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Abstract
The direct synthesis of  H2O2 from molecular  H2 and  O2 over Pd-based catalysts, prepared via an industrially relevant, excess 
chloride co-impregnation procedure is investigated. Initial studies into the well-established PdAu system demonstrated the key 
role of Pd: Au ratio on catalytic activity, under conditions that have previously been found to be optimal for  H2O2 formation. 
Further investigations using the optimal Pd: Au ratio identified the role of the catalyst support in controlling particle size 
and Pd oxidation state and thus catalytic performance. Subsequently, with an aim to replace Au with cheaper alternatives, 
the alloying of Pd with more abundant secondary metals is explored.
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1 Introduction

The direct synthesis of hydrogen peroxide  (H2O2), a pow-
erful and environmentally benign oxidising agent, offers 
an attractive alternative to the current means of produc-
tion on an industrial scale, the anthraquinone oxidation 
process. Finding major application in industries that rely 
on its efficacy as a bleaching agent or its high oxidation 
potential,  H2O2 is rapidly replacing commonly used stoi-
chiometric reagents such as permanganate and perchlorate, 
reducing the build-up of unwanted by-products in prod-
uct streams and minimising costs associated with energy 
intensive distillation and purification steps [1].

While the current industrial route to  H2O2 production is 
highly efficient, economies of scale have precluded  H2O2 
manufacture at point of use. Instead  H2O2 is typically 
shipped and stored at concentrations greatly exceeding 
those required by the end user, with the energy utilised 
in numerous purification and concentration steps effec-
tively wasted once the  H2O2 is diluted to required levels 
prior to use [2]. Furthermore, due to the low stability of 
 H2O2, decomposing readily to  H2O at relatively mild tem-
peratures or under an alkali pH, the use of acidic stabiliz-
ing agents is common [3]. While such additives prolong 
the shelf life of  H2O2 they can promote reactor corrosion, 
decrease catalyst lifetime and necessitate the use of addi-
tional purification steps to remove such impurities from 
product streams, with the associated costs passed on to 
the end user [4].

Alternatively, the direct synthesis of  H2O2 from molec-
ular  H2 and  O2 has the potential to avoid many of the draw-
backs associated with the anthraquinone oxidation process, 
allowing for the on-site manufacture of dilute streams of 
 H2O2 [5]. Additionally, the in-situ production of  H2O2 
has been demonstrated to offer improved activity, com-
pared to the use of preformed  H2O2, in a range of selec-
tive chemical transformations, under reaction conditions 
where  H2O2 is considered highly unstable [6–10]. With 
the enhanced performance of the in-situ approach pos-
sibly related to the avoidance of the acid stabilisers that 
are used to inhibit preformed  H2O2 decomposition during 
transport and storage.

The incorporation of Au into supported Pd catalysts has 
been widely reported to result in a synergistic enhance-
ment in catalytic activity towards  H2O2 production [11, 12] 
(with extensive discussion of Au-based catalysis reported 
in [13]), likely occurring through a combination of iso-
lation and electronic modification of Pd sites [12, 14]. 
Indeed, we have previously demonstrated that supported 
PdAu catalysts can offer near complete selectivity towards 
 H2O2, in the absence of the acidic and halogenated pro-
moters typically required to improve catalytic performance 

of Pd-only materials [15–17]. While numerous methods to 
synthesize supported PdAu catalysts for  H2O2 generation 
have been investigated, wet co-impregnation is perhaps 
both the most popular and most facile [18, 19]. However, 
this route to catalyst synthesis is typically somewhat ham-
pered by poor dispersion of active metals, with a bimodal 
distribution of metal nanoparticles previously reported 
[8, 20, 21]. Indeed, detailed STEM-XEDS analysis has 
revealed a distinct relationship between particle size and 
elemental composition, with larger nanoparticles found to 
be Au-rich, while smaller nanoparticles are Pd-rich [22]. 
By comparison the preparation of supported PdAu cata-
lysts via an excess chloride co-impregnation procedure has 
led to significantly improved catalytic efficacy compared 
to conventional wet co-impregnation analogues, with this 
attributed to a combination of increased nanoparticle size 
control, improved compositional uniformity and the for-
mation of random alloy structures [23, 24].

