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Abstract 

Radicals are key intermediates in numerous reactions. Their high reactivity enables various 

transformations to occur under mild conditions, however, also brings great challenges to 

control their reactions especially over heterogeneous catalysts. Here we propose to use metal 

nanoparticles to directly steer the conversion of free radical species. Results from 

photocatalytic reactions, in situ transient absorption spectroscopy, and theoretical simulation 

demonstrate that supported Pd nanoparticles can efficiently stabilize free radical species 

generated from photo-excited TiO2, and thus manipulate their conversion on catalyst surface, 

owing to the enhanced electronic interactions between metal and radical species. These 

understandings are crucial for the design of advanced heterogeneous catalytic systems with 

controllable radical reactions.

Keywords: Metal-radical interaction, radical reaction, photocatalysis, catalytic mechanism 
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Introduction

Radicals are key species in chemistry. The intrinsic structures with unpaired electrons 

render the radical species highly reactive to undergo numerous important transformations, such 

as coupling reactions for the rapid construction of valuable pharmaceutical molecules and bond 

scission reactions for renewable biomass valorization [1-3]. Traditionally toxic and hazardous 

reagents are required to deliver the desired radicals [4-5]. In recent years, the rapid development 

of photocatalysis has fuelled new energy into radical chemistry as electron transfer between 

excited photocatalyst and substrate can provide efficient access to active radical intermediates 

under mild conditions, and in some cases, inexhaustible solar light can be directly used as the 

driving force [5-6]. The high reactivity, on the other hand, represents great challenges to control 

the subsequent conversion of active radicals, which necessitates the development of effective 

catalytic strategies. In homogeneous systems, in addition to a photocatalyst to furnish radical 

intermediate under irradiation, a second catalytic center (e.g., Ni, Cu, or Pd complex) is usually 

adapted to manipulate the subsequent conversion of generated radical species to undergo 

targeted reaction. This strategy, known as dual catalysis or metallaphotocatalysis [7-8], has 

greatly facilitated the development of many useful protocols for C–C and C–heteroatom bond 

formation. In contrast, the conversion of radical intermediate is less controllable over 

heterogeneous photocatalysts. Under irradiation, semiconductor-based photocatalysts, such as 

TiO2, can readily activate various substrates into corresponding radical species with photo-

generated carriers, but generally play a marginal role in the sequential reaction of radical 

intermediates [9-10]. That is, generated radical species are prone to react in a free and 

unspecific manner. They would undergo hydrogen abstraction, dimerization, and 
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disproportionation reactions, or further oxidize to corresponding cations which would 

eventually transform into a range of complex products [11]. Manley et al. investigated the 

homo-coupling of radicals derived from carboxylic acid decarboxylation over TiO2-based 

photocatalysts, and found that the product yields varied dramatically with different substrates 

[12-13], indicating the uncontrollable reactivity of radical species. In order to achieve the 

selective conversion of radical intermediates, for example, C–C coupling reaction, researchers 

have to use some delicately designed radical acceptors or a large excess amount of less active 

coupling agents to kinetically suppress unwanted radical side-reactions [12, 14-16], which 

limits the further development of heterogeneous photocatalysis for practical applications. In 

this context, the fabrication of catalytic sites on semiconductor to directly manipulate the 

reactivity of key radical intermediate would be favorable.

The interaction between metal catalyst and radical species is an important topic in 

catalysis. The chemistry of hydrocarbon radicals chemisorbed on metal has been thoroughly 

investigated in surface science, which provides comprehensive insight into the fundamental 

processes in petrochemical industry [17-18]. The metal-radical interaction has also been 

demonstrated to play an important role in the conversions of in situ generated radicals on metal 

center, such as their selective coupling reactions [19-21]. Moreover, Meyerstein and colleagues 

found that metal nanoparticles can considerably prolong the lifetime of methyl radical 

generated from γ-irradiation stimulation in aqueous solution [22-23]. Similarly, Zhang et al. 

reported that persistent nitroxyl radicals are capable of reversibly chemisorbing on gold 

nanoparticles via electronic interactions between the unpaired electrons and the metallic 

particles [24]. Inspired by these studies, we envisioned that making use of metal-radical 

Page 5 of 58

http://www.cjcatal.com

Chinese Journal of Catalysis

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Review Only

interaction may provide great opportunities to stabilize active free radical intermediates and 

subsequently steer their conversion in a controllable manner. However, the ability of metal 

catalysts to directly intervene the reactions of extraneous radical species, for instance, those 

generated on the photo-excited semiconductors (the most frequent situation in heterogeneous 

photocatalysis), remains largely unexplored. In addition, free radicals are known for their high 

reactivity and short lifetime. For example, the rate constant for homo-coupling of benzyl radical 

is about 4 × 109 L mol-1 s-1, which means it can react in rates close to the diffusion-controlled 

limit in solution [25]. These features make the feasibility of our proposal to tune the conversion 

of extraneous free radical with metal catalyst more questionable.

In this article, we devote to studying the interactions between metal catalyst and free 

radical species, the fundamental issue in heterogeneous catalysis and radical chemistry. The 

influence of various supported metal catalysts (Pt, Au, Ni, Rh, and Pd) on the conversion of 

benzyl radical derived from photo-excited TiO2 was investigated in detail with experimental, 

spectral and computational methods. Especially, in situ transient absorption (TA) spectroscopy 

revealed the distinct reaction kinetics of active radical species over different metal/TiO2 

catalysts. These combined evidences demonstrate that Pd nanoparticles are able to stabilize 

extraneous free radicals and control their subsequent conversion, owing to the unique electronic 

structure of Pd. Such strong metal-radical interaction offers great opportunities to design 

efficient heterogeneous catalysts for selective radical reactions.
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Figure 1. (A) Reaction network of phenylacetic acid conversion over metal/TiO2 catalyst. (B) 

Photocatalytic conversion of phenylacetic acid and 2-phenylisobutyric acid over metal/TiO2 

catalysts. Reaction conditions: Substrate (0.15 mmol), photocatalyst (5 mg), acetonitrile (1.2 

mL), Ar (0.1 MPa), room temperature (30 ± 5  °C), LEDs (365 nm, 18 W) irradiation for 3 h. 

Conversion and selectivity were determined by GC analysis.

