that the active agent formed under flow conditions is not likely to be H2O2. 

Microbial biofilms pose another significant challenge in water decontamination and are less susceptible 

to standard disinfection treatments. As such residual H2O2 could additionally be used to minimise the 

formation of bacterial biofilms on surfaces downstream of our catalytic system, with H2O2 well known 

to disrupt biofilm formation.45 Catalytically produced H2O2 is seen to impact on Escherichia coli K12 

JM109 attachment to surfaces, with 200 of synthesised H2O2 producing a higher reduction in bacterial 

biomass compared to an equivalent concentration of commercial H2O2 (Supplementary Fig. 20), or 

chlorine up to 2 ppm (Supplementary Fig. 21).  

Study of Au: Pd ratio revealed all catalysts offer some bactericidal activity (Fig 3a., Supplementary Fig. 

22). However, the 0.5%Au-0.5%Pd/TiO2 catalyst showed significantly enhanced efficacy (8.1 log10 

reduction) compared to the Au- (1.6 log10 reduction) or Pd-rich catalysts (4.1 log10 reduction) in addition 

to the monometallic Au and Pd catalysts. This is despite the bi-metallic AuPd and Pd-only catalysts 

producing similar concentrations of residual H2O2 (163-202 ppm) and further demonstrates that the 

enhanced reduction in CFU observed over the 0.5%Au-0.5%Pd/TiO2 catalyst is not simply related to 
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H2O2 production. The corresponding apparent turnover frequencies (TOFs) based on mmol of metal 

further highlights the stark differences in bactericidal efficacy (Supplementary Table 4), with the 

activity of the 0.5%Au-0.5%Pd/TiO2 catalyst (1.89 x1011 CFUreductionh-1mmolmetal
-1) greatly exceeding 

that determined for the alternative formulations.   

The extensive reduction in Escherichia coli observed can be associated with fast and extensive loss of 

membrane function, bacterial homeostasis and the release of intracellular components, driven by HO• 

as the primary oxidant species.46  Lipids and proteins composing the bacterial membrane have been 

proven to be vulnerable to reactions with HO• via H abstraction besides other oxidation pathways.47 At 

the same time, O2
•– and H2O2 are only moderately reactive when compared to HO• 46and, although they 

have been associated with internal damage,48 their action would be a much lengthier process regulated 

by diffusion and mass transport through the membrane and within the cytoplasmatic medium. In 

addition  Escherichia coli expresses the enzymes superoxide dismutase (SOD) and catalase, which are 

devoted to inhibiting damage from O2
•– and H2O2 respectively, but there is no enzymatic mechanism to 

eliminate HO•.49 These factors as well as the reaction kinetics of O-centred radicals in solution, (see 

Supplementary Note 1) which show that conversion of HOO•/O2
•– into HO• cannot happen; indicate that 

the high bactericidal efficacy observed is largely driven by HO• directly formed over the catalyst. 

Although more work needs to be done to further understand speciation of the radicals in solution and 

their direct vs. indirect effect on bacterial deactivation, it is clear that the linear correlation existing 

between total radical ROS concentration and log kill (Fig 3b), confirms the enhanced bactericidal effect 

of using H2 and O2 when compared to preformed H2O2. This is further corroborated by the near total 

reduction in bactericidal activity in the presence of glutathione (5 mM), a quencher of HO• (Fig. 3c),50 

with bactericidal activity decreasing to levels equivalent to that observed when using preformed H2O2 

(Fig 2c). 

To achieve a high killing efficacy, bacteria have to pass through the catalyst bed in the presence of H2 

and O2 as placing the bacterial suspension after the bed, to ensure immediate exposure to the synthesised 

H2O2, resulted in no significant reduction in CFU (Fig. 3c). The bactericidal efficacy observed in close 

proximity to the catalyst bed suggests that reactive species generated over the catalyst are far more 

effective than the generation of ROS through subsequent H2O2 decomposition.  

Catalyst structure, composition and stability. 

