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Abstract. 

The ammoximation of ketones to the corresponding oxime via the in-situ production of H2O2, 

offers an attractive alternative to the current means of production, particularly that of 

cyclohexanone oxime, a key precursor to Nylon-6. Herein, we demonstrate that using a 

bifunctional catalyst, consisting of Pd-based bimetallic nanoparticles immobilised onto a TS-1 

carrier, it is possible to bridge the considerable conditions gap that exists between the two 

distinct reaction pathways (H2O2 direct synthesis and ketone ammoximation). The formation 

of PdAu nanoalloys is found to be crucial in achieving high catalytic performance and stability, 

with the bimetallic PdAu catalyst significantly outperforming both the monometallic Pd 

analogue and a range of other Pd-based materials.  

Keywords: Green Chemistry, Industrial Catalysis, Feedstock Valorisation, Ketone 

Ammoximation, Hydrogen Peroxide, Palladium-Gold.  

 

Introduction. 

Since first developed by EniChem, (1) the combination of the titanosilicate TS-1 and preformed 

H2O2 has found significant application in the chemical synthesis sector, (2) achieving excellent 

activities and selectivities for aromatic hydroxylation, (3) the oxidative dehydrogenation of 

alkanes(4) and alkene epoxidation.(5) The most pertinent examples of major industrial 

processes that utilise commercial H2O2 in conjunction with TS-1 are perhaps the integrated 

hydrogen peroxide to propylene oxide (HPPO) process(6-7) and the ammoximation of 

cyclohexanone to cyclohexanone oxime,(8) a key precursor in the production of the polyamide 

Nylon-6. With global demand for Nylon-6 estimated to exceed 8.9 million tons per annum by 

2026,(9) largely driven by its application as an industrial fibre and textile, a concurrent rise in 

cyclohexanone oxime production is likewise expected.(10)  

The conventional approach to cyclohexanone oxime production, which reacts cyclohexanone 

with hydroxylamine salts is considered to be highly inefficient, producing large quantities of 

low-value by-products, such as ammonium sulphate.(11-12) However, the development of the 

EniChem route, which utilises TS-1 with preformed H2O2 in conjunction with ammonia, largely 

overcame these efficiency concerns, achieving selectivities towards the oxime typically in 

excess of 95%.(13-14) It is widely considered that the H2O2/TS-1 route proceeds via an 

intermediate hydroxylamine species, which is synthesised over the TiIV sites present within 

the titanosilicate framework.(15) This subsequently reacts non-catalytically with 

cyclohexanone to produce the oxime. Despite the high oxime selectivity and efficiency of the 

industrial ammoximation process the addition of preformed H2O2 in stoichiometric excess is 

typically required,(16) due to the low stability of the oxidant under ammoximation reaction 



conditions, namely elevated temperatures and a basic reaction medium, resulting in an 

associated increase in process costs.  

Furthermore, the industrial ammoximation process is hampered by the significant drawbacks 

associated with the means by which H2O2 is produced on an industrial scale, the 

anthraquinone oxidation process, which accounts for approximately 95 % of global H2O2 

production.(17) These include low atom efficiency and high infrastructure costs, with the latter 

often dictating that H2O2 production is prohibited at the point of use and necessitating the 

transport and storage of H2O2 at concentrations far in excess of that required by the end user, 

with the energy utilised in the concentration process effectively wasted when H2O2 is diluted 

to desirable concentrations.(18-19) In addition, the instability of H2O2 at relatively mild 

temperatures requires the use of acidic stabilizing agents, to prevent decomposition to H2O 

during transport and storage. Such additives can promote reactor corrosion, limit catalyst 

lifetime and result in complex product streams, adding further cost to any industrial process 

that utilised preformed H2O2.(20) Likewise all systems that utilise commercial H2O2 can be 

considered to suffer from these same inefficiencies to a certain extent.  

The decoupling of oxidative transformations, such as cyclohexanone ammoximation, from off-

site H2O2 production, would potentially lead to considerable economic savings, and a reduction 

in greenhouse gas emissions, representing a positive step toward more sustainable industrial 

processes. To this end, several studies have investigated the efficacy of alternative 

approaches that would avoid large-scale H2O2 production and allow for the on-site production 

and direct utilisation of H2O2. However, to date, these systems have not been simple or robust 

enough for adoption on an industrial scale. For example, the supply of H2O2 via the partial 

oxidation of isopropanol as described by Liang et al. (21) and Zajacek et al. (22) yields 

appreciable concentrations of impurities, producing an undesirable and complex product 

mixture. By comparison, the in-situ production of H2O2 from molecular H2 and O2 would negate 

the significant drawbacks associated with commercially synthesised H2O2, while avoiding the 

dilution of product streams through the continual addition of an aqueous oxidant and could 

offer an overall reduction in process costs.  

A proposed reaction for the ammoximation of cyclohexanone via in-situ H2O2 synthesis is 

outlined in Scheme 1 and can be considered to be comparable to the current industrial process 

where the preformed oxidant is continually supplied.(1) In the case of the in-situ approach, 

immobilised precious metal species are responsible for the formation of the oxidant, which is 

subsequently utilised in the formation of hydroxylamine by TiIV sites present within the TS-1 

framework, with the intermediate species subsequently reacting non-catalytically with the 

ketone to synthesise the corresponding oxime in the liquid phase. In order to achieve maximal 



process efficiency, there is clearly a need to balance the rate of H2O2 synthesis over the metal 

component with that of hydroxylamine formation and inhibit competitive H2O2 degradation 

reactions catalysed by metal species, which limit selective utilisation of H2. 



 

Scheme 1. Proposed reaction scheme for the ammoximation of cyclohexanone to the corresponding oxime, via in-situ H2O2 synthesis. 



 

We have recently demonstrated that it is possible to achieve high selectivities towards 

cyclohexanone oxime production via the in-situ synthesis of H2O2, (23) overcoming the 

considerable conditions gap that exists between these two critical processes, with the direct 

synthesis of H2O2 favoured by acidic conditions(24-26) and sub-ambient temperatures(27) 

while cyclohexanone ammoximation is associated with elevated temperatures (80-140 °C) 

and utilises ammonia. Building on this previous study, which focussed extensively on a tandem 

system, consisting of a H2O2 synthesising catalyst used in conjunction with a commercially 

available TS-1, we now focus on a composite bifunctional catalyst, that is able to both 

synthesise H2O2 and subsequently utilise the oxidant in the production of cyclohexanone 

oxime.  