Results and discussion

As a proof of concept, photocatalytic decarboxylation of phenylacetic acid 1 over 

metal/TiO2 catalyst was chosen as model reaction. Phenylacetic acid 1 tends to dissociatively 

adsorb on TiO2 surface, and under irradiation, photo-generated hole on TiO2 can oxidize 

adsorbed carboxylate into an unstable carboxyl radical which would rapidly decompose into 

CO2 and a free benzyl radical [26]. It is notable that oxidative decarboxylation of carboxylic 

acid is a convenient and effective protocol to deliver active radical intermediate, which has 

been widely applied in synthetic chemistry [27]. On the other hand, photo-generated electron 

would migrate to the metal deposits and reduce proton to form surface hydrogen species which 

would subsequently combine to release H2. If the benzyl radical can be stabilized on metal 

catalyst center as we expect, it would preferentially combine with active hydrogen species on 

metal and deliver toluene as major product owing to the spatial proximity (Route I in Figure 

1A). Otherwise, the radical intermediate would be free to diffuse and react randomly. It would 
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undergo homo-coupling to generate bibenzyl or react with the hydrogen species on metal to 

yield toluene, which eventually leads to a less selective product mixture (Route II in Figure 

1A). Consequently, we can facilely deduce the interactions between metal and radical 

intermediate from the product distribution in the decarboxylation reaction over metal/TiO2 

catalysts. In addition, benzyl radical intermediate has strong and characteristic absorption 

bands in UV region, which makes it convenient to track the radical kinetics with in situ TA 

spectroscopy (vide infra). 

A series of metal/TiO2 catalysts (metal = Pt, Au, Rh, Ni, Pd) were prepared by an 

impregnation-calcination method, and used as the model catalysts to verify our hypothesis. 

Their powder XRD spectra indicate a characteristic pattern of mixed-phase TiO2 (Degussa P25) 

(Figure S1). TEM images reveal that for Pt, Rh, Ni and Pd catalyst, the metal nanoparticles are 

dispersed on TiO2 with a similar average size (1.6-1.8 nm) (Figure S2). However, metal 

aggregation is observed over Au/TiO2 probably owing to the relatively weak interaction 

between Au and TiO2. The size of Au nanoparticles is about 60-80 nm. In addition, CO-

adsorption FT-IR study demonstrates that metal species dominantly exist in their metallic form 

for the synthesized catalysts (Figure S3, for detailed explanation, please refer to Supplement 

Note S1). As shown as in Figure 1B, the reaction of phenylacetic acid 1 is greatly influenced 

by the metal/TiO2 catalyst employed. After irradiation for 3 h, the substrate was completely 

converted over Pt/TiO2 and Pd/TiO2 catalyst, and as predicted, benzyl radical was detected as 

the key intermediate during the reaction (Figure S4). In contrast, the conversion was rather low 

(< 20%) over Au/TiO2 and Ni/TiO2 catalyst. Such large gaps in conversion are expected to 

result from the distinct separation efficiencies of photo-generated carriers over different 
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catalysts. Photo-generated holes are the vital species to initiate the decarboxylation reaction. 

Meanwhile, Pd and Pt are the most effective metal co-catalysts to abstract electrons from 

excited TiO2 and suppress the recombination process of photo-generated carriers [28]. 

Therefore, more holes are available to oxidize substrates on Pt/TiO2 and Pd/TiO2 catalyst, thus 

resulting in a remarkably faster conversion rate. In addition, other semiconductor 

photocatalysts with Pd deposition showed negligible activity for phenylacetic acid 1 activation 

(Figure S5), further demonstrating that TiO2 is the active site to transform substrate into benzyl 

radical over metal/TiO2 catalyst.

The subsequent conversion of benzyl radical determines product distribution. A similar 

product distribution was obtained over Pt/TiO2, Au/TiO2 and Rh/TiO2, yielding bibenzyl as the 

major product (selectivity 48-64%) and toluene as the minor product (selectivity 35-40%) 

(Figure 1B). When Ni/TiO2 was used as catalyst, the selectivity of toluene derived from the 

combination of radical intermediate and surface hydrogen species dropped to 7%, while 

bibenzyl was generated as the dominant product. This may be due to the intrinsic catalytic 

property of Ni as a similar result was reported in the electrocatalytic hydrogenation of 

benzaldehyde over different carbon-supported metal catalysts [29]. Compared to Pt, Rh and 

Pd, Ni delivered a markedly lower Faradaic efficiency toward aldehyde hydrogenation and 

instead, the hydrogen species on Ni would prefer to undergo H2 evolution reaction. According 

to our proposed reaction patterns (Figure 1A), benzyl radical tends to react as a free radical 

over these four metal/TiO2 catalysts, which is in accord with previous literatures [30-31]. 

However, a completely different product distribution was attained over Pd/TiO2 catalyst. 

Toluene was obtained in a high yield (77%), whereas the production of bibenzyl from free 
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radical coupling only accounted for a minor proportion (16% yield), which implies a 

remarkably different reaction pattern for benzyl radical conversion over Pd/TiO2 catalyst. We 

speculate that the benzyl radical generated on TiO2 may adsorb and be stabilized on Pd 

nanoparticles which are rich in active hydrogen species as a result of continuous electron-

induced proton reduction during the reaction. Therefore, it would preferentially go through a 

hydrogen termination process to produce toluene. This also can be demonstrated by the gaseous 

product analysis (Figure S6). Both Pt/TiO2 and Pd/TiO2 catalysts can achieve the full 

conversion of substrate after a reaction time of 3 h. However, compared to Pt/TiO2, 

significantly lower amount of H2 was generated over Pd/TiO2, which indicates that electron-

induced hydrogen species on Pd dominantly react with benzyl radicals instead of forming H2. 

It is known that introduction of hydrogen on Pd would form relatively stable hydride (e.g., β-

hydride) while not on the other four metals [32], so one may argue that the unexpectedly high 

selectivity for toluene production on Pd/TiO2 arises from the higher accessibility of surface 

hydrogen species instead of the intimate interactions between radical intermediate and Pd. To 

verify this possibility, we changed the substrate to 2-phenylisobutyric acid 2. Replacing 

phenylacetic acid 1 with 2 would not influence the proton reduction reaction to furnish surface 

hydrogen species, but offer a benzyl radical intermediate with large steric hindrance, which 

could impede its direct interaction with catalyst surface. When Pt/TiO2 was used as catalyst, 

the production of cumene from radical intermediate hydrogenation was greatly suppressed as 

expected (Figure 1B), delivering a selectivity of 3%, ten times lower than that for toluene 

production from 1 conversion. The steric effect, however, was much less prominent for 2 

Page 10 of 58

http://www.cjcatal.com

Chinese Journal of Catalysis

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Review Only

conversion over Pd/TiO2 catalyst. The selectivity of hydrodecarboxylated product was 45%, 

just about 40% lower than 
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that for 1 conversion. This difference clearly illustrates that the interactions between metal and radical species play a more significant role for the 

preferential radical hydrogenation.
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Figure 2. TA spectra averaged over 0.25-0.35 μs in the presence (blue) and absence (orange) of phenylacetic acid over (A) Pt/TiO2, (B) Au/TiO2, 

(C) Rh/TiO2, (D) Ni/TiO2, and (E) Pd/TiO2 catalyst. Transient decay of benzyl radical absorption signal at selected wavelength over (F) Pt/TiO2, 

(G) Au/TiO2, (H) Rh/TiO2, (I) Ni/TiO2, and (J) Pd/TiO2 catalyst. a, the kinetic weight coefficient; R2, the coefficient of fitting determination. 