AuPd catalysts prepared via an impregantion procedure and exposed to reductive heat treatments are 

well known to result in the formation of random alloy metal nanoparticles, with a a tight particle size 

distribution, typically in the range of 2-5 nm observed.51 Analysis of the supported AuPd catalysts by 

X-ray diffraction (Supplementary Fig. 23) and high-angle annular dark-field scanning transmission 

electron microscopy (HAADF-STEM) of the as-prepared powdered catalysts are in keeping with these 

previous observations. A limited amount of particle agglomeration takes place due to the pelleting 
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process, with mean particle size increasing from 2.9 nm in the powdered catalyst to 4.5 nm in the 

pelleted analogue (Representative micrographs seen in Fig.4.a, particle size histograms seen 

Supplementary Fig. 24). Evaluation of atomic surface ratios by X-ray photoelectroon spectrscopy (XPS) 

(Fig. 4b, Supplementary Table 5) reveals that the introduction of Au significantly modifies Pd-oxidation 

state, with the proportion of Pd2+ in the optimal 0.5%Au-0.5%Pd/TiO2 catalyst greatly increased 

compared to the Pd-only analogue. While the presence of domains of mixed Pd oxidation state is well 

known to improve catalytic performance towards H2O2 production52,53 we show that this is not a key 

factor responsible for enhanced bactericidal efficacy, with all bi-metallic AuPd catalysts observed to 

contain Pd of mixed oxidation state.  

It is clear that our in situ approach is far more effective than equivalent concentrations of preformed, 

commercial H2O2. We suggest that H• are not directly involved in the bactericidal activity under the 

conditions where a high bacterial kill is observed. Indeed, the low bactericidal activity observed (i.e. <1 

log10 reduction) under 5%H2/N2 alone also confirms that H• are not involved in the killing of the bacteria. 

EPR spectra with the addition of 5 mM glutathione (Fig. 1b(vi-vii)) demonstrated that under 5%H2/N2, 

H• could be detected in solution whereas under H2 and O2 mixtures no ROS were detected, supporting 

the hypothesis that H• are not responsible for microbicidal activity and that glutathione removed the 

ROS from solution correlating with the low bactericidal activity.  

Whilst we have shown that the 0.5%Au-0.5%Pd/TiO2 catalyst is capable of continuous H2O2 production 

in a water only solvent for several hours on stream (Supplementary Fig 15), with no observable metal 

leaching (Supplementary Table 1), it is important to determine catalyst stability with respect to pathogen 

kill. As such, sequential reactions with increasing starting concentrations of Escherichia coli K12 

JM109 were performed over the same catalyst bed. The reactor was flushed with ethanol (70 wt.% 

aqueous solution) and deionised water between runs to ensure identical starting conditions and the 

complete removal of residual Escherichia coli. We observe that bactericidal efficacy is retained when 

the catalyst is treated in this manner, with complete pathogen kill observed at starting concentrations 

between 6.3 – 8.9 log10 CFU/mL (Fig. 5a). Hence the effects observed are long lived and demonstrates 

that the catalyst does not deactivate, at least over three uses. To investigate the origin of the enhanced 

pathogen kill on reuse, we carried out similar EPR experiments with the catalyst that had previously 

been used for pathogen kill (Fig. 5b) and where the catalyst bed had been treated with ethanol followed 

by deionised water. Figure 5b shows that together with DMPO-OH another adduct is now visible which 

arises from the trapping of CH3C•HOH radical (see Supplementary Note 2).54 The latter is formed from 

residual ethanol adsorbed on the catalyst after flushing which scavenges HO• formed by the catalyst. 