Experimental.  

Catalyst Preparation.  

Mono- and bi-metallic 0.66%Pd-X/TS-1 (where Pd: X = 1:1 (wt / wt) and X = Au, Pt, Ni, Cu, 

Rh, Ir, Co, Mn, Ga, Ag, Sn, Ru, In) catalysts have been prepared by a wet co-impregnation 

procedure, based on a methodology previously reported in the literature. (28) The procedure 

to produce the 0.33%Pd-0.33%Au/TS-1 catalyst (2 g) is outlined below with a similar 

methodology utilised for all mono- and bi-metallic analogues. The requisite amounts of metal 

precursor used for the synthesis of key catalysts is reported in Table S.1.  

PdCl2 (1.100 mL, [Pd] = 6.00 mgmL-1, Sigma Aldrich) and HAuCl4.3H2O (0.539 mL, [Au] = 

12.25 mgmL-1, Strem Chemicals) were charged into a 50 mL round bottom flask, with total 

volume adjusted to 16 mL using H2O (HPLC grade, Fischer Scientific). The resulting mixture 

was heated to 65 °C in a thermostatically controlled oil bath with stirring (600 rpm). Upon 

reaching the requisite temperature TS‐1 (1.987 g, HighChem), was added over the course of 

5 minutes. The resulting slurry was then heated to 85 °C for 16 h to allow for complete 

evaporation of water. The resulting solid material was ground prior to calcination in static air 

(typically 400 °C, 3 h, 10 °C min−1). 

Catalyst Testing.  

Note 1: Reaction conditions used within this study operate below the flammability limits of 

gaseous mixtures of H2 and O2.   

Note 2: The conditions used within this work for H2O2 synthesis and degradation have 

previously been investigated, with the use of sub-ambient reaction temperatures, CO2 reactant 

gas diluent and a methanol co-solvent identified as key to maintaining high catalytic efficacy 

towards H2O2 production. (27)  

Note 3: In all cases, reactions were run multiple times, over multiple batches of catalyst, with 

the data presented an average of these experiments.  



 

Direct synthesis of H2O2.  

Hydrogen peroxide synthesis was evaluated using a Parr Instruments stainless steel 

autoclave with a nominal volume of 100 mL, equipped with a PTFE liner and a maximum 

working pressure of 2000 psi. To test each catalyst for H2O2 synthesis, the autoclave was 

charged with catalyst (0.01 g) and solvent (5.6 g MeOH and 2.9 g H2O, both HPLC grade, 

Fischer Scientific). The charged autoclave was then purged three times with 5%H2/CO2 (100 

psi) before filling with 5% H2 / CO2 (420 psi), followed by the addition of 25%O2/CO2 (160 psi) 

to give a H2: O2 ratio of 1: 2. All pressures are provided as gauge pressures, reactant gases 

were not continuously introduced into the reactor. The temperature was then decreased to 2 

°C (using a HAAKE K50 bath/circulator and an appropriate coolant) followed by stirring (1200 

rpm) of the reaction mixture for 0.5 h. H2O2 productivity 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.  

Degradation of H2O2. 

Catalytic activity towards H2O2 degradation (via hydrogenation and decomposition pathways) 

was determined in a manner similar to that used for measuring the H2O2 direct synthesis 

activity of a catalyst.  The autoclave was charged with methanol (5.6 g, HPLC grade, Fisher 

Scientific), H2O2 (50 wt.% 0.69 g, Merck), H2O (2.21 g, HPLC grade, Fisher Scientific) and 

catalyst (0.01 g), with the solvent composition equivalent to a 4 wt.% H2O2 solution.  From the 

solution, two aliquots of 0.05 g were removed and titrated with acidified Ce(SO4)2 solution 

using ferroin as an indicator to determine an accurate concentration of H2O2 at the start of the 

reaction. The charged autoclave was then purged three times with 5%H2/CO2 (100 psi) before 

filling with 5%H2/CO2 (420 psi). All pressures are provided as gauge pressures, reactant gases 

were not continuously introduced into the reactor. The reaction mixture was cooled to 2 °C 

prior to the reaction commencing upon stirring (1200 rpm). The reaction was allowed to 

proceed for 0.5 h, after which, the catalyst was removed from the reaction solvents via filtration 

and as described previously, two aliquots of 0.05 g were titrated against the acidified Ce(SO4)2 

solution using ferroin as an indicator. Catalyst degradation activity is reported as molH2O2kgcat 

-1h-1.  

Ketone ammoximation via the in-situ synthesis of H2O2.  

Catalysts were evaluated for their activity towards ketone ammoximation with the procedure 

for cyclohexanone ammoximation outlined below using a stainless-steel autoclave (Parr 

Instruments) with a nominal volume of 100 mL, equipped with a PTFE liner and a maximum 

working pressure of 2000 psi.  

 



 

The autoclave was charged with the catalyst (0.075 g), solvent (H2O (7.5 g, HPLC grade, 

Fisher Scientific) and t-BuOH (5.9 g, Merck)), cyclohexanone (0.196 g, 2.0 mmol, Merck) and 

ammonium bicarbonate (0.32 g, 4.0 mmol, Merck). With t-BuOH chosen as co-solvent due to 

the enhanced solubility of H2, in comparison to H2O, and the ability of t-BuOH to aid in the 

maintenance of the -Ti-O-Si- moiety, known to be responsible for the high activity of TS-1. (29) 

The reactor was purged three times with 5%H2/N2 (100 psi) and then filled with 5%H2/N2 (420 

psi) and 25%O2/N2 (160 psi) to give a H2: O2 ratio of 1: 2. All pressures are provided as gauge 

pressures, reactant gases were not continuously introduced into the reactor.  The reactor was 

stirred (100 rpm) while the reaction temperature was raised to 80 OC at which time stirring was 

increased to 800 rpm. The reaction was allowed to run for 6 h, unless otherwise stated, after 

which the reactor was cooled to 25 °C while stirring (100 rpm), using ice water. The reactant 

gas was collected for analysis gas chromatography using a Varian CP-3380 equipped with a 

TCD and a Porapak Q column. To the reaction solution, EtOH (6 g, HPLC grade, Fischer 

Scientific) and diethylene glycol monoethyl ether (external standard, 0.15 g, Merck) were 

added, with the former used to ensure complete homogeneity of the post-reaction solution, 

while the latter was chosen as an external standard. Following this, the catalyst was removed 

by filtration and the resulting solution was analysed by gas chromatography using a Varian 

3800 equipped with FID and a CP-Wax 52 CB column.  