Curves drawn on top of the data are guides to the eye.
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Previously, researchers found that Pd/TiO2 catalyst can promote the coupling reactions 

between aromatics and various radicals derived from hole-induced oxidation, and its 

outstanding performance was always attributed to the unique catalytic ability of Pd to activate 

aromatic moiety for the attack of radical species [33-34]. However, the direct interactions 

between metal deposits and radical species have been rarely explored. Radical species are 

known for their high reactivity. They generally possess a very short lifetime and exist in an 

extremely low concentration during the reactions, which renders them challenging to be 

detected and studied with conventional steady-state techniques [35].

In this study, we utilized TA spectroscopy to investigate the interactions between metal 

and photo-induced radical intermediate because of its unique ability to in situ track the 

evolution of transient species over nanosecond to microsecond timescales [36]. The tests were 

conducted in an acetonitrile solvent of phenylacetic acid 1 with catalyst suspension, and a laser 

pulse at 355 nm was used to excite TiO2 to generate benzyl radical from substrate 

decarboxylation. A schematic representation of the TA system is shown in Figure S7. The 

averaged TA spectra recorded over 0.25-0.35 μs with different metal/TiO2 catalysts are shown 

in Figure 2A-2E. In the absence of substrate 1, negative bleaching signals are observed over 

these five metal/TiO2 catalysts, and they grow stronger at longer wavelength, which is believed 

to derive from the intrinsic strong absorption of TiO2 within this UV region [37]. When 

phenylacetic acid 1 was introduced, the TA patterns changed completely because the addition 

of 1 can continuously consume photo-generated carriers, and importantly, generate benzyl 

radicals that exhibit strong UV absorption bands. As shown in Figure 2A-2D, the TA spectra 

recorded over Pt/TiO2, Au/TiO2, Rh/TiO2 and Ni/TiO2 catalyst exhibit similar and 
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characteristic absorption bands at wavelengths below 330 nm with the absorption maximum at 

around 316 nm, which are analogous to those of free benzyl radicals derived from dibenzyl 

ketone/benzyl chloride photolysis [31, 38]. This absorption can be assigned to the 22A2 ← X2B2 

transition of benzyl radical [25]. When Pd/TiO2 is used as catalyst, the TA pattern remarkably 

changes and a broad absorption band over the whole detection range emerges (Figure 2E). In 

previous reports, the TA patterns of benzyl radicals varied with different substituent groups, 

structures and concentrations of radical precursor, and production methods [25, 38-39], 

indicating that the electronic states of generated radical are very sensitive to its local chemical 

environment. In our study, the testing conditions were almost identical except the metal species 

loaded on TiO2. Therefore, we infer that the markedly broadened absorption band derives from 

the unique interactions between the supported Pd nanoparticles and benzyl radicals.

Furthermore, TA spectroscopy allows us to study the reaction kinetics of generated radical 

intermediate by directly monitoring the evolution of its characteristic adsorption bands. The 

transient decays of absorption signal at selected wavelength over different metal/TiO2 catalysts 

are shown in Figure 2F-2J. A rapid decline in absorption intensity is observed at the early stage 

(< 1 μs) over Pt, Au, Rh and Ni catalyst, while the absorption signal decays in a slower and 

smoother manner over Pd catalyst, which implies that the conversion of benzyl radicals over 

Pd catalyst follows a reaction pathway distinct from those over the other four catalysts. Further 

analysis revealed a very interesting metal-dependent radical kinetics. According to the reaction 

network (Figure 1A), the radical intermediate generated from decarboxylation over excited 

TiO2 can combine with hydrogen species on metal nanoparticles, or undergo homo-coupling 

to yield bibenzyl. The former pathway is a first-order reaction for benzyl radical conversion, 
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while the latter is a second-order route. Their reaction kinetics can be separately described as 

follows:

𝑐𝑡 =  𝑐0exp ( ― 𝑘1𝑡)        (1)

𝑐𝑡 =  
1

𝑘2𝑡 +  1 𝑐0
      (2)

where  and  correspond to the initial concentration of radical species and the 𝑐0 𝑐𝑡

concentration at a specific reaction time, respectively. k1 and k2 are the rate constants of the 

first-order and the second-order reaction mentioned above, respectively. Considering both 

reactions are possible pathways for benzyl radical conversion over metal/TiO2 catalyst, we 

herein introduce a kinetic weight coefficient (0 ≤ a ≤ 1) to evaluate the corresponding 

contribution from each pathway. Thereby the mixed reaction kinetics can be given as follows:

𝑐𝑡 = 𝑎𝑐0exp ( ― 𝑘1𝑡) +
1 ― 𝑎

𝑘2𝑡 + 1 𝑐0
        (3)

The first and the second term on the right side of Equation 3 represent the relative contribution 

of hydrogen termination and homo-coupling pathway, respectively. According to the Lambert-

Beer law ( , where ε is the molar attenuation coefficient and l is the optical path △ Abs𝑡 = 𝑐𝑡𝜀𝑙

length), Equation 3 can be rearranged to 

△ Abs𝑡 = 𝑎 △ Abs0exp ( ― 𝑘1𝑡) +
1 ― 𝑎

𝑘2

𝜀𝑙𝑡 + 1 △ Abs0

        (4)

A more detailed formula derivation and the corresponding illustration are displayed in 

Supplement Note S2. With Equation 4 in hand, we can directly deduce the reaction kinetics of 

benzyl radical conversion over metal/TiO2 catalyst from the obtained transient decay. 

Page 15 of 58

http://www.cjcatal.com

Chinese Journal of Catalysis

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Review Only

The transient decay over Pt, Au, Rh and Ni catalyst can be fitted well to the mixed reaction 

kinetics (Equation 4) (Figure 2F-2I). The detailed fitting parameters are shown in Table S1. 

Notably, the kinetic weight coefficient (a) is 0.554, 0.490, 0.383, 0.621 for Pt, Au, Rh and Ni 

catalyst, respectively. These results indicate that both the combination with surface hydrogen 

species and radical homo-coupling are the major pathways for benzyl radical conversion. 