This is in keeping with work by Kiwi and Nadtochenko who have reported the ability of carbon-centred 

radicals, in this case produced photo-catalytically, to propagate radical production, resulting in 

oxidative damage of Escherichia coli.55  
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Our observation provides further direct proof of the presence of HO• in solution, as primary aliphatic 

alcohols are known to undergo -hydrogen abstraction due to the strong electrophilic nature of HO•56,57 

(HOO•/O2
•– and H2O2 are more specifically scavenged by superoxide dismutase58,59 and catalase 

respectively60). In addition, important considerations can be drawn by comparing the reactions using 

the H2 and O2 gas mixture with preformed H2O2. First, in line with the case of fresh catalysts, where 

there was no ethanol pre-treatment, when H2 and O2 was passed through the 0.5%Au-0.5%Pd/TiO2 

catalyst, the total amount of radicals trapped is at least 2.5 times the amount trapped when using 200 

ppm of preformed H2O2 solution in air. As for the carbon-centred radical species deriving from residual 

ethanol scavenging HO•, the trapped amount when using H2 and O2 is ca. 3.6 times the amount trapped 

when using preformed H2O2. This implies that per unit of ROS trapped, when using H2 and O2 there is 

more CH3C•HOH being trapped than when using preformed H2O2; specifically DMPO-CH(CH3)OH 

(ca. 0.28 M) accounting for 74.5% of the concentration of DMPO-OH (ca. 0.38 M) in the case of a 

H2 and O2 mixture but only 39.8% in the case of preformed H2O2. EPR analysis therefore indicates that 

when using H2 and O2 the relative contribution of HO• over the total ROS generated is greater than the 

case of preformed H2O2. This provides further important evidence to explain the higher bactericidal 

efficacy observed when using H2 and O2.  

We propose the difference in radical flux and hence the dramatically increased bactericidal ability of 

the H2 and O2 mixtures in the presence of the AuPd catalyst depends on the initiation steps of the radical 

flux. In the case of H2 and O2, the presence of H• from homolytic H2 dissociation initiates the reaction 

cascade by turning adsorbed O2 into HO•/HOO• which either irreciprocally damage the bacterial cells 

or propagate the radical chain with contribution from synthesised H2O2 to support the radical flux away 

from the catalyst surface. In the case of preformed H2O2, the initiation can only occur by cleaving the 

O-O bond which is known to be kinetically slower when compared to O-O bond cleavage in HOO•,8 

and therefore the radical flux when using preformed H2O2 is significantly hindered, as proved by our 

EPR studies in conjunction with the different reaction times necessary to obtain the same level of cell 

killing (1 min vs. 60 min). 

Bactericidal activity results combined with EPR data (Fig. 1 and 3) show that a high radical flux in 

solution is achieved by the bimetallic 0.5%Au-0.5%Pd/TiO2 catalyst but not by the monometallic Au 

and Pd analogues (Supplementary Fig. 24). As shown, Pd can catalyse direct formation of H2O2, 

however the reactive intermediates of the direct synthesis of H2O2 remain on the surface61 not allowing 

the generation of the radical flux necessary to achieve high bactericidal efficacy (Fig. 1b(viii-ix)). On 

the contrary, Au alone has very low activity towards H2O2 production, hence the number of radical 

species that it is able to generate is low. However, Au facilitates the diffusion into solution (from the 

catalyst surface) of the reactive intermediates of the direct synthesis of H2O2 in the form of free radicals 

(Fig. 1b(xi)). As a result, it is clear that Pd is needed for the generation of a high amount of ROS whilst 
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Au ensures that they are released into solution where they can be used to kill pathogens, enhancing the 

disinfection mechanism provided by H2O2. 

 

Conclusions. 

In the direct synthesis of H2O2 alloying Au with Pd has been widely theorised to result in improved 

desorption of H2O2. We now demonstrate that AuPd nanoalloys are also effective in promoting the 

release of highly reactive oxygen-based radical species into solution, as identified by EPR analysis, 

which offer high efficacy in water disinfection. We have yet to fully identify whether it is •OH, •OOH 

or a combination that is responsible for the disinfection and this will be a topic for further study and 

studies under real world conditions are required the significantly enhanced bactericidal and virucidal 

activities achieved when reacting H2 and O2 rather than using commercial H2O2 or chlorination shows 

the potential of revolutionising water disinfection technologies, i.e. a process where, besides the 

catalyst, inputs of contaminated water and electricity are the only requirements to attain disinfection. 