For reactions conducted in the presence of H2 or O2 alone, the pressure of the reagent 

(5%H2/N2 or 25%O2/N2) was identical to that used in the in-situ reaction, with total pressure 

maintained at 580 psi using N2. For reactions using commercial H2O2 (50 wt.%, Fischer 

Scientific) the concentration of H2O2 utilised was identical to that which may be generated if 

all the H2 in the in-situ reaction was converted to H2O2, in this case, the oxidant was added to 

the reaction mixture, prior to the reaction starting and replaced part of the H2O component, 

again total pressure was maintained using N2 (580 psi).    

For reactions utilizing ketones other than cyclohexanone (cyclopentanone, cycloheptanone, 

cyclooctenone and cyclododecanone) all chemicals were purchased from Merck. For 

calibration purposes, cyclohexanone oxime and cyclododecanone oxime were purchased 

from Merck. Cyclopentanone oxime and cycloctanone oxime were purchased from Alfa Aesar, 

while cycloheptanone oxime was purchased from ChemCruz. All chemicals were used as 

received. 

 

 

 

 

 

 



 

 

 

Ketone conversion and selectivity towards the oxime were calculated on the basis of starting 

amount of the ketone, according to Eqs. (1) and (2), respectively.  

𝑋𝑘𝑒𝑡𝑜𝑛𝑒 =
𝑛𝑘𝑒𝑡𝑜𝑛𝑒 (𝑡(0)) − 𝑛𝑘𝑒𝑡𝑜𝑛𝑒 (𝑡(1))

𝑛𝑘𝑒𝑡𝑜𝑛𝑒 (𝑡(0))

 𝑥 100     (1) 

𝑆𝑜𝑥𝑖𝑚𝑒 =  
𝑛𝑜𝑥𝑖𝑚𝑒

𝑛𝑘𝑒𝑡𝑜𝑛𝑒 (𝑡(0)) − 𝑛𝑘𝑒𝑡𝑜𝑛𝑒 (𝑡(1))

 𝑥 100     (2)  

 

Total autoclave capacity was determined via water displacement to allow for accurate 

determination of H2 conversion and oxime selectivity based on H2. When equipped with a 

PTFE liner (reducing nominal volume to 66 mL) the total volume of an unfilled autoclave was 

determined to be 93 mL, which includes all available gaseous space within the autoclave.  

 

H2 conversion and selectivity based on H2 were calculated on the basis of starting amount of 

H2 and the yield of oxime as determined from Eqs. (3) and (4).  

𝑋𝐻2 =
𝑛𝐻2 (𝑡(0)) − 𝑛𝐻2 (𝑡(1))

𝑛𝐻2 (𝑡(0))

 𝑥 100     (3)    

 

 

𝑆𝐻2 =  
𝑛𝑜𝑥𝑖𝑚𝑒

(
𝑛𝐻2 (𝑡(0)) − 𝑛𝐻2 (𝑡(1))

𝑛𝐻2 (𝑡(0))
)

 𝑥 100     (4) 

 

Time-on-line analysis for ketone ammoximation via the in-situ synthesis of H2O2. 

An identical procedure to that outlined above for ketone ammoximation via the in-situ 

production of H2O2 is followed for the desired reaction time. It should be noted that individual 

experiments were carried out and the reaction mixture was not sampled on-line.  

Hot filtration experiments for ketone ammoximation via the in-situ synthesis of H2O2.  

Catalytic activity is determined in a similar manner to that outlined above for ketone 

ammoximation using a 0.66%PdAu/TS-1 catalyst (0.075 g). After a 1.5 h reaction the solid 

catalyst was removed by filtration from the reaction solution and replaced with bare TS-1 

(0.075 g, HighChem), with the reaction solution returned to the autoclave. The reactor was 



then re-charged with reagent gases (5%H2/N2 (420 psi) and 25%O2/N2 (160 psi) and allowed 

to proceed for a further 1.5 h as described above. In this case the bare TS-1 was used as 

received.  

Catalyst reusability in the ammoximation of ketones via the in-situ synthesis of H2O2. 

In order to determine catalyst reusability, a similar procedure to that outlined above for ketone 

ammoximation via the in situ production of H2O2 was followed utilizing 0.3 g of catalyst. 

Following the initial test, the catalyst was recovered by filtration, washed with EtOH (6 g, 

Fischer Scientific) and dried (30 °C, 17 h, under vacuum). Next, 0.075 g of material from the 

recovered catalyst sample was used to conduct a standard ammoximation experiment. 

 

Catalyst characterisation.  

Investigation of the bulk structure of the crystalline materials was carried out 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 – 80°. Phase identification was carried out using the International 

Centre for Diffraction Data (ICDD). 

Note 4: X-ray diffractograms of key as-prepared catalysts are reported in Figure S.1, with no 

reflections associated with active metals, indicative of the relatively low total loading of the 

immobilised metals.   

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(1s) binding energy of adventitious carbon contamination 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 detailed regional 

scans. The intensities of the Au(4f) and Pd(3d) features were used to derive the Au / Pd 

surface ratios and Ti(2p) and Si(2p) features used to derive the Si / Ti surface ratios. All data 

was processed using CasaXPS v2.3.24 using a Shirley background, and modified Wagner 

elemental sensitivity factors as supplied by the instrument manufacturer.  

Note 5: Given the low metal loading of these materials and the propensity for analysis-induced 

reduction the XP data were acquired in an optimised time frame to minimise such reduction 

but still with a workable signal-to-noise ratio. 