With the performance of PdAu catalysts towards the 
direct synthesis and subsequent degradation of  H2O2 well 
reported to be highly dependent on catalyst support [25] and 
a growing interest in the alloying of Pd with more abundant 
base metals [26–34] we now investigate the wider applica-
bility of the excess chloride co-impregnation methodology 
to catalyst preparation.

2  Experimental

2.1  Catalyst Preparation

1% Au–Pd catalysts supported on a range of common oxide 
supports have been prepared (on a weight basis) by an excess 
chloride wet co-impregnation procedure, based on method-
ology previously reported in the literature [24], which has 
been shown to result in enhanced dispersion of precious met-
als, in particular Au, when compared to conventional wet 
co-impregnation methodologies. The procedure to produce 
0.5%Pd–0.5%Au/TiO2 (2 g) is outlined below, with a similar 
methodology utilised for all supported catalysts (see Table 
S.1 for further details).

Aqueous acidified  PdCl2 solution (1.667 mL, 0.58 M 
HCl, 6 mg  mL−1, Merck) and aqueous  HAuCl4.3H2O solu-
tion (0.8263 mL, 12.25 mg  mL−1, Strem Chemicals) were 
mixed in a 50 mL round bottom flask and heated to 60 °C 
with stirring (1000 rpm) in a thermostatically controlled oil 
bath, with total volume fixed to 16 mL using  H2O (HPLC 
grade). Upon reaching 65 °C,  TiO2 (1.98 g, Degussa, P25) 
was added over the course of 5 min with constant stirring. 
The resulting slurry was stirred at 60 °C for a further 15 min, 
following this the temperature was raised to 95 °C for 16 h to 
allow for complete evaporation of water. The resulting solid 
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was ground prior to heat treatment in a reductive atmosphere 
(flowing 5%  H2 / Ar, 400 °C, 4 h, 10 °C  min−1).

2.2  Catalyst Testing

Note 1: Reaction conditions used within this study operate 
under 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 presence of  CO2 as a diluent for reactant gases and 
a methanol co-solvent have identified as key to maintaining 
high catalytic efficacy towards  H2O2 production [35].

2.3  Direct Synthesis of  H2O2

Hydrogen peroxide synthesis was evaluated using a Parr 
Instruments stainless steel autoclave with a nominal vol-
ume of 100 mL 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 meth-
anol and 2.9 g  H2O, Fischer Scientific, HPLC standard). 
The charged autoclave was then purged three times with 
5%  H2/CO2 (100 psi) before filling with 5%  H2/CO2 to a 
pressure of 420 psi, followed by the addition of 25%  O2/
CO2 (160 psi). The reaction was conducted at a temperature 
of 2 °C, for 0.5 h with stirring (1200 rpm). Reactant gases 
were not continuously supplied.  H2O2 productivity was 
determined by titrating aliquots of the final solution after 
reaction with acidified Ce(SO4)2 (0.0085 M) in the presence 
of ferroin indicator. Catalyst productivities are reported as 
 molH2O2kgcat

−1h−1.
Catalytic conversion of  H2 and selectivity towards  H2O2 

were determined using a Varian 3800 GC fitted with TCD 
and equipped with a Porapak Q column.

H2 conversion (Eq. 1) and  H2O2 selectivity (Eq. 2) are 
defined as follows:

2.4  Degradation of  H2O2

Catalytic activity towards  H2O2 degradation was deter-
mined in a similar manner to the direct synthesis activity 
of a catalyst. The autoclave was charged with methanol 
(5.6 g, Fischer Scientific, HPLC standard),  H2O2 (50 wt. 
% 0.69 g, Merck),  H2O (2.21 g, Fischer Scientific HPLC 
standard) and catalyst (0.01 g), with the solvent composition 

(1)

H2Conversion (% ) =
mmolH2(t(0)) −mmolH2(t(1))

mmolH2(t(0))
× 100

(2)H2O2 Selectivity (% ) =
H2O2detected (mmol)

H2 consumed (mmol)
× 100

equivalent to a 4 wt. %  H2O2 solution. From the solution 2 
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 reac-
tion. The autoclave was pressurised with 5%  H2/CO2 (420 
psi). The reaction was conducted at a temperature of 2 °C, 
for 0.5 h with stirring (1200 rpm). After the reaction was 
complete the catalyst was removed from the reaction mixture 
and two aliquots of 0.05 g were titrated against the acidified 
Ce(SO4)2 solution using ferroin as an indicator. The degra-
dation activity is reported as  molH2O2kgcat −1  h−1.