Indeed, these observations may prove to be the basis of a technology that allows for rapid disinfection 

of water at contact times for which conventional biocidal methods are ineffective, whilst also bypassing 

the formation of hazardous disinfection by-products and inhibiting the formation of biofilms, which are 

at the core of many pathogens persistence and propagation. In particular, communities where the 

constant supply of dedicated chemicals for water purification is problematic or where localised water 

disinfection is preferred may benefit from such an approach to water remediation.  
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Figure 1.  Identification of key reactive oxygen species responsible for the treatment of greywater 

pathogens. Experimental (black) and simulated (red) X-band CW-EPR spectra of DMPO radical adducts formed 

in aqueous solutions passed through the catalyst bed in the flow reactor with different fresh catalysts and different 

gas feedstocks: (i-vii)  0.5%Au-0.5%Pd/TiO2 catalyst, with (i) 10 bar 5 % H2/N2; (ii) 200 ppm of synthesised 

H2O2, 10 bar 5 % H2/N2; (iii) 10 bar 2 % H2/ air; (iv) 200 ppm of synthesised H2O2 solution, 10 bar air; (v) 200 

ppm of commercial H2O2, 10 bar air; (vi) 10 bar 5 % H2/N2 + 5 mM of glutathione; (vii) 10 bar 2 % H2/ air + 5 

mM of glutathione. (viii-ix) 1 % Pd/TiO2 catalyst, with (viii) 10 bar 5 % H2/N2; (ix) 10 bar 2 % H2/air. (x-xi) 1 % 

Au/TiO2 catalyst, with (x) 10 bar 5 % H2/N2; (xi) 10 bar 2 % H2/air. Spectra (i-xi) were recorded at 25 °C; 5.02 

104 receiver gain; 100 kHz modulation frequency; 1.5 Gauss modulation amplitude; 6.48 mW microwave power. 
14N and 1H hyperfine couplings are also reported. Note: The presence of DMPO-OH adduct is an indication of 

the presence of both HO• and HOO•, given that the DMPO-OOH adduct has a half-life of 1-4 min (i.e. much 

shorter than the time passed between sample collection from the reactor and EPR analysis) and decays (given an 

excess of DMPO) into DMPO-OH.61,62 

 

 

Figure 2. Comparison of microbiocidal efficacy using conventional disinfection agents. (a) Microbicidal 

activity of H2O2 solution measured with a standardised suspension test. Statistical relevance: (n = 3) error bars 

represent standard error of the mean. Two-way repeated measures ANOVA with a Bonferroni post hoc test was 

carried out. F = 5.08, degrees of freedom = 3. * = P ≤ 0.05 (comparing different concentrations of same H2O2 

source).   (b) Reduction in bacterial viability (log10) using a co-feed of aqueous NaOCl under flow conditions. 

Statistical relevance: (n = 3) error bars represent standard error of the mean.  (c) Reduction in bacterial viability 

(log10) after a single pass through the reactor system; initial bacterial concentration 2 x 108 CFU/mL. Statistical 

relevance:  *** significant (P < 0.0001) difference with the blank; *** significant (P < 0.0001) difference with 2 

% H2/air. (n = 3), error bars represent standard error of the mean. One-way ANOVA with a Bonferroni post hoc 

test was carried out. F = 64.04, degrees of freedom = 9.1. (d) Virucidal activity after 1 min contact time suspension 

test (initial MS2 virus concentration: 5 x 1010 plaque forming unit (PFU)/mL) or a single pass through the reactor 

system Statistical relevance: (n = 3 for the suspension tests and n = 2 for the catalytic reactor test), error bars 

represent standard error of the mean. One-way ANOVA with a Bonferroni post hoc test was carried out. F = 700.6, 

degrees of freedom = 4. The *** =P<0.0001.  Reaction conditions for 2b – d: 10 bar 2 % H2, 20 % O2, 78 % N2, 

42 mL min-1), 120 mg catalyst, 0.2 mL min-1 liquid flow, 2 ºC. 
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Figure 3. Catalyst performance and correlation between reactive oxygen species concentration and 

bactericidal efficacy.  (a) Observed steady state H2O2 production and bactericidal activity against E. coli K12 

JM109 () of 1% AuPd / TiO2 catalysts, as a function of Au: Pd ratio, at conditions relevant for water treatment. 