Fourier‐transform infrared spectroscopy (FTIR) was carried out with a Bruker Tensor 27 

spectrometer fitted with a HgCdTe (MCT) detector and operated with OPUS software. 

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) measurements were 

taken on a Bruker Tensor 27 spectrometer fitted with a mercury cadmium telluride (MCT) 



detector. A sample was loaded into the Praying Mantis high temperature (HVC-DRP-4) in-situ 

cell before exposure to N2 and then 1% CO/N2 at a flow rate of 50 cm3 min−1. A background 

spectrum was obtained using KBr, and measurements were recorded every 1 min at room 

temperature. Once the CO adsorption bands in the DRIFT spectra ceased to increase in size, 

the gas feed was changed back to N2 and measurements were repeated until no change in 

subsequent spectra was observed. 

Metal leaching was quantified via analysis of post-reaction solutions via inductively coupled 

plasma mass spectrometry (ICP-MS) using an Agilent 7900 ICP-MS equipped with an I-AS 

auto-sampler using a 5-point calibration using certified reference materials from Perkin Elmer 

and certified internal standard from Agilent. All calibrants were matrix matched.    

 

Transmission electron microscopy (TEM) was performed on a JEOL JEM-2100 operating at 

200 kV. Samples were prepared by dry deposition onto 300 mesh copper grids coated with 

holey carbon film. 

Aberration corrected scanning transmission electron microscopy (AC-STEM) was performed 

using a probe-corrected Hitachi HF5000 S/TEM, operating at 200 kV. The instrument was 

equipped with bright field (BF) and high angle annular dark field (HAADF) detectors for high 

spatial resolution STEM imaging experiments. This microscope was also equipped with a 

secondary electron detector and dual Oxford Instruments XEDS detectors (2 x 100 mm2) 

having a total collection angle of 2.02 sr. Additional aberration corrected scanning 

transmission electron microscopy was performed using a ThermoFisher ThemisZ S/TEM, 

operating at 300 keV. The instrument was equipped with high angle annular dark field 

(HAADF) and a segmented DF4 detector for high spatial resolution for high spatial resolution 

STEM-HAADF and STEM-iDPC imaging experiments. The installed Super-X detector has a 

total area of 120 mm2 and 0.7 sr solid angle. In-situ measurements were also conducted using 

the Hitachi HF5000 instrument. The catalytic materials were heated from ambient temperature 

to 400 °C and analysed by STEM-ADF and XEDS to identify structural and compositional 

changes during oxidative heat treatment. 

Results and Discussion.  

Our initial investigations established the efficacy of a range of Pd-based, TS-1 supported, 

bimetallic catalysts, prepared by a wet co-impregnation procedure, towards the direct 

synthesis and subsequent degradation of H2O2 (Table S.2). These experiments were carried 

out under reaction conditions previously optimised to enhance H2O2 stability, namely the 

presence of sub-ambient temperatures, a methanol co-solvent and a CO2 gaseous diluent, all 

of which contribute to the inhibition of H2O2 degradation pathways.(27) The limited activity of 

the bimetallic catalysts towards H2O2 production was clear, with the exception of the 0.33%Pd-

0.33%Pt/TS-1 (38 molH2O2kgcat
-1h-1) and 0.33%Pd-0.33%Au/TS-1 (44 molH2O2kgcat

-1h-1) 

formulations. Perhaps unexpectedly, given the extensive literature reporting the improved 



catalytic performance that can be achieved from the alloying of Pd with Au(30-32) the H2O2 

synthesis activity of the 0.66%Pd/TS-1 catalyst (66 molH2O2kgcat
-1h-1) was found to be superior 

to the PdAu analogue, which may suggest a lack of the synergistic enhancement often 

reported for bimetallic PdAu catalysts. (33,34) However, it is important to note that the rate of 

H2O2 synthesis over the 0.33%Pd-0.33%Au/TS-1 catalyst was far greater than that of the 

0.33%Pd/TS-1 analogue (28 molH2O2kgcat
-1h-1). When also considering the limited activity of 

the 0.33%Au/TS-1 catalyst (2 molH2O2kgcat
-1h-1), it is possible to conclude that the observed 

activity of the bimetallic formulation is not cumulative and a synergistic enhancement does 

indeed result from the alloying of the two metals. Although it may be possible to consider such 

an improvement exists to a lesser extent than that previously reported for a range of supported 

PdAu catalysts. (35,36)    

In keeping with the poor performance of the majority of the bimetallic catalysts towards H2O2 

production, activity towards the ammoximation of cyclohexanone via the in-situ production of 

H2O2 was also found to be limited, again with the exception of the 0.33%Pd-0.33%Pt/TS-1 

(69% oxime yield) and 0.33%Pd-0.33%Au/TS-1 (95% oxime yield) catalysts (Figure 1). The 

significant improvement in cyclohexanone ammoximation activity in the presence of H2 and 

O2 compared to that observed when using either reagent alone should also be noted (Figure 

S.2). Indeed, the in-situ approach also offers increased cyclohexanone oxime yields compared 

to that observed when using preformed H2O2 (70% oxime yield), at a concentration of H2O2 

comparable to that present if all the H2 in the in-situ reaction was converted to H2O2. The 

relatively limited activity observed when using commercial H2O2 can be attributed to the 

complete addition of H2O2 at the start of the reaction, with the continual incremental addition 

of H2O2 over the course of the ammoximation reaction well known to influence the catalytic 

performance of the current industrial process.(37)  



 

Figure 1. Catalytic activity of TS-1 supported Pd-based catalysts towards the ammoximation of 
cyclohexanone via the in-situ synthesis of H2O2. Ammoximation reaction conditions: Ketone (2 
mmol), NH4HCO3 (4 mmol), 5%H2/N2 (4.7 mmol), 25%O2/N2 (6.1 mmol), catalyst (0.075 g), t-BuOH (5.9 
g), H2O (7.5 g), 6 h, 80 OC 800 rpm. Key; Cyclohexanone conversion (black bars), oxime selectivity 
(red bars), oxime yield (blue bars) and carbon balance (crosses). Note 1: Total metal loading is 0.66 
wt.% with Pd: X ratio = 1: 1 (wt/wt). Note 2:  All catalysts were exposed to an oxidative heat treatment 
prior to testing (static air, 400 °C, 3 h, 10 °Cmin-1). 