Note 3: For both  H2O2 direct synthesis and degradation 
experiments the reactor temperature was controlled using 
a HAAKE K50 bath/circulator using an appropriate cool-
ant. Reactor temperature was maintained at 2 °C ± 0.2 °C 
throughout the course of the  H2O2 synthesis and degradation 
reaction.

In all cases reactions were run multiple times, over mul-
tiple batches of catalyst, with the data being presented as an 
average of these experiments. The catalytic activity toward 
the direct synthesis and subsequent degradation of  H2O2 was 
found to be consistent to within ± 2% on the basis of multiple 
reactions.

2.5  Catalyst Characterisation

A Thermo Scientific K-Alpha+ photoelectron spectrometer 
was used to collect XP spectra utilising a micro-focused 
monochromatic Al  Kα X-ray source operating at 72  W 
(6 mA × 12 kV). Samples were mounted by pressing into 
a copper sample holder using an IPA cleaned spatula and 
subsequently analysed using the 400 μm spot mode at pass 
energies of 40 and 150 eV for high-resolution and survey 
spectra with step sizes of 0.1 and 1 eV respectively. Charge 
compensation was performed using a combination of low 
energy electrons and argon ions, which resulted in a C(1 s) 
binding energy of 284.8 eV for the adventitious carbon pre-
sent on all samples and all samples also showed a constant 
Ti(2p3/2) of 458.5 eV. All data was processed using CasaXPS 
v2.3.24 [36] using a Shirley background, Scofield sensitivity 
factors [37] and an electron energy dependence of − 0.6 as 
recommended by the manufacturer. Peak fits were performed 
using a combination of Voigt-type functions and models 
derived from bulk reference samples where appropriate.

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 40 mA. Standard analysis was 
carried out using a 40 min run with a back filled sample, 
between 2θ values of 10—80°. Phase identification was car-
ried out using the International Centre for Diffraction Data 
(ICDD).
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Total metal leaching from the supported catalyst was 
quantified via inductively coupled plasma mass spectrom-
etry (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.

Brunauer – Emmett – Teller (BET) surface area measure-
ments were conducted using a Quadrasorb surface area ana-
lyzer. A five-point isotherm of each material was measured 
using  N2 as the adsorbate gas. Samples were degassed at 
250 °C for 2 h prior to the surface area being determined by 
five-point  N2 adsorption at − 196 °C, and data were analyzed 
using the BET method.

3  Results and Discussion

Our initial studies, under reaction conditions which have 
previously been optimised for  H2O2 production [35] and 
using  TiO2 (P25) as the catalyst support, established the 
effect of Pd: Au ratio the catalytic activity of supported 
metal catalysts prepared via an excess-chloride methodol-
ogy towards  H2O2 synthesis and its subsequent degradation 
(Fig. 1). It should be noted that such a route to catalyst syn-
thesis has previously been demonstrated to resulted in the 
enhanced dispersion of Au and the improved formation of 
PdAu random alloy morphologies [23]. In keeping with pre-
vious works into such analogously prepared PdAu catalysts 

we observed a direct correlation between catalytic activity 
towards both the direct synthesis and subsequent degrada-
tion of  H2O2 and Pd content [35]. Indeed, the  H2O2 synthesis 
activity of the 1%Pd/TiO2 (103  molH2O2kgcat

−1h−1) catalyst 
was observed to be significantly greater than that of the 
0.5%Pd-0.5%Au/TiO2 analogue (83  molH2O2kgcat

−1h−1), with 
apparent reaction rates reported in Table S.2. However, the 
bi-metallic catalyst was found to be far more selective, with 
 H2O2 degradation rates (130  molH2O2kgcat