Statistical relevance: (n = 3) error bars represent standard deviation of the mean. (b) Correlation analysis between 

reduction in bacterial viability (log10) after a single pass through the reactor system and relative (to commercial 

H2O2 and air with fresh 0.5%Au-0.5%Pd/TiO2) amount of ROS radicals; the shaded area represents the 90 % 

confidence band. Data points are relative to the EPR spectra where either H2 and air or H2O2 and air mixtures 

were used. (c) Bactericidal activity of 0.5%Au-0.5%Pd / TiO2 under full reaction conditions, by placing the 

bacteria after the catalyst bed under reaction conditions and in the presence of 5 mM glutathione. Statistical 

relevance: (n = 3) error bars represent standard deviation of the mean. Reaction conditions for 3a and b: 10 bar, 

2 % H2/air, 42 mLmin-1, 120 mg catalyst, 0.2 mL min-1 liquid flow, 2 ºC.  

 

Figure 4. AuPd catalyst structure and morphology. (a) Representative STEM-HAADF images of selected 

catalysts: (i) As prepared powdered 0.5%Au-0.5%Pd/TiO2 catalyst; (ii) Pelleted 0.5%Au-0.5%Pd/TiO2 catalyst; 

(iii) Pelleted 1%Au/TiO2 catalyst; (iv) Pelleted 1% Pd/TiO2 catalyst. (b) Surface atomic compositions of powdered 

(red) and pelleted (green) catalysts as determined by XPS using Au (4f) and Pd (3d) regions. 

 

Figure 5. Catalytic stability over increasing concentrations of bacteria. (a) Reduction in bacterial viability of 

E. coli K12 JM109 after a single pass through the reactor system with used 0.5%Au-0.5%Pd/TiO2 catalyst and 

increasing bacterial starting concentration. Red bar shows the starting concentration and the black square the 

concentration exiting the catalyst bed. Reactor system and catalyst bed flushed with EtOH and deionized water 

between subsequent runs. Reaction conditions for 5a: 10 bar, 5% H2/CO2 + 25% O2/CO2 (42 mL min-1), 0.2 mL 

min-1 liquid flow, 2 °C, 120 mg 1%AuPd/TiO2 catalyst. (b) Experimental (black) and simulated (red) X-band 

CW-EPR spectra of DMPO radical adducts formed in aqueous solutions passed over the 0.5%Au-0.5%Pd/TiO2 

catalyst previously used with different gas feedstocks: (i) 10 bar, 5% H2/CO2 + 25% O2/CO2 and (ii) 200 ppm of 

synthesised H2O2 solution, 10 bar air. Spectra were recorded at 25 °C; 1.00 104 receiver gain; 100 kHz modulation 

frequency; 1.0 Gauss modulation amplitude; 6.22 mW microwave power. 14N and 1H hyperfine couplings are also 

reported. For spectrum (ii) a magnification of a portion of the spectrum is also provided, given the lower signal 

amplitude when compared to spectrum (i).  
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Methods. 

Catalyst preparation. 

Bimetallic 1%AuPd catalysts were synthesised by co-impregnating the appropriate catalyst support 

with a requisite amount of Au and Pd precursor solutions to give the desired total weight loading of 1 

wt.% with variable metal weight ratios. The preparation of 2 g of a typical 0.5%Au-0.5%Pd/TiO2 

catalyst follows the procedure which has been previously reported in the literature.63 A Pd precursor 

solution was prepared by dissolving PdCl2 (6 mg mL-1, 99.9%, Sigma Aldrich) into a 0.58 M HCl 

solution and stirred until the salt was fully dissolved. Requisite amounts of HAuCl4 (12.25 mg mL-1, 