 

The synergy resulting from the alloying of Pd and Au has been extensively studied for the 

direct synthesis of H2O2(30, 38-40) and a range of selective oxidative transformations (using 

O2 (41-42) and H2O2 (43-44)), with similar observations made within this work for H2O2 direct 

synthesis (Table S.2). Likewise the activity of the bimetallic 0.33%Pd-0.33%Au/TS-1 catalyst 

towards cyclohexanone ammoximation was also found to greatly exceed that observed over 

the 0.66%Au/TS-1 (2% oxime yield) or 0.66%Pd/TS-1 (10% oxime yield) analogues (Figure 

2), with the enhanced activity of the bimetallic formulation further highlighted through 

comparison of catalytic performance as a function of reaction time (Table S.3) and 

determination of apparent reaction rate (Table S.4). Importantly we further observed that when 

the in-situ ammoximation reaction was not limited by cyclohexanone availability (20% 

cyclohexanone conversion at 1.5 h over the 0.33%Pd-0.33%Au/TS-1 catalyst), relatively high 

selective utilisation of H2 (i.e., mols of H2 consumed that lead to the formation of the oxime) 

could be achieved (84% H2 selectivity). This metric was found to decrease as the reaction 

proceeds and the availability of cyclohexanone becomes limited (Table S.3) and can be 

considered to be associated with the increased non-selective consumption of H2 through H2O2 

degradation pathways.  

 

 



 

 

Figure 2. The effect of alloying Au and Pd on catalytic activity towards the ammoximation of 
cyclohexanone via in-situ H2O2 production. Key; Cyclohexanone conversion (black bars), oxime 
selectivity (red bars), oxime yield (blue bars), H2 selectivity (green bars) and carbon balance (crosses).  
Ammoximation reaction conditions: Cyclohexanone (2 mmol), NH4HCO3 (4 mmol), 5%H2/N2 (420 
psi), 25%O2/N2 (160 psi), catalyst (0.075 g), t-BuOH (5.9 g), H2O (7.5 g), 6 h, 80 °C, 800 rpm. Note: Au 
refers to 0.66%Au/TS-1, Pd to 0.66%Pd/TS-1and PdAu to 0.33%Pd-0.33%Au/TS-1.  
   
 

The synergistic enhancement observed through the formation of PdAu alloys has been 

typically attributed to a combination of the disruption of contiguous Pd ensembles and 

electronic modification, with Au acting as a promoter for Pd. (45-47) Indeed, numerous studies 

have demonstrated that the introduction of Au into Pd surfaces not only inhibits the cleavage 

of O-O bonds (in *O2, *OOH or *H2O2 species), and the resulting formation of H2O, but also 

promotes the release of surface-bound H2O2. (38,48) These earlier works coupled with the 

enhanced performance and selectivity of the 0.33%Pd-0.33%Au/TS-1 catalyst suggests that 

the presence of Au is likely key in facilitating the desorption of H2O2 from PdAu surfaces, which 

subsequently diffuses to TiIV sites present within the TS-1 framework, where it is utilised in 

hydroxylamine formation.  With the crucial role of Au established, we next investigated the 

effect of Pd: Au ratio on catalytic performance, while maintaining total metal loading at 0.66 

wt.%. In keeping with our previous studies into PdAu nanoparticles supported on TS-1(28) 

and SiO2(49) as well as our investigations within this work (Table S.2), catalytic activity 

towards both the direct synthesis and subsequent degradation of H2O2 was found to correlate 

well with total Pd content. Indeed, the 0.66%Pd/TS-1 catalyst offered a greater activity towards 



both the direct synthesis of H2O2 (66 molH2O2kgcat
-1h-1), as well as its subsequent degradation 

(209 molH2O2kgcat
-1h-1), in comparison to the Au-only or bimetallic analogues (Table S.5).  

Evaluation of the performance of the TS-1 supported catalysts towards cyclohexanone 

ammoximation identified an optimal nominal composition of 0.33%Pd-0.33%Au/TS-1, with this 

catalyst greatly outperforming either Au-rich or Pd-rich compositions (Figure 3, comparison of 

apparent rates of reaction shown in Table S.6), with the enhanced activity of all PdAu catalysts 

compared to monometallic analogues, further highlighting the role of alloy formation in 

achieving enhanced catalytic performance. The relationship between catalytic activity towards 

the direct synthesis (and degradation) of H2O2 and the in-situ ammoximation of cyclohexanone 

was subsequently compared (Figure S.3) with such observations highlighting the need for 

future catalyst development to focus both on catalytic reactivity towards H2O2 production and 

minimising competitive H2O2 degradation pathways. 

    

Figure 3. The effect of Pd: Au ratio on the catalytic activity of 0.66%PdAu/TS-1 catalysts towards the 
ammoximation of cyclohexanone via the in-situ production of H2O2. Key; Cyclohexanone conversion 
(black bars), oxime selectivity (red bars), oxime yield (blue bars), H2 selectivity (green bars) and carbon 
balance (crosses). Ammoximation reaction conditions: Cyclohexanone (2 mmol), NH4HCO3 (4 
mmol), 5%H2/N2 (420 psi), 25%O2/N2 (160 psi), catalyst (0.075 g), t-BuOH (5.9 g), H2O (7.5 g), 6 h, 80 
°C, 800 rpm.  

 

The catalytic performance of Pd-based catalysts towards H2O2 is known to be highly 

dependent on Pd oxidation state, with a range of studies demonstrating the enhanced efficacy 

of Pd2+-Pd0 domains towards H2O2 production in comparison to Pd2+ or Pd0 counterparts. 

(46,50) An analysis of the supported PdAu catalysts via XPS indicates an increase in Pd0 

content with the introduction of Au (Figure S.4). Such observations suggest that, at least in 
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part, the modification of Pd speciation through alloying with Au may be key to achieving high 

catalytic efficacy. However, it should be noted that such analysis is not representative of metal 

speciation in-situ.  