Although the contribution of each pathway slightly varies with different metal catalysts, 

probably owing to their distinct physicochemical properties, the unspecific reaction kinetics 

elucidates that radical species are prone to react in a free and uncontrolled manner over all 

these four metal/TiO2 catalysts (Route II in Figure 1A). The transient decay over Pd/TiO2 can 

be also fitted with Equation 4. Surprisingly, such fitting delivers a large a of 0.929 (Table S1), 

revealing a predominant pseudo-first-order kinetics for benzyl radical conversion, which has 

not been reported previously. Due to the minor contribution of the second-order pathway, the 

corresponding rate constant was obtained with a huge margin of error (Table S1, entry 5), 

implying that Equation 4 may be not suitable for the kinetic fitting over Pd catalyst. 

Alternatively, its TA signal evolution can be directly fitted with a simple monoexponential 

decay, that is, a first-order kinetic function (Figure 2J and Table S2). Similar first-order kinetic 

fitting is unsuitable for the other metal/TiO2 catalysts as it leads to a markedly lower coefficient 

of fitting determination (R2) (Table S2). In short, these transient kinetic analysis demonstrates 

that the radical conversion over Pd/TiO2 catalyst follows a unique pseudo-first-order kinetics, 

which is remarkably different from that over other metal/TiO2 catalysts. The interactions 

between Pd nanoparticles and benzyl radicals play an essential role in this process. It can be 

inferred that once the benzyl radicals are generated on TiO2, Pd nanoparticles would efficiently 
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adsorb the free radicals and transform them into surface-stabilized species, thereby making 

their combination with surface hydrogen species as their dominant conversion pathway (Route 

I in Figure 1a). Such a conclusion from radical kinetics analysis is well consistent with the 

reaction results (Figure 1b). Consequently, with all these evidences, we can conclude that Pd 

nanoparticles are able to efficiently absorb extraneous active radicals and thus manipulate their 

subsequent conversion.
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Figure 3. (A) The calculated binding energy of benzyl radical on different metal surfaces. The 

calculated partial density of states for benzyl radical binding on (B) Pd (111) and (C) Pt (111).

The unique catalytic activity of Pd urged us to explore in depth its interactions with radical 

species. Density functional theory (DFT) calculation revealed that the binding energy of benzyl 

radical on different metal surfaces increases in the sequence Au < Pt < Ni < Rh < Pd (Figure 

3A). Therefore, the strong affinity for free radical is expected to be the prerequisite for 

controlling the conversion of extraneous radical species over Pd catalyst. Previously, Zhou et 

al. reported that compared to other metal species, supported Pd single atom catalyst exhibited 

markedly stronger binding ability of radical intermediates, thus leading to unselective 

mineralization of substrate [40], but the reason behind this phenomenon remained unexplored. 

By carefully analyzing the optimal adsorption conformations of benzyl radical on different 
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metal surfaces, we found that the radical binding energy follows an almost linear dependence 

on the bond distance between metal surface and benzyl carbon over noble metal catalysts (Au, 

Pt, Rh, and Pd) (Figure S8). The binding energy becomes obviously larger with shorter bond 

distance. It is known that the bond distance is in proportion to the degree of hybridization, that 

is, the integrated effect of electron donation from guest molecule (radical species herein) and 

back-donation from metal [41]. Here Pd delivers the shortest distance (2.132 Å), indicating its 

strong electronic interactions with radical species. Partial density of state (PDOS) analysis was 

further employed to provide deeper insights into the interactions between metal and benzyl 

radical. As shown in Figure 3B, upon radical binding on metal, the valence electrons of Pd 

dominantly concentrate in the electronic states with energy below the Fermi level. As a 

contrast, a more disperse distribution of electronic states is observed over Pt catalyst, and 

noticeable high-energy states with electron contribution from dxy and  orbitals emerge 𝑑𝑧2

(Figure 3C), which can be assigned to the electron population at antibonding π* and σ* orbitals, 

respectively. These evident differences are believed to arise from the distinct electronic 

structures of metal catalysts. Pd has a highly filled d-subshell (4d10), which endows it with a 

strong ability to donate electrons and reallocate unpaired electrons from radical species, and 

hence contributes to forming a stable bonding, whereas Pt with more unfilled d orbitals allows 

the population of valence electrons at high-energy states upon electronic hybridization with 

extraneous radical species, thus destabilizing the generated bonding. Similarly, by analyzing 

the spin polarization, Gawargy et al. demonstrated that upon chemisorption on Pd, the unpaired 

spin of radical species is no longer concentrated in the organic moiety but drastically 

delocalized along the metal atoms [42]. These results together illustrate that the intrinsic 
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electronic structure of Pd and the resulting strengthened electronic interactions with radical 

species account for its strong affinity for free radical.

Scheme 1. The impact of reaction atmosphere for the conversion of phenylacetic acid over 

Pd/TiO2 catalyst and substrate scope of hydrodecarboxylation reactiona

COOH Pd/TiO2, acetonitrile
365 nm LEDs, rt., 3 h

H

1

Reaction
atmosphere Yield (%)

Ar 0.1 MPa
H2 0.1 MPa

77
95

R2 R3

COOHR1

R2 R3

HR1Pd/TiO2, acetonitrile, H2 0.1 MPa

365 nm LEDs, rt.

R

H

6 R = OMe 3 h, 90%
7 R = F 4 h, 92%
8 R = Cl 3 h, 80%
9 R = Br 8 h, 79%
10 R = CF3 10 h, 80%
11 R = CH2OH 3 h, 71%

3 R = Me 3 h, 94%
4 R = t-Bu 3 h, 97%
5 R = Ph 3 h, 93%b

H

Me
12 4 h, 94%

H

13 3 h, > 99%c

S H

14 5 h, 65%

O H

15 3 h, 92%

H

16 26 h, 68%

HMe n

18 n = 4, 24 h, 88%
19 n = 6, 14 h, 89%

Me H

O

17 19 h, 82%

H

20 5 h, 69%

H

21 7 h, 84%b

H

OMe

22 5 h, 72%

H

25 10 h, 93%

H
NO H

23 12 h, 70%d

MeO

Me

H

from naproxen

Ph
F

Me

H

from flurbiprofen
27 3 h, 90%b, 94%b,e26 3 h, 91%b

Drug

Conv.(%)

> 99
96

Me

Me
H

24 5 h, 74%

A

B

a GC yield. b Isolated yield. c NMR yield. d HPLC yield. e Reaction was carried out on a 3.75 

mmol (0.863 g) scale, reaction time (18 h).