99% > trace metal basis, Strem Chemicals) and PdCl2 were charged into a 50 mL round bottom flask 

and stirred vigorously (1000 rpm). The volume of the mixture was adjusted by addition of H2O (HPLC 

grade) until the total volume was 16 mL. The mixture was heated from room temperature to 60 °C and 

after 10 minutes of heating the TiO2 support (1.98 g, Degussa, P25, 99.5%) was slowly added. Once all 

the support had been added the resultant slurry was stirred at 60 °C for 30 minutes, the temperature was 

then raised to 95 °C and the slurry was heated for 16 h. The resulting powder was finely ground and 

finally reduced (5 % H2/Ar, 4 hours, 400 °C, 10 °C min-1). A similar impregnation methodology which 

has been previously reported in the literature,63 using requisite amounts of HAuCl4 and non-acidified 

PdCl2 solution was utilised for the preparation of the 2.5%Au-2.5%Pd/TiO2 catalyst. The as prepared 

ground powdered catalyst was calcined (static air, 3 hours, 400 °C, 10 °C min-1) prior to testing.   

Catalytic testing. 

A continuous fixed bed rector was constructed for the direct synthesis of H2O2 using Swagelok fittings 

and 316 stainless steel tubing with an outer diameter of 1/8 inch. Gas flows were controlled using mass 

flow controllers (MFCs) and one-way valves were placed after the MFCs to prevent any liquid from 

entering the MFCs during the reaction. Reactor pressure was maintained using a back-pressure regulator 

at the end of the system and pressure relief valves were included at various points throughout the system. 

Solvent was pumped through the system using an HPLC pump. Liquid was collected downstream of 

the catalyst bed by emptying a 150 mL GLS fitted with a valve which acted as a sample bomb.  

A typical H2O2 synthesis reaction was carried out using 120 mg of 1%AuPd/TiO2 which had been 

pressed (10 T, 30 s) into a disk and sieved to a particle size of 425 – 250 µm. The granulated catalyst 

was mixed with silicon carbide powder, sieved to 350-200 µm particle size and supported at the bottom 

of the catalyst bed in the reactor tube by glass wool. The catalyst and diluent was contained within a 10 

cm stainless steel tube with an outer diameter of 1/4 inch. The reactor system was then pressurised, 

typically to 10 bar. The reactor was then cooled by the water bath to 2 ºC.  When the reactor had reached 

pressure and the flow through the system has stabilised, the solvent (H2O, HPLC grade) flow, typically 

0.2 mL min-1, was introduced into the system. Both gas and liquid flowed concurrently through the 
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catalyst bed from top to bottom. H2O2 was determined by titration against an acidified dilute Ce(SO4) 

solution using ferroin as an indicator.  

The standard reaction conditions for the bacterial testing were: 10 bar pressure, 2 oC, 42 mLmin-1 gas 

flow of 2 % H2/ air (unless otherwise stated), suspension flow rate = 0.2 mLmin-1, 120 mg of 

1%AuPd/TiO2 catalyst, 3.2 g SiC. The sample was taken after 30 min of reaction and E. coli K12 JM109 

was plated on a Tryptone Soy Agar plate in duplicates and incubated overnight in 37 oC in aerobic 

conditions. MS-2 bacteriophages were enumerated by mixing the bacteriophages with E. coli NCIMB 

9481 in a 1:1 ratio in 5 mL of 65 % Tryptone Soy Agar with 5 mM CaCl2 in duplicates, dispensing the 

mixture onto Tryptone Soy Agar plates and incubating them overnight at 37 oC in an aerobic 

atmosphere. 

The efficacy of chlorine disinfection under flow conditions was determined using a modified protocol. 

In this case, a second HPLC pump was used to feed stock solutions of NaOCl into the reactor 

downstream from the mixing of the bacterial suspension and gas phase. The gas-liquid separator was 

also charged with a solution of sodium thiosulfate to neutralise the chlorine species and prevent further 

bacterial deactivation after flow through the reactor. For example, in testing the efficacy of 200 ppm of 

Cl2 under flow conditions, a 3370 ppm NaOCl (2000 ppm available chlorine equivalent) solution was 

introduced at 0.02 mL min-1 into a stream of air and bacterial suspension, flow rates 42 mL min-1 and 

0.18 mL min-1 respectively, achieving an active chlorine concentration of 200 ppm. The gas-liquid 

separator was charged before reaction with sodium thiosulfate solution (1 mL, 2700 ppm), and the 

sample taken after 30 min of reaction.  