With our analysis by XPS demonstrating that the formation of PdAu alloys results in a 

considerable modification in Pd speciation (Figure S.4) we were subsequently motivated to 

probe this catalytic series via CO-DRIFTS (Figure S.5). The DRIFTS spectra of all catalysts 

were found to be dominated by Pd-CO bands, with the exception of the Au-rich formulations 

(0.66%Au/TS-1 and 0.11%Pd-0.55%Au/TS-1), where a combination of low (or no) Pd content 

and the transient nature of the Au-CO interaction at ambient temperature is considered the 

cause for the lack of an observable signal for these formulations. (30) It is possible to attribute 

the peaks within the higher wavenumber region of the spectra (approx. 2200-2000 cm-1) to 

CO linearly adsorbed to low coordination Pd sites (i.e., edges or corners), while those centred 

at lower wavenumbers (2000-1800 cm-1) can be assigned to the multi-fold adsorption of CO 

on extended Pd domains (i.e.,  species adsorbed in a bidentate or tridentate manner). The 

alloying of Pd with Au was found to result in a blueshift in the bands related to these bridging 

CO species. Such a shift is in keeping with observations made by Wilson et al. (51) and can 

be attributed to the formation of PdAu alloys and the resulting charge transfer between Au 

Pd.(52) As such, based on our combined XPS and CO-DRIFTS analysis it is possible to 

determine that the observed enhanced activity of the PdAu/TS-1 catalyst, in part, can be 

related to the electronic modification of Pd through the formation of alloy structures.   

With a focus on the optimal 0.33%Pd-0.33%Au/TS-1 formulation, we subsequently broadened 

our investigation to determine the effect of calcination temperature on catalytic performance. 

Analysis by Fourier-transform infrared spectroscopy (FTIR) (Figure S.6, Supplementary Note 

1) reveals no discernible change in the observed positions of absorption bands compared to 

the unmodified support material, over the temperature range studied (85-400 °C) suggesting 

the structure of TS-1 remains unchanged during immobilisation of precious metals and 

subsequent calcination, which is in keeping with the known high thermal stability of TS-1.(53) 

Further analysis by XRD (Figure S.7, Supplementary Note 2) corroborates these observations. 

Notably, no reflections associated with precious metals were observed, which may be 

expected given the low total metal loading of these materials.   

A strong correlation between calcination temperature and catalytic activity toward H2O2 

synthesis, under conditions optimised for H2O2 production, was observed (Table S.7), with the 

need to expose the catalyst to a minimum temperature of 400 °C (3 h, static air) to ensure 

stability under H2O2 direct synthesis conditions (Table S.8). Despite displaying the greatest 

activity towards H2O2 synthesis (80 molH2O2kgcat-1h-1), the performance of the dried-only 

catalyst (85 °C, 16 h, static air) towards the in-situ ammoximation of cyclohexanone was found 

to be extremely limited (6 % oxime yield) (Figure 4). However, upon exposure to an elevated 

oxidative treatment, cyclohexanone oxime yield increased considerably (95 % oxime yield 



after exposure to calcination at 400 °C). Notably, a significant improvement in selective H2 

utilisation was also found to coincide with exposure to increasing calcination temperature. XPS 

analysis of this subset of materials (Figure S.8, Supplementary Note 3) indicated a stark shift 

in Pd: Au ratio and the formation of PdO as a result of high-temperature calcination, which 

may be indicative of nanoparticle agglomeration and Pd surface migration during calcination. 

(54) 

 

 

 

Figure 4. The effect of calcination temperature on catalytic performance of 0.33%Pd-0.33%Au/TS-1 
catalyst towards the ammoximation of cyclohexanone via the in-situ production of H2O2. Key; 
Cyclohexanone conversion (black bars), oxime selectivity (red bars), oxime yield (blue bars), H2 
selectivity (green bars) and carbon balance (crosses). Ammoximation reaction conditions: 
Cyclohexanone (2 mmol), NH4HCO3 (4 mmol), 5%H2/N2 (420 psi), 25%O2/N2 (160 psi), catalyst (0.075 
g), t-BuOH (5.9 g), H2O (7.5 g), 6 h, 80 °C, 800 rpm.  

 

Determination of catalyst stability through ICP-MS analysis of post-reaction solutions revealed 

considerable leaching of Pd after use in the cyclohexanone ammoximation reaction (Table 

S.9), particularly for the dried-only catalyst, with this metric found to decrease substantially 

upon exposure to high-temperature calcination. The leaching of Au was considerably less and 

decreased to zero with exposure to calcination temperatures of greater than 300 °C. Such 

observations are in keeping with earlier investigations into supported PdAu catalysts for a 

range of chemical transformations,(55) including the direct synthesis of H2O2,(56) with the 

improved stability that results from high-temperature oxidative treatment attributed to 

enhanced metal-support interactions.(36, 57) It should be noted that we have recently 

demonstrated the improved stability of PdAu alloys, when compared to Pd-only species, 
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during the in-situ ammoximation of cyclohexanone, and identified that it is the ammonia 

reagent which is primarily responsible for the observed leaching of Pd.(23) As such it is 

possible that the observed decrease in Pd leaching as a result of oxidative thermal treatment 

is indicative of the formation of bimetallic alloys. 

TEM analysis of the 0.33%Pd-0.33%Au/TS-1 catalyst indicated the limited immobilisation of 

the active metal species onto the majority TS-1 component (Figure S.9), with further HAADF-

STEM analysis highlighting the preferential deposition onto the minority TiO2 component 

(Figure S.10). A degree of variation in mean particle size was observed, regardless of the 

calcination temperature employed (Table 1). However, based on TEM analysis a major 

proportion of metal nanoparticles in all samples were found to be below 10 nm, with a number 

of very large particles (>20 nm) also detected, which is typical of the wet impregnation route 

to catalyst preparation. (58,59) Our TEM analysis also revealed a shift in mean nanoparticle 

size upon calcination at elevated temperatures, with this metric increasing from 3.8 nm for the 

dried-only material to 6.6 nm for the analogous catalyst exposed to a calcination temperature 

of 400 °C, although it is again worth highlighting that a significant proportion of the smaller 

(<10 nm) immobilised species are retained despite exposure to high-temperature calcination.  