−1h−1) three times 
lower than the Pd-only catalyst (390  molH2O2kgcat

−1h−1). We 
have previously determined a strong correlation between 
the mean particle size of identically prepared PdAu cata-
lysts and Pd content [35]. Indeed we have observed that the 
introduction of Pd into a supported Au nanoparticle results 
in a significant reduction in mean nanoparticle size, from 
approximately 8 nm in the case of the 1%Au/TiO2 catalyst 
to below the limit of detection (approx. 1 nm) for the corre-
sponding Pd-only analogue [35]. With the poor selectivity of 
smaller nanoparticles towards  H2O2 previously reported [26, 
38] we consider that the high degradation rates of the Pd-
rich catalysts can be related, at least in part to differences in 
particle size across this series of catalysts. However, analysis 
via XPS also revealed the alloying of Au with Pd is also able 
to inhibit the formation of the large domains of  Pd0 that are 
present in the monometallic catalyst, despite exposure to a 
reductive heat treatment (5%H2/Ar, 400 °C, 4 h). Indeed, 
the bi-metallic PdAu catalysts are observed to consist of 
a mix of both  Pd2+ and  Pd0 (Figure S.1). The presence of 
these domains of mixed oxidation state has previously been 
identified as a key factor in dictating catalytic selectivity 
[39, 40] and as such we consider that the improved catalytic 
performance of the bi-metallic catalysts can be attributed to 
both a control of particle size and modification of Pd oxida-
tion state.

With the clear enhancement in catalyst performance 
observed when Pd and Au are present at equal loading our 
subsequent studies established the efficacy of a series of 
supported PdAu catalysts, with a total metal loading of 1 
wt.% and Pd: Au ratio of 1: 1 (wt/wt), towards the direct 
synthesis and subsequent degradation of  H2O2 (Table 1). 
A strong dependency between catalytic performance and 
the choice of the support was observed, with the enhanced 
activity of the  TiO2 (85  molH2O2kgcat

−1h−1),  Al2O3 (75 
 molH2O2kgcat

−1h−1), and  SiO2 (72  molH2O2kgcat
−1h−1) 

supported catalysts clear. The improved activity of these 
materials is further evidenced through comparison of ini-
tial reaction rate, where the contribution from competitive 
 H2O2 degradation reactions is considered to be negligible 
(Table S.3). Previous studies have identified the limited 
 H2O2 synthesis activity of PdAu nanoparticles immobi-
lised on  Al2O3 and  SiO2, compared to  TiO2 supported ana-
logues when prepared via a conventional wet co-impreg-
nation technique, i.e. in the absence of excess halide [41, 

Fig. 1  Catalytic activity of 1%PdAu/TiO2 catalysts towards the direct 
synthesis and subsequent degradation of  H2O2, as a function of Au: 
Pd ratio.  H2O2 direct synthesis reaction conditions: Catalyst (0.01 g), 
 H2O (2.9  g), MeOH (5.6  g), 5%  H2/CO2 (420 psi), 25%  O2/CO2 
(160 psi), 0.5 h, 2  °C, 1200  rpm.  H2O2 degradation reaction condi-
tions: Catalyst (0.01 g),  H2O2 (50 wt.% 0.68 g)  H2O (2.22 g), MeOH 
(5.6 g), 5%  H2 /  CO2 (420 psi), 0.5 h, 2 OC 1200 rpm
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42]. However, we have demonstrated that by synthesising 
these catalysts via an excess chloride route it is possible 
to enhance the activity of the  Al2O3 and  SiO2 supported 
materials, so that  H2O2 synthesis rates are comparable to 
the  TiO2 analogue. Meanwhile ICP-MS analysis of post-
H2O2 synthesis reactions revealed the high stability of the 
supported catalysts (Table S.4). As expected, investigation 
of the activity of the support materials, in the absence of 
the precious metals, identified the limited contribution to 
both  H2O2 production and degradation (Table S.5), indi-
cating that the observed activity of the catalysts is associ-
ated with the precious metal nanoparticles.