Moreover, subsequent transition state analysis revealed that the combination of benzyl 

radical and hydrogen species over Pd metal surface is a thermodynamically favorable process 

without any noticeable energy barriers (Figure S9). This suggests that the hydrogen termination 

of metal-stabilized radical intermediates is a very rapid and facile reaction despite the strong 
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binding energy of radical on Pd. Therefore, the strong metal-radical interaction on Pd would 

not hinder the subsequent conversion of radicals or poison the metal catalytic sites, but instead, 

endow the adsorbed radicals with new reactivity. In addition, given the critical role of metal 

electronic structure on the interactions with free radicals, alloying Pd with other metals to 

delicately tune the valence electron structure, for instance, would be a valid strategy for creating 

more efficient catalytic sites to regulate the conversion of extraneous radicals.

The interactions between metal catalyst and radical species provide great opportunities for 

the development of efficient heterogeneous catalytic systems. Since specific metal center, such 

as Pd, can stabilize extraneous free radicals on its surface, subtly tuning the local chemical 

environment or fabricating extra active catalytic sites on metal could efficiently transform the 

confined radical species into desired products. Herein, a proof-of-concept protocol for 

photocatalytic hydrodecarboxylation of carboxyl acids was developed over Pd/TiO2 catalyst 

by boosting surface hydrogen concentration for the preferential hydrogenation of metal-

stabilized radical intermediates. On one hand, Pd nanoparticles can rapidly trap the free radical 

intermediates derived from decarboxylation on TiO2 and prevent them from reacting in an 

unregulated manner. On the other hand, in a H2 atmosphere, H2 can be facilely activated on Pd 

nanoparticles at room temperature (Figure S10) [43]. Therefore, the hydrogenation of radical 

species would be greatly enhanced. As shown in Scheme 1A, when changing the reaction 

atmosphere from Ar into H2, the yield of toluene markedly increased from 77% to 95% for 1 

conversion. By using our method, a wide range of carboxylic acids with various functional 

groups, including some drug molecules, can be successfully converted into the desired products 

in moderate to excellent yields (Scheme 1B). In addition, Pd/TiO2 catalyst can be easily reused 
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without significant loss in activity (Figure S11). Hydrodecarboxylation is an important 

transformation in chemistry. Carboxylic group is one of the most frequently used directing 

groups for C–H bond activation and regioselective addition reactions [44-45], thereby effective 

hydrodecarboxylation enables it to be used as a traceless functional handle for the synthesis 

and post-modification of important organic structures [46]. In previous hydrodecarboxylation 

methods, pre-activation of substrate, elevated temperatures, extra base, and/or stoichiometric 

organic hydrogen donor were generally needed to initiate the reaction and regulate the 

conversion of radical intermediates [47-49], whereas they are no longer required in our system 

owing to the integration of the strong photoredox ability of TiO2 and the unique catalytic 

activity of Pd. Especially, the latter, the ability of Pd to interact with extraneous free radicals, 

is of fundamental importance for the controllable radical reaction. More studies devoted to 

selective radical conversion over heterogeneous catalyst are on going in our laboratory.

Conclusions

In this article, we demonstrated the feasibility of utilizing metal-radical interaction to 

manipulate the conversion of extraneous free radicals with a combination of experimental, 

spectral, and theoretical methods. Among a series of metal/TiO2 catalysts, Pd/TiO2 exhibited 

unexpectedly high selectivity for the hydrogen termination of benzyl radicals generated from 

TiO2. Meanwhile, in situ TA study indicated a predominant pseudo-first-order kinetics for 

benzyl radical conversion over Pd/TiO2, completely distinct from the common free radical 

pathway. These results clearly illustrate that Pd nanoparticles are capable of efficiently 

capturing extraneous benzyl radicals onto the metal surface, thereby regulating their 

subsequent conversion in a controllable manner. Further theoretical calculation reveals that the 
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enhanced electronic interactions between metal and radical species account for the strong 

affinity for free radical over Pd catalyst. Subtly regulating the local microenvironment on metal 

could drive surface-stabilized radical species to undergo the desired downstream reactions. 

Following this design concept, an effective protocol for hydrodecarboxylation of various 

carboxylic acids was successfully developed by increasing surface hydrogen concentration for 

the preferential hydrogenation of metal-stabilized radical species. Fabricating catalytic sites, 

such as the suitable metal catalyst, to timely trap the transient active intermediates and prevent 

them from reacting in an unregulated manner, is always the essential prerequisite for a 

controllable reaction pattern. The understandings about metal-radical interaction demonstrated 

here are applicable for other important radical-mediated processes beyond photocatalysis.
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Controlling the Reactions of Free Radicals with Metal-Radical Interaction
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Supported Pd nanoparticles can stabilize extraneous free radicals and manipulate their 

subsequent conversion via the strong metal-radical interaction, which has been detailedly 

elucidated by photocatalytic reactions, in situ transient absorption spectroscopy, and theoretical 

simulation.
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Materials and reagents

All chemicals are of analytical grade and used as purchased without further purification. 

Phenylacetic acid (> 98%) was purchased from Sinopharm Chemical Reagent. 4-

Methylphenylacetic acid (98%), (4-tert-butylphenyl)acetic acid (98%), 4-biphenylacetic acid 

(98%), 4-methoxyphenylacetic acid (98%), 4-fluorophenylacetic acid (98%), 4-

chiorophenylacetic acid (98%), 4-bromophenylacetic acid (98%), 4-

(hydroxymethyl)phenylacetic acid (97%), 2-methylphenylacetic acid (99%), DL-�-

methoxyphenylacetic acid (98%), 2-thiopheneacetic acid (98%), phenoxyacetic acid (98%), 

octanoic acid (98%), and 4-(trifluoromethyl)phenylacetic acid (99%) were purchased from 

Energy Reagent. 2,2-Diphenylacetic acid (99.9%) was purchased from Bidepharmate Reagent. 

2-Phenylisobutyric acid (97%), 1-adamantanecarboxylic acid (98%), and naproxen (98%) were 

purchased from Macklin Reagent. 1-Naphthylacetic acid (96%), 3-phenylpropionic acid (> 

99%), decanoic acid (99%), laevulinic acid (99%), cyelohexanecarboxylic acid (99%), L-

pyroglutamic acid (99%), flurbiprofen (99%), and 2,2,6,6-tetramethylpiperidinooxy (TEMPO) 

were purchased from Aladdin Reagent. Reaction solvents were purchased from Sinopharm 

Chemical Reagent. Noble metal salts were purchased from the Non Ferrous Metal Institute of 

Shenyang.