 

Table 1. Effect of calcination temperature on the mean particle size of the 0.33%Pd-0.33%Au/TS-1 
catalyst, as determined by TEM.  

Calcination 

temperature / °C 

Mean particle 

size/nm (S.D) 

Productivity / 

molH2O2kgcat
-1h-1[a] 

Oxime Yield / %[b] 

Dried Only 3.8 (2.5) 80 6 

200 3.8 (3.9) 62 63 

300 6.2 (5.6) 53 72 

400 6.6 (9.1) 44 95 

[a]H2O2 direct synthesis reaction conditions:  Catalyst (0.01g), H2O (2.9g), MeOH (5.6g), 5% H2 / 
CO2 (420 psi), 25% O2 / CO2 (160 psi), 0.5 h, 2 OC 1200 rpm. [b]Ammoximation reaction conditions:  
Cyclohexanone (2 mmol), NH4HCO3 (4 mmol), 5%H2/N2 (4.7 mmol), 25%O2/N2 (6.1 mmol), catalyst 
(0.075 g), t-BuOH (5.9 g), H2O (7.5 g), 6 h, 80 OC, 800 rpm. Note: The dried-only catalyst was treated 
at 85 °C, 16 h, static air. 
 

Analysis of the dried-only (85 °C, 16 h) 0.33%Pd-0.33%Au/TS-1 catalyst by X-ray energy 

dispersive spectroscopy (XEDS), revealed that the immobilized metal species existed as large 

Au-only nanoparticles, Au-rich alloys or sub-nano Pd-only clusters, notably no Pd-only 

nanoparticles were detected (Figures S.11-13). Upon exposure to calcination temperatures 

exceeding 200 °C it was possible to observe the agglomeration of metal species (Figure 5, 

with further data reported in Figures S.14-15), which aligns with our TEM (Table 1) and XPS 

(Figure S.8, Supplementary Note 3) analysis. A clear shift in nanoparticle composition was 

also observed, with the incorporation of Pd into the larger Au-rich nanoparticles (Figures S.14), 

the formation of Pd-only nanoparticles was also observed, which can be attributed to the 

agglomeration of the Pd clusters identified in the dried-only material. Such analysis, in addition 



to our earlier studies, which revealed the limited activity of monometallic Au and Pd catalysts 

(Figure 2) and that of the dried-only 0.33%Pd-0.33%Au/TS-1 catalyst, (Figure 4) indicates that 

the presence of PdAu alloyed species is largely responsible for the observed reactivity towards 

cyclohexanone ammoximation. However, the minor contribution from elementally segregated 

species should not be disregarded.  



Figure 5. In-situ secondary electron (SE in STEM) imaging and corresponding XEDS analysis (Au (Mα) and Pd (Lα) centred at 2.12 and 2.84 KeV respectively) of the 
indicated nanoparticle demonstrating the formation of PdAu alloys as a result of exposure of the of the 0.33%Pd-0.33%Au/TS-1 catalyst to an oxidative thermal treatment. 
(A) Dried-only, (B) 200 °C, (C) 300 °C and (D) 400 °C. Note: The dried-only sample was exposed to 85 °C, static air, 16 h. Conditions for calcination: static air, 3 h, 10 
°Cmin-1.  

A B 

C D 

50 nm 50 nm 

50 nm 50 nm 



 

 

Detailed analysis of the fresh 0.33%Pd-0.33%Au/TS-1 catalyst (calcined at 400 °C) by 

HAADF-STEM and XEDS elemental mapping (Figure 6, with additional data reported in 

Figures S.16-17) supported our in-situ analysis (Figure 5), and identified the presence of both 

Pd-only nanoparticles and PdAu nanoalloys. A bimodal particle size distribution and a 

distinctive relationship between particle size and elemental composition has been typically 

reported for PdAu catalysts prepared by the wet co-impregnation route to catalyst synthesis, 

where larger particles are found to be Au-rich, PdAu alloys, and the smaller nanoparticles 

consist of Pd-only (54,59). Similar observations can be made in this work, however, it is clear 

from our in-situ STEM analysis (Figure 5) that the PdAu nanoalloys exist over a large particle 

size range, whereas no large (> 20 nm) Pd-only species were observed.        

 

 

Figure 6.  Microstructural analysis of the 0.33%Pd-0.33%Au/TS-1 catalyst including a (A) HAADF-
STEM image showing the preferential deposition of precious metal nanoparticles onto the TiO2 minority 
component and (B) HAADF-STEM image and XEDS mapping of highlighted area showing the presence 
of PdAu alloys and smaller Pd nanoparticles, Au (green), Pd (red),Ti (blue) and Si (yellow). 

 

With the leaching of metal species during use in the in-situ ammoximation reaction established 

(Table S.9) and with a particular focus on the 0.33%Pd-0.33%Au/TS-1 catalyst exposed to a 

high-temperature oxidative heat treatment (400 °C); we next investigated catalyst stability 

upon reuse (Figure S.18) and determined that there was no loss in reactivity, despite the 

observed loss of Pd. Analysis of the used 0.33%Pd-0.33%Au/TS-1 catalyst by HAADF-STEM  

and XEDS correlates well with our ICP-MS analysis and identified that the Pd leaching is 

associated with the loss of the unalloyed Pd species, whereas the PdAu nanoparticles were 

retained after use (Figure S.19). We next  conducted a series of hot-filtration experiments to 

identify the contribution of homogeneous metal species to the observed reactivity (Figure 7. 