Numerous studies have identified that the choice of cata-
lyst support may have a major effect on catalytic perfor-
mance, influencing the degree of alloy formation, nanopar-
ticle morphology and metal dispersion [25, 41, 43]. Indeed, 
we have shown that the isoelectric point of the support 
(i.e., the pH at which the surface has zero net charge and 
an indication of catalyst acidity/basicity), is a crucial factor 
in determining the performance of PdAu catalysts prepared 
via a conventional wet co-impregnation methodology, with 
supports of low isoelectric point reported to offer enhanced 
rates of  H2O2 synthesis [25]. While it may be expected that 
the use of supports of lower isoelectric point and therefore 
of greater acidity, may lead to an enhanced catalytic perfor-
mance we do not observe such a trend in activity/selectivity 
(Table S.6). It should be noted that we have previously dem-
onstrated that when many of the materials used as supports 
in this work are used as solid additives for a supported AuPd 
catalyst there is a negligible effect on catalytic performance 
[44]. This in addition to the negligible activity of all support 
materials to degrade  H2O2 (Table S.5) may be indicative 
of the limited role of support acidity/basicity on catalytic 
performance.

Analysis of the supported PdAu catalysts via X-ray dif-
fraction (Figure S.2.A-F) indicates that for a minority of the 
catalysts metal dispersion may be poor, with clear reflections 
associated with precious metals observed in the as-prepared 
 CeO2 and  SiO2 supported catalysts. This is despite the high 
surface area of the latter material (314  m2g−1, surface areas 
as determined via BET reported in Table S.7) and is in keep-
ing with our previously investigations into PdAu catalysts 
prepared on a range of oxide supports via a conventional wet 
co-impregnation route [23, 25, 42, 45].

As discussed previously the role of Pd oxidation state 
in controlling catalytic performance towards the direct syn-
thesis of  H2O2 has been well studied [46, 47], with the for-
mation of domains of mixed Pd oxidation state suggested 
to be a key factor in achieving enhanced catalytic efficacy 
towards the direct synthesis of  H2O2. Indeed, catalysts con-
sisting of such domains have been reported to offer improved 
performance compared to those that consist predominantly 
of  Pd2+ or  Pd0 [39, 40]. Analysis of the supported PdAu 
catalysts via XPS reveals that the choice of catalyst support 
can significantly alter surface Pd speciation (Figure S.3), 
despite exposure to a reductive heat treatment prior to use 
(5%H2/Ar, 400 °C, 4 h, 10 °C  min−1) all catalysts studied 
were observed to consist of a mixture of Pd oxidation states, 
with the exception of the 0.5%Pd-0.5%Au/ZrO2 catalyst, 
which was found to exist entirely of  Pd0. Interestingly, analy-
sis of the 0.5%Pd-0.5%Au/CeO2 catalyst revealed a major 
proportion of Pd exits as neither PdO or  Pd0, but rather as 
 PdClx, which further highlights the key role of the support 
in determining Pd speciation. Additionally, it should be 
noted that the weak signals in the Pd3d XPS spectra for 
both the 0.5%Pd–0.5%Au/SiO2 and 0.5%Pd–0.5%Au/Al2O3 
catalysts preclude a reliable determination of Pd speciation, 
although it is possible to infer that  Pd2+ is the dominant 

Table 1  Catalytic activity of supported PdAu catalysts towards the direct synthesis and subsequent degradation of  H2O2, as a function of catalyst 
support

H2O2 direct synthesis reaction conditions: Catalyst (0.01 g),  H2O (2.9 g), MeOH (5.6 g), 5%  H2/CO2 (420 psi), 25%  O2/CO2 (160 psi), 0.5 h, 
2 °C, 1200 rpm.  H2O2 degradation reaction conditions: Catalyst (0.01 g),  H2O2 (50 wt.% 0.68 g)  H2O (2.22 g), MeOH (5.6 g), 5%  H2/CO2 (420 
psi), 0.5 h, 2 OC 1200 rpm. Note 1: All catalyst exposed to a reductive heat treatment (5%H2/Ar, 4 h, 400 °C, 10°Cmin−1) prior to use. Note 2: 
Reaction rates upon are calculated based on theoretical metal content.