Catalyst preparation 

The Pd/TiO2 catalyst was synthesized by an impregnation-calcination method. Typically, 

0.5 g of TiO2 (Degussa P25) was added into a 20 mL aqueous solution of PdCl2 containing 5 

mg of Pd. The slurry was stirred at room temperature for 12 h, and then the solvent was 

evaporated at 105 °C. The obtained powder was firstly calcined in air flow (30 mL min-1) at 

400 °C for 2 h. When cooled to room temperature, the calcined sample was further reduced in 

H2 flow (30 mL min-1) at 350 °C for 2 h. The ramping rate of both procedures was 10 °C min-

1. Other metal/TiO2 catalysts, including Pt/TiO2, Au/TiO2, Ni/TiO2, and Rh/TiO2, were 

prepared via a similar procedure except using H2PtCl6, HAuCl4, NiCl2·6H2O, and RhCl3 as 

metal precursors, respectively. Pd/CeO2 was also prepared via a similar procedure except 

different support used. Pd/In2O3, Pd/CdS, and Pd/g-C3N4, were synthesized via a 
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photodeposition method. CeO2, In2O3, CdS were prepared according to literatures [1-3]. g-

C3N4 was prepared by heating melamine at 550 °C for 4 h. Without specific statement, the 

content of metal deposition in all mentioned catalysts was 1 wt% relative to the supports.

General characterization 

X-ray diffraction (XRD) analysis was conducted on a PANAlytical X’Pert PRO-1 

diffractometer, using +�&%O radiation at 40 kV and 20 mA. The data were recorded over a 2� 

range of 10-90°. 

The transmission electron microscopy (TEM) images of Pd/TiO2 were obtained on a JEOL 

JEM-ARM200F field emission transmission electron microscope equipped with high angle 

annular dark field (HAADF) detectors at an accelerating voltage of 200 kV. The TEM images 

of Pt/TiO2, Ni/TiO2, Rh/TiO2 and Au/TiO2 were obtained on JEOL JEM-2100 field emission 

transmission electron microscope at an accelerating voltage of 200 kV. The calculation of size 

distribution of metal nanoparticle was based on more than 120 particles in the TEM images. 

The X-ray energy dispersive (EDX) spectrum was obtained by JEM-2100 energy dispersive 

spectrometer.

CO adsorption Fourier transform-infrared (FT-IR) spectra were collected on a Bruker 

Tensor 27 instrument. The catalyst sample (~ 30 mg) were pressed into a self-supporting disk 

(13 mm in diameter), and then placed into a homemade IR quartz cell attached to a closed 

glass-circulation system. And then the quart cell was vacuumed and the sample was 

simultaneously heated to 150 °C for 30 min. When the pre-treated sample was cooled to 25 °C, 

background spectra was collected. Subsequently, highly pure CO was injected from a gas 

cylinder. Finally, the spectra were recorded after the system had been vacuumed for 1-2 min to 

remove the physically absorbed CO. For Au/TiO2 and Ni/TiO2 which have a relatively weak 

binding energy of CO, the physically absorbed CO was removed by Ar purging instead of 

vacuum treatment.  

Temperature-programmed desorption (TPD) experiments were conducted in a U-type 

quart tube connected to a mass spectrometer (GSD320 Thermostar). Typically, 500 mg of 

catalyst sample was placed in a U-type quart tube, heated to 450 °C and kept for 60 min in Ar 
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flow (30 mL min-1). When the sample was cooled down to 25 °C, the flow was switched to H2 

(20 mL min-1) for 40 min, followed by purging with Ar (20 mL min-1) for 30 min to remove 

unreacted H2. And then the sample was heated to 450 °C with a ramping rate of 10 °C min-1 in 

Ar flow, and the TPD profiles were recorded, simultaneously.

Transient absorption (TA) spectral investigation 

TA study was conducted in a home-made Laser Flash photolysis (LFP) system equipped 

with a nanosecond transient absorption and emission spectroscopy (NTAS) [4-5]. The whole 

experiment setup is made of four parts:

(1) The excitation source is a Nd:YAG nanosecond laser system (Nimma900, Beamtech 

Optronics Co., Ltd.) with the third-harmonic output of Max270 mJ pulse energy@355 

nm laser wavelength@8ns pulse duration, operating at a repetition rate of 3 Hz. The 

laser beam had a diameter of about 10 mm and irradiated the sample without being 

focused.

(2) The monitoring system consists of a pulsed 450 W xenon lamp as the probe light, a 

monochromator (WDG30-Z, Beijing Optical Instrument Factory), a photomultiplier 

tube (PMT, CR131, Hamamatru, with detection wavelength range from 200 nm to 900 

nm) at the detection end. The transient curve is recorded by digital oscilloscope 

(Tektronix, MDO3052, analog channel bandwidth 500 M, sampling rate up to 2.5 G s-

1). Full width at half maximum (FWHM) of apparatus response function is 25 ns. After 

passing through double focal lens, the monitoring light had a beam diameter of 2 mm, 

and then irradiated the excited sample with its propagating direction perpendicular to 

that of the excitation beam.

(3) The timing sequence of all the component parts is realized via the pulse generator 

(PG801, Dalian Institute of Chemical Physics) with the system jitter below 1 ns.

(4) A labview computer program based on graphic user interface was written to control 

the experiments, gather the data, process information and produce suitable data files 

on storage devices.

TA spectroscopy herein was used to investigate the generation and reaction kinetics of 
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benzyl radical over heterogeneous catalysts (metal/TiO2), which has been rarely reported in 

previous studies. A magnetic stirrer was used to keep the catalyst in suspension during TA 

tests. In addition, benzyl radical has characteristic absorption bands at 300-330 nm. However, 

the second-order grating diffraction light and laser-induced fluorescence from TiO2 

dramatically interfere the detection and subsequent analysis of benzyl radical. Therefore, two 

shortpass filters with transmittance at 250-530 nm and bandstop at 575-665 nm were utilized 

to minimize their influence. Moreover, the generation of benzyl radical in our system is a 

secondary process from laser stimulation. That is, laser firstly excites the TiO2-based catalyst, 

and then photo-generated hole from TiO2 oxidizes substrate to generate benzyl radical, 

indicating a low production efficiency. Thereby, a delicately designed sample cell with an 

extended optical path (30 mm) was used (Figure S7). In principle, the higher laser intensity is 

employed, the more benzyl radicals could be generated. However, under strong laser irradiation, 

electrons accumulated on TiO2 would reduce Ti4+ to form long-lived Ti3+ centers which exhibit 

strong TA in UV region [6], thus interfering the observation of benzyl radical. Therefore, the 

laser intensity was optimized. The laser intensity was 10.0-11.6 mJ cm-2. The tests were 

conducted in an acetonitrile solvent of phenylacetic acid (20 mmol L-1) with catalyst suspension 

(0.175 mg mL-1). The sample solution was deaerated through nitrogen bubbling for 40 min 

before testing. A short-time ultrasonic treatment is helpful to disperse solid catalyst into 

solution. Each spectrum was the average result of multiple measurements (10 times for TA 

spectra at 298-334 nm, and 100 times for kinetics decay at selected wavelength).