A-B). In the absence of the heterogeneous catalyst, no additional cyclohexanone conversion 

was observed, with this metric identical to that during the initial 1.5 h reaction, which was 



conducted in the presence of the 0.33%Pd-0.33%Au/TS-1 catalyst (20% cyclohexanone 

conversion). To determine if the inactivity observed during the two-part hot-filtration 

experiment was due to the removal of the TS-1 component, a further hot-filtration experiment 

was conducted whereby, after the initial 1.5 h experiment the heterogeneous catalyst was 

replaced with an equivalent amount of bare TS-1 (0.075 g), prior to replacing the reactant 

gases and re-commencing the reaction for a further 1.5 h. Some additional conversion of 

cyclohexanone was detected (24% cyclohexanone conversion at 3 h). While this may be 

indicative of a homogeneous component to the reaction it is notable that we did not observe 

any additional formation of cyclohexanone oxime. This in addition to the loss in selectivity to 

desired products in the second part of the hot-filtration experiment, and the known ability of 

TS-1 to catalyse unselective side reactions(60) indicates that the contribution of any leached 

metal species towards cyclohexanone ammoximation, if any, is negligible and that in the 

absence of the heterogenous metal loaded catalyst the TS-1 component alone is responsible 

for the observed increase in cyclohexanone conversion.   

Figure 7. Efficacy of leached species in the ammoximation of cyclohexanone as identified by a hot 
filtration experiment using the 0.33%Pd-0.33%Au/TS-1 catalyst. (A) Cyclohexanone conversion and 
(B) cyclohexanone oxime selectivity. Key:  Heterogeneous catalysed reaction (black squares); hot 
filtration reaction where the catalyst was removed by filtration prior to a final 1.5 h experiment (red 
circles); hot filtration where the catalyst was removed by filtration after 1.5 h and replaced by TS-1 for 
the final 1.5 h of reaction (blue triangles). Note 1: Catalyst exposed to an oxidative heat treatment (3 h, 
400 °C, 10 °Cmin-1, static air) prior to use.  Note 2: In the case of the hot filtration experiment where 
the heterogeneous 0.33%Pd-0.33%Au/TS-1 catalyst was replaced with TS-1 (0.075 g), the TS-1 
catalyst was used as received. Ammoximation reaction conditions: Cyclohexanone (2 mmol), 
NH4HCO3 (4 mmol), 5% H2/N2 (420 psi), 25% O2/N2 (160 psi), catalyst (0.075 g), t-BuOH (5.9 g), H2O 
(7.5 g), reaction time 3 h, reaction temperature 80 OC, stirring speed 800 rpm.  
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Finally, again utilising the optimal 0.33%Pd-0.33%Au/TS-1 catalyst, we extended our studies 

to assess catalytic performance towards the ammoximation of a small range of other ketones 

(cyclopentanone, cycloheptanone, cyclooctanone and cyclododecanone) (Figure 8), with 

many of the corresponding oximes finding application in both the pharmaceutical and polymer 

industries.(61,62) Regardless of substrate, selectivity towards the corresponding oxime was 

found to be high (≥ 90% in all cases), demonstrating the versatility of the in-situ approach to 

oxime formation. However, the extent of substrate conversion was found to differ over the 

series of ketones investigated. This is in keeping with previous studies utilising commercial 

H2O2, with the variation in the rate of ketone conversion considered to be primarily related to 

the differing intrinsic reactivity of the ketones with hydroxylamine, in addition to the limited 

ability of the larger ketones to access the interior pore structure of the titanosilicate.(63)  

Figure 8. Catalytic activity of the 0.33%Au-0.33%Pd/TS-1 catalyst towards the ammoximation of a 
range of ketones, via the in-situ production of H2O2. Key; Ketone conversion (black bars), oxime 
selectivity (red bars), oxime yield (blue bars), H2 selectivity (green bars) and carbon balance (crosses).  
Ammoximation reaction conditions: Ketone (2 mmol), NH4HCO3 (4 mmol), 5%H2/N2 (420 psi), 
25%O2/N2 (160 psi), catalyst (0.075 g), t-BuOH (5.9 g), H2O (7.5 g), 6 h, 80 °C, 800 rpm. 
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Conclusion and Future Perspectives.   

The in-situ synthesis of H2O2 over a bi-functional composite catalyst that is able to both 

synthesise H2O2 and utilise it in the formation of the hydroxylamine intermediate represents 

an attractive alternative to the current industrial route to the ammoximation of cyclohexanone 

and other ketones to the corresponding oxime.  

Within this work we have demonstrated that using Pd-based nanoalloys supported on a 

commercially available TS-1 it is indeed possible to bridge the wide conditions gap that exists 

between the individual reaction pathways (H2O2 synthesis and ketone ammoximation), and 

achieve selectivities and product yields approaching 100%. In particular, the alloying of  Pd 

with Au was found to significantly improve catalytic activity. This is despite the higher H2O2 

synthesis rates observed over the monometallic Pd catalyst and is attributed to the ability of 

Au to modify Pd speciation, inhibit competitive H2O2 degradation pathways (leading to 

enhanced H2 utilisation) and promote the release of the oxidant from metal surfaces for 

utilisation by the TS-1 component. Notably, the formation of PdAu nanoalloys was also found 

to correlate with an improvement in catalyst stability.   

It is considered that the in-situ approach developed herein for ketone ammoximation could 

form the basis of an alternative route to numerous chemical transformations that are currently 

dependent on a combination of preformed H2O2 and TS-1 while allowing for significant process 

intensification. However, with a particular focus on the ammoximation of cyclohexanone, it is 

suggested that future studies be focused on the iterative development of both catalytically 

active species, i.e. the TiIV centres within the TS-1 component and metal sites responsible for 

H2O2 production. There is still clearly a need for improvements in catalyst reactivity and 

selective H2  utilisation to be made, while diffusion limitations associated with the TS-1 pore 

structure should also be considered.  

Furthermore, the loss of TS-1 crystallinity and formation of TiO2 surface species is well known 

to result from the presence of ammonia in reactant streams and lead to catalyst deactivation 

during industrial use as well as promoting precious metal dissolution. While significant 

improvements in TS-1 stability have been made in recent years there is a need to evaluate 

the long-term stability of immobilised metal species under real-world conditions and over 

extended time frames.   

 

 

 

 



 

 

Graphical abstract. 

 

 

Supporting Information.  

Data relating to catalytic activity towards the direct synthesis and subsequent degradation of 

H2O2 and the in-situ oxidation of cyclohexanone to the corresponding oxime, with 

accompanying characterisation of catalytic materials via XRD, FTIR, XPS, CO-DRIFTS, TEM, 

HAADF-STEM and X-EDS.  
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