The flow regime commonly seen in channels with diameters in the order of the reactor used in this study 

is called Taylor flow,61 which was confirmed by a series of visualisation experiments. The flow was 

observed to consist of an alternating sequence of gas bubbles and liquid slugs where the length of the 

gas bubbles is larger than the diameter of the reactor. When a catalyst bed was placed into the tube, the 

flow exiting the bed still had distinct gas and liquid slugs but the flow was less regular after being 

broken up by the catalyst bed. The breaking of the gas and liquid slugs could be seen as the flow passed 

through the catalyst bed.  The rate of mass transfer of reactants to the catalyst under Taylor flow can be 

assumed to be high for two reasons; firstly the liquid layer between the gas and catalyst particles is so 

thin that it forms a very low barrier to mass transfer of reactants to the catalyst, secondly, the liquid 

slugs in the reactor can circulate internally eliminating any radial concentration gradients.  

 

The effect of common ions and organic contaminants found in drinking water on catalytic activity 

towards hydrogen peroxide synthesis was evaluated using a Parr Instruments stainless steel autoclave 

with a nominal volume of 50 mL and a maximum working pressure of 14 MPa. To test the catalyst for 

H2O2 synthesis, the autoclave was charged with catalyst (0.01 g) and solvent (8.5 g H2O, HPLC grade). 
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The charged autoclave was then purged three times with 5% H2 / CO2 (0.7 MPa) before filling with 5% 

H2 / CO2 to a pressure of 2.9 MPa, followed by the addition of 25 % O2 / CO2 (1.1 MPa). The temperature 

was maintained at 20 °C using a HAAKE K50 bath/circulator using an appropriate coolant followed by 

stirring (1200 rpm) of the reaction mixture for 0.5 h. H2O2 concentration was determined by titrating 

aliquots of the final solution after reaction with acidified Ce(SO4)2 (0.01 M) in the presence of ferroin 

indicator. 

 

Suspension tests. 

Test bacteria were prepared following overnight incubation in tryptone soya broth at 37°C, 

centrifugation at 4194 g and resuspension in sterile tryptone sodium chloride solution to an adjusted 

concentration of 107 CFU/mL. MS2 was propagated by mixing MS2 with its host cell Escherichia coli 

NCIMB 948 in a 1:1 ratio in 5 mL of 65% tryptone soya agar containing 5 mM CaCl2. The mixture was 

dispensed on the surface of a tryptone soya agar plate. After incubation at 37°C for 24 h, the top agar 

layer was scraped off, centrifuged at 10,000g for 15 min at 4°C and the supernatant containing MS2 

filtered first through a 0.45 µm membrane filter and then  through a 0.2 µm filter. Virus concentration 

was adjusted to 109 PFU/mL.  Efficacy of H2O2 solution was tested in a suspension test in which 1 mL 

of bacterial/viral suspension was mixed with 1 mL bovine serum albumin (3 g/L) and added to 8 mL of 

test H2O2 solution in hard water (0.114 g/L MgCl2, 0.276 g/L CaCl2, 0.280 g/L NaHCO3). After 1 or 60 

min contact time at 20°C, 1 mL of test suspension was added to 9 mL of a neutraliser (20 g/L sodium 

thiosulphate and 500 U/mL catalase). Aliquot of the neutralised suspension was serially diluted and 10 

L of each dilution plated in triplicate on tryptone soya agar for bacteria. After incubation at 37°C for 

24 h, colonies per drop were counted and bacterial viability (CFU/mL) calculated. For MS2, 100 L 

of each dilution was mixed with 100 L of Escherichia coli NCIMB 948  (106 CFU/mL) in 5 mL of 

65% tryptone soya agar containing 5 mM CaCl2. The mixture was dispensed on the surface of a tryptone 

soya agar plate.  After incubation at 37°C for 24 h, plaques were enumerated. A negative control 

consisted in replacing the 8 mL H2O2 solution with hard water only. Reduction in viability (Log10 

reduction) was measured by comparing bacterial/virus number from the control and those from the 

H2O2 solutions tested. Three biological replicates were performed each with two technical replicates. 