General procedure for photocatalytic reaction

The photocatalytic reactions were conducted in the home-made LEDs photoreactors [7]. 

Typically, the substrate (0.15 mmol), solvent (1.2 mL) and catalyst (5 mg) were added into a 

quartz tube with a magnetic bar. The inner atmosphere was repeatedly evacuated by a water 

pump and recharged with Ar (0.1 MPa) for 5 times. For the reactions conducted in a H2 

atmosphere, the inner atmosphere was further repeatedly evacuated and recharged with H2 (0.1 

MPa) for 5 times. The reaction solvent was stirred for 10 min, and then irradiated with LEDs 

(18 W, 365 nm) with continuous stirring at ambient temperature (30 ± 5 °C). The stirring rate 
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was 550-600 rpm. For the cyclic experiment, after reaction the catalyst was separated by 

centrifugation, and filtrate was used for further analysis. The catalyst was washed with 

anhydrous ethanol for 4 times and dried overnight in vacuum at 40 °C. Then the catalyst can 

be used directly for the next run.

The scale-up reaction of naproxen was conducted in an autoclave photoreactor with a 

window on top. The substrate (3.75 mmol), acetonitrile (30 mL) and Pd/TiO2 catalyst (125 mg) 

were added into the internal Teflon insert. The reactor was sealed, and the inner atmosphere 

was repeatedly changed with Ar (0.5 MPa) and finally charged with H2 (0.1 MPa). 

Subsequently, the reactor was irradiated with LEDs (105 W, 365 nm). The temperature 

maintained 35-40 °C during the reaction. After reaction, the product was separated by 

preparative thin-layer chromatography (TLC).

Product analysis

The products were identified by a gas chromatography-mass spectrometry (GC-MS, 

Agilent 7890A/5975C) with a HP-5 column, and quantitatively analyzed by GC or high-

performance liquid chromatography (HPLC, Agilent). For the reaction of substrates with a 

relative low boiling point, the analysis was carried out in a GC (Agilent, 7890B) with a DB-

FFAP column. After reaction, 4-methylanisole was added to the reaction solvent as the internal 

standard. Then the mixture was filtered through a 0.22 T� Nylon syringe filter and the filtrate 

was then quantified with GC. GC conditions: Injector temperature, 260 °C; carrier gas, highly 

pure N2; temperature program, initial temperature 50 °C, then increasing by 10 °C min-1 to 220 

°C, finally maintained 220 °C for 2 min; detection temperature 260 °C. For the reaction of 

substrates with a high boiling point, the products were analyzed by GC (Agilent, 7890A) with 

a HP-5 column and a derivatization procedure was needed prior to analysis [8]. Typically, after 

reaction, 4-methylanisole (as the internal standard), N,O-bis(trimethylsiyl)trifluoroacetamide 

(BSTFA) and trimethylchlorosilane (TSCS) mixture (99:1, 100 T�B and pyridine (200 T�B were 

added to the reaction mixture. The mixture was heated in an oil bath (60 °C) for 60 min. 

Subsequently, the solvent was analyzed with GC after filtration with a Nylon syringe filter. GC 

conditions: Injector temperature, 260 °C; carrier gas, highly pure N2; temperature program, 
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first maintaining 100 °C for 2 min, then increasing by 10 °C min-1 to 280 °C, finally maintained 

280 °C for 2 min; detection temperature, 280 °C. For the reaction of L-pyroglutamic acid, the 

quantitative analysis was conducted in HPLC with a PFP column because of the unpromising 

resolution of this substrate and its product in GC. Anisole was used as the internal standard and 

added to the reaction solvent after reaction. Then the mixture was filtered through a Nylon 

syringe filter and diluted with ethanol. Finally, the obtained solvent was quantified with HPLC. 

HPLC conditions: Injection, 5 T�U mobile phase, acetonitrile/H2O mixture with a minor amount 

of phosphoric acid solvent (1 mol L-1); TCC temperature, 35 °C; detector, UV 254 nm. The 

quantitative analysis of 1-methylnaphthalene produced from 1-naphthylacetic acid was carried 

out with 1H NMR because pure 1-methylnaphthalene is not commercially available, thus 

impeding its accurate quantitation with GC or HPLC. In this case, mesitylene was used as the 

internal standard. All abovementioned quantitative results from GC, HPLC and NMR were 

repeated at least twice in order to guarantee the accuracy of data. The isolated yields were 

obtained by preparative thin-layer chromatography (TLC).

The conversion was calculated as mole percentage as followed:

Conversion (mol %) = (1 -
n(Feedstock after reaction)

n(Feedstock before reaction)) × 100%    (S1)

The yield of hydrodecarboxylated product was calculated as mole percentage as followed:

Yield (mol %) =
n(Product)

n(Feedstock before reaction)
× 100%    (S2)

The yield of product derived from radical C–C coupling was calculated as mole percentage 

as followed:

Yield (mol %) =
n(Product)

n(Feedstock before reaction)
× 2 × 100%    (S3)

Gaseous products were detected by a GC (Shimadzu, GC-2014) equipped with thermal 

conductivity detector (TCD) and a TDX-01 column. The quantified analysis of CO2 was 

conducted on the same GC with CH4 as the internal standard. The quantified analysis of H2 

was conducted on a Techcomp 7900 GC quipped with TCD and a TDX-01 column. He was 

used as the internal standard.

Density functional theory (DFT) calculation
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Spin-polarized DFT calculations were performed using the Vienna Ab Initio Package 

(VASP) [9-10], where the ionic cores were described by the projected augmented wave (PAW) 

pseudopotentials [11-12] and valence electrons were explicitly considered using a plane-wave 

basis set with energy cutoffs of 400 eV throughout the study. The generalized gradient 

approximation (GGA) using the PBE functional were applied [13], and Grimme’s DFT-D3 

methodology was used to describe the dispersion interactions among all the atoms [14].