Catalyst Productivity/mol-
H2O2kgcat

−1  h−1
H2O2 conc/wt.% H2 conv/% H2O2 sel/% Rate of reaction/mmol-

H2O2mmolmetal
−1  h−1

Degradation/
molH2O2kg-
cat

−1  h−1

0.5%Pd/TiO2 68 0.136 14 44 1.44 ×  103 181
1%Pd/TiO2 88 0.178 17 38 9.24 ×  102 413
0.5%Pd-0.5%Au/TiO2 85 0.170 19 54 1.22 ×  103 180
0.5%Pd-0.5%Au/  Al2O3 75 0.150 13 29 1.03 ×  103 196
0.5%Pd-0.5%Au/  SiO2 72 0.145 8 53 9.97 ×  102 158
0.5%Pd-0.5%Au/ZrO2 10 0.020 7 43 9.6 ×  101 94
0.5%Pd-0.5%Au/CeO2 15 0.030 8 45 2.04 ×  102 130
0.5%Pd-0.5%Au/Nb2O5 11 0.023 5 34 1.48 ×  102 242
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species, given the larger signal intensity in the 336–337 eV 
range for these catalysts. The weak XPS signals are consist-
ent with our XRD analysis, which indicates the presence of 
larger metal nanoparticles in the  Al2O3 and  SiO2 supported 
catalysts (Figure S.2.A and C). However, this clearly does 
not limit catalytic performance to any large extent, with both 
catalysts offering reasonable activity towards  H2O2 produc-
tion, with synthesis rates of 75  molH2O2kgcat

−1h−1 and 72 
 molH2O2kgcat

−1h−1 reported for the  Al2O3 and  SiO2 based 
materials, comparable to that observed over the  TiO2 sup-
ported analogue (85  molH2O2kgcat

−1h−1).
In recent years a growing focus has been placed on the 

use non-precious metal containing Pd-based alloys for the 
direct synthesis of  H2O2 including, but not limited to Pb 
[48], Sn [26, 32], Ni [28], Zn [34], Ga [30], Cu [27], Co 
[49] and Fe [7, 10, 50]. With these previous studies in mind 
and with an aim to reduce financial costs associated with 
catalyst synthesis, we subsequently investigated the efficacy 
of alloying Pd with a range of abundant transition metals. 
With catalytic performance towards the direct synthesis and 
subsequent degradation of  H2O2 over a standard 0.5 h reac-
tion reported in Table 2 and determination of initial reac-
tion rates reported in Table S.8. The introduction of a range 
of transition metals was found to inhibit  H2O2 degradation 
rates considerably, compared to the 1%Pd/TiO2 catalyst (413 
 molH2O2kgcat

−1h−1), with a corresponding increase in cata-
lytic selectivity towards  H2O2 during the direct synthesis 
reaction also observed for many catalyst formulations. In 
particular the addition of Co (56%  H2O2 selectivity) and Zn 
(68%  H2O2 selectivity) was observed to result in a consid-
erable improvement in catalytic selectivity towards  H2O2. 
Indeed, for all of the bimetallic Pd-based catalysts, with 
the exception of the 0.5%Pd-0.5%Pt/TiO2 analogue,  H2O2 

degradation rates were found to be considerably lower than 
that observed over the 0.5%Pd-0.5%Au/TiO2 catalyst (180 
 molH2O2kgcat

−1h−1). However, despite the improved selectiv-
ity of these bi-metallic Pd-based catalysts, a corresponding 
improvement in  H2O2 synthesis activity was not observed. 
While not as active as the 1%Pd/TiO2 or 0.5%Pd-0.5%Au/
TiO2 catalysts to  H2O2 synthesis we consider that the PdCo 
(76  molH2O2kgcat

−1h−1) and PdZn (51  molH2O2kgcat
−1h−1) 

formulations in particular to be of interest and to warrant 
further future investigation.

BET analysis of the Pd-based catalysts (Table S.9) indi-
cates differences in catalytic performance cannot be associ-
ated with changes in catalyst surface area, while subsequent 
analysis via XRD (Figure S.4 A-B) reveals that, as with our 
earlier studies (Figure S.2.F), the formation of large metal 
nanoparticles may be avoided through the careful selection 
of catalyst support. Further evaluation via XPS (Figure S.5) 
demonstrates that the incorporation of all secondary metals 
significantly enhances the proportion of  Pd2+ compared to 
the Pd-only catalyst, which was found to consist entirely 
of  Pd0 (Figure S.1). This correlates well with the observed 
decrease in  H2O2 degradation rates and improvements in 
 H2O2 selectivity upon the introduction of secondary metals.