Additional controls consisted in validating the efficacy of the neutraliser and the lack of neutraliser 

toxicity were performed according to Leggett et al.21  

Prevention of bacterial attachment. 

200 and 100 ppm of commercial, stabilised and flow reactor generated H2O2, or NaOCl (0.25, 0.5, 1 

and 2 ppm available. chlorine) was added to the wells of a 96 well plates. E. coli K12 JM109 

(concentration adjusted to 1 x 107 CFU taking into account the bactericidal activity of H2O2 or chlorine) 

in TSB was inoculated to each well but for the control. Negative control consisted of E. coli K12 JM109 
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in TSB. Blank experiments consisted of TSB, 200, 100 of commercial, stabilised or flow reactor 

generated H2O2. The plate was incubated in a shaking incubator at 120 rpm, 37 oC for 6 hours. After 6 

hours of incubation, crystal violet assay was performed64 to measure the adherence of the bacteria to 

the well surface. All of the treatments and controls were performed in triplicate and the experiment was 

performed three times independently. 

X-ray diffraction. 

The bulk structure of the catalysts was determined by powder X-ray diffraction using a (θ-θ) 

PANalytical X’pert Pro powder diffractometer using a Cu Kα radiation source, operating at 40 keV and 

40mA. Standard analysis was carried out using a 40 min run with a back filled sample, between 2θ 

values of 10 – 80O. Phase identification was carried out using the International Centre for Diffraction 

Data (ICDD). 

High-angle annular dark-field scanning transmission electron microscopy. 

Scanning transmission electron microscopy (STEM) data were obtained from an aberration corrected 

JEOL ARM200CF microscope operated at 80kV. The particle size distribution was obtained using 

ImageJ. 

X-ray photoelectron spectroscopy. 

X-ray photoelectron spectroscopy (XPS) analyses were made on a Kratos Axis Ultra DLD spectrometer. 

Samples were mounted using double-sided adhesive tape and binding energies were referenced to the 

C(1 s) binding energy of adventitious carbon contamination that was taken to be 284.8 eV. 

Monochromatic AlKα radiation was used for all measurements; an analyser pass energy of 160 eV was 

used for survey scans, while 40 eV was employed for more detailed regional scans. The intensities of 

the Au(4f) and Pd(3d) features were used to derive the Au/Pd surface composition ratios.  

Inductively coupled plasma mass spectrometry. 

Total metal leaching from the supported catalyst was quantified via inductively coupled plasma mass 

spectrometry (ICP-MS). Post-reaction solutions were analysed using an Agilent 7900 ICP-MS equipped 

with I-AS auto-sampler. All samples were diluted by a factor of 10 using HPLC grade H2O (1%HNO3 

and 0.5% HCl matrix). All calibrants were matrix matched and measured against a five-point calibration 

using certified reference materials purchased from Perkin Elmer and certified internal standards 

acquired from Agilent. Detection limits for Au and Pd are reported as 0.0192 and 0.048 ug / L 

respectively.  
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Electron paramagnetic resonance spectroscopy. 

The X-band CW-EPR spectra were recorded on a Bruker EMX Micro spectrometer equipped with a 

Bruker ER4123-D dielectric resonator, operating at room temperature. Before each measurement, 

samples coming from the flow reactor where deoxygenated for 20 min under N2 flow and transferred 

into a Q-band EPR tube (1.6 mm outer diameter, 1.1 mm inner diameter suprasil tube, product number: 

WG-222T-RB Wilmad Labglass). Experimental spectra were simulated using the EasySpin package65 

operating within the Mathworks Matlab environment. 

 

Data availability.  

The data supporting the findings of this study are available within the article and its Supplementary 

Information, with the underlying data found at the Cardiff University Data Repository via 

http://doi.org/10.17035/d.2021.0132824835.    
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