It should be noted that while the 0.5%Pd-0.5%Cu/TiO2 
catalyst was found to consist of both  Pd2+ and  Pd0 spe-
cies, which has typically been found to correlate well with 
improved catalytic performance, both  H2O2 production (3 
 molH2O2kgcat

−1h−1) and subsequent degradation activity 
(105  molH2O2kgcat

−1h−1) was found to be limited. Addition-
ally, determination of  H2 conversion indicates a signifi-
cant reduction in this metric with the introduction of Cu 
into a supported Pd catalyst (3%  H2 conversion). As such 
we consider Cu to act as an inhibitor of catalytic activity, 

Table 2  Catalytic activity of bimetallic Pd-based catalysts towards the direct synthesis and subsequent degradation of  H2O2, as a function sec-
ondary metal

H2O2 direct synthesis reaction conditions: Catalyst (0.01 g),  H2O (2.9 g), MeOH (5.6 g), 5%  H2/CO2 (420 psi), 25%  O2/CO2 (160 psi), 0.5 h, 
2 °C, 1200 rpm.  H2O2 degradation reaction conditions: Catalyst (0.01 g),  H2O2 (50 wt.% 0.68 g)  H2O (2.22 g), MeOH (5.6 g), 5%  H2/CO2 (420 
psi), 0.5 h, 2 °C 1200 rpm. Note: All catalyst exposed to a reductive heat treatment (5%H2/Ar, 4 h, 400 °C, 10 °C min-1) prior to use.

Catalyst Productivity/mol-
H2O2kgcat

−1  h−1
H2O2 conc./wt.% H2 conv./% H2O2 sel. /% Rate of reaction/mmol-

H2O2mmolmetal
−1  h−1

Degradation/
molH2O2kg-
cat

−1  h−1

0.5%Pd/TiO2 68 0.136 14 44 1.44 ×  103 181
1%Pd/TiO2 88 0.178 17 38 9.24 ×  102 413
0.5%Pd-0.5%Au/TiO2 85 0.170 19 54 1.22 ×  103 180
0.5%Pd-0.5%Fe/  TiO2 32 0.065 8 39 2.24 ×  102 133
0.5%Pd-0.5%Co/  TiO2 76 0.152 24 56 5.72 ×  102 165
0.5%Pd-0.5%Ni/  TiO2 37 0.074 6 32 2.81 ×  102 162
0.5%Pd-0.5%Cu/  TiO2 3 0.005 5 21 2.7 ×  101 105
0.5%Pd-0.5%Pt/  TiO2 64 0.123 29 41 4.62 ×  102 203
0.5%Pd-0.5%Zn/TiO2 51 0.102 15 68 4.09 ×  102 137
0.5%Pd-0.5%In/TiO2 27 0.050 8 53 2.07 ×  102 128



The Direct Synthesis of Hydrogen Peroxide Over Supported Pd‑Based Catalysts: An Investigation…

1 3

with these observations in keeping with numerous previ-
ous studies [7, 51–53].

4  Conclusion

The ability of Au incorporation to improve the catalytic 
activity of Pd-based catalysts towards the direct synthe-
sis of  H2O2 is established utilising  TiO2 (P25)-supported 
materials, prepared via an excess chloride wet co-impreg-
nation procedure. Unlike in earlier studies that focussed on 
conventional wet co-impregnation routes, which avoid the 
use of high quantities of HCl during catalyst synthesis, a 
direct correlation between Pd content and  H2O2 degrada-
tion rate was observed. This is attributed to the significant 
decrease in particle size that accompanies a shift towards 
Pd-rich compositions. Utilizing a range of catalyst sup-
ports and an optimal Pd: Au ratio the applicability of the 
excess chloride route to catalyst preparation was subse-
quently investigated, with the choice of catalyst support 
shown to control Pd speciation and nanoparticle size, and 
subsequently catalytic performance. Finally, the replace-
ment of Au with a number of base metals was found to 
inhibit  H2O2 degradation activity significantly, achieving 
degradation rates generally less than the corresponding 
PdAu catalyst and substantially less than the Pd-only ana-
logue. While the catalytic performance of these Pd-based 
bimetallic catalysts towards  H2O2 synthesis was found to 
be lower than both the Pd-only and PdAu catalysts the 
potential cost savings that may result from Au replacement 
with cheaper alternative metals is highly attractive and in 
particular we consider that the PdCo and PdZn catalysts to 
represent a promising basis for further exploration.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10562- 022- 03967-8.
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