The primitive cells of bulk face-centered Au, Pt, Ni, Rh and Pd were first optimized where 

the Brillouin zone was sampled using 9 × 9 × 9 Y&$�	
���0 ��	:���,
Z!�$: grid meshes. The 

slabs with (111) facet surface were constructed using the optimized primitive cells of the Au, 

Pt, Ni, Rh and Pd systems. These surfaces were chosen as simulated models because of their 

thermal stability [15]. Each slab was created with four metal layers, with each layer consisting 

of 16 atoms. The metal layers were separated by a vacuum layer of 15 Å to mitigate the 

interaction between the slab and its periodic replicas. In all calculations related to the slabs, the 

bottom two metal layers were fixed to their bulk configurations, while the top two metal layers 

and the adsorbates were free to relax in all directions. Brillouin zone integration was performed 

using 3 × 3 × 1 Y&$�	
���0 ��	:���,
Z!�$: grid meshes and Gaussian smearing of 0.1 eV. All 

self-consistent field (SCF) calculations were converged to 1 × 10ZH kJ mol-1. All atomic 

coordinates of the adsorbates and the metal atoms in the top two layers were optimized to a 

force of less than 0.02 eV Å-1 on each atom. The projected density of state (PDOS) of the 

optimized geometries were calculated using the HSE06 exchange-correlation function 

implemented [16].

The adsorption energies of all the gas-phase-stable surface intermediates reported in this 

paper were calculated in their most favorable adsorption modes. The adsorption energies, Eads, 

were calculated as follow:

 ads =   ads + adsorbate "  ads "  adsorbate(gas)    (S4)

where Eslab+adsorbate is the total energy of the slab with an adsorbate binding onto it, Eslab is 

the total energy of the clean metal slab, and Eadsorbate(gas) is the total energy of the adsorbate in 

the gas phase.

The transition state of each elementary reaction step was located by the Climbing Image 

Nudged Elastic Band (CI-NEB) [17], where the path between the reactant(s) and product(s) 
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was discretized into a series of four structural images. After the CI-NEB calculation, the image 

that corresponds to the saddle point in the free energy surface was regarded as the transition 

state structure. 

Supplementary notes

Note S1. CO-absorption FT-IR study

CO-absorption FT-IR spectroscopy was employed to investigate the chemical states of 

metal species on metal/TiO2 catalysts. In the FT-IR spectra of Pt/TiO2 (Figure S3A), the bands 

at 2077 and 1831 cm-1 can be assigned to the vibrations of linear and bridge-bonded CO 

adsorbed on metallic platinum crystals, respectively [18]. In Figure S3B, the bands at 2094 and 

2027 cm-1 can be assigned to the gem-dicarbonyl species on reduced Rh clusters [19]. Similarly, 

in the FT-IR spectra of Pd/TiO2 (Figure S3C), the band at 2084 cm-1 can be assigned to the CO 

linearly adsorbed on metallic palladium, and the broad band around 1937 cm-1 derives from 

the vibrations of multi-bonded CO [20]. Due to the relatively weak binding of CO on Au and 

Ni, the physically absorbed CO was removed by Ar purging instead of vacuum treatment when 

collecting the spectra of Au/TiO2 and Ni/TiO2. Therefore, we can observe the band of weakly 

absorbed CO on the surface cations, Ti4+ (2171 cm-1) (Figure S3D and S3E). In Figure S3D, 

the band at 2119 cm-1 illustrates the adsorption of CO on metallic gold particles [21]. In the 

FT-IR spectra of Ni/TiO2 (Figure S3E), a band at around 2119 cm-1 is observed, which can be 

assigned to carbonyl complexes of Ni+ on reduced nickel sites [22]. The Ni+ ions are formed 

via a back \&*�	0 interaction with CO. In short, these FT-IR studies demonstrate that the metal 

species dominantly exist in their metallic form for the synthesized catalysts.

Note S2. Radical kinetic fitting

For the decarboxylation reaction of phenylacetic acid over metal/TiO2 catalyst, the 

generated benzyl radical can combine with surface hydrogen species to produce toluene, or 

undergo homo-coupling to yield bibenzyl. The former pathway is a first-order reaction for 

benzyl radical, while the latter is a second-order reaction for benzyl radical. The rate function 

of these two pathways can be described as follow:

Page 36 of 58

http://www.cjcatal.com

Chinese Journal of Catalysis

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Review Only

%&

%'
=  (1&         (S5)

%&

%'
=  (2&

2         (S6)

where k1 and k2 correspond to the rate constants of the first-order and the second-order reaction, 

respectively. Through a definite integral calculation, Equation S5 and S6 can be transformed 

into 

&' =  &0exp ( " (1')        (S7)

&' =  
1

(2' +  1 &0

      (S8)

where  and  correspond to the initial concentration of radical species and the &0 &'

concentration at a specific reaction time, respectively. Both reaction pathways contribute to the 

conversion of radical intermediate. Thereby the total reaction rate function can be described as 

follow:

%&

%'
=  (1& + (2&

2         (S9)

The integral of Equation S9 leads to a very complicated function of , which considerably &'

hinders the subsequent data fitting. In this study, we define a kinetic weight coefficient (0 ] a 

] 1) to disclose the kinetic feature of radical reaction over metal/TiO2 catalyst in a more 

straightforward manner. The mixed reaction kinetics can be given as follows:

&' = 0&0exp ( " (1') +
1 " 0

(2' + 1 &0

        (S10)

If a is close to 1, the second term on the right side, that is, the contribution of the second-order 

reaction pathway become negligible, and Equation S10 becomes analogous to the first-order 

kinetics function, Equation S7. In this situation, the radical reaction is expected to follow a 

pseudo-first-order kinetics. On the other hand, if a is close to 0, the second-order reaction 

pathway becomes dominant. Consequently, we can facilely reveal the corresponding kinetic 

tendency based on the obtained a value. 

According to the Lambert-Beer law ( , where � is the molar attenuation 1 Abs' = &'23

coefficient and l is the optical path length), Equation S10 can be transformed into
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1 Abs' = 0 1 Abs0exp ( " (1') +
1 " 0

(2

23
' + 1 1 Abs0

        (S11)

With Equation S11 in hand, we can directly study the reaction kinetics of benzyl radical 

conversion over metal/TiO2 catalyst from the obtained transient decay.

The transient decay over different metal/TiO2 catalysts indeed can be well fitted with 

Equation S11, delivering the corresponding coefficient of fitting determination (R2) ranging 

from 0.840 to 0.922 (Figure 2F-2J, Table S1). The obtained second-order rate constants do not 

vary markedly with different metal//TiO2 catalysts. However, the first-order rate constant for 

Pd/TiO2 is significantly smaller those for other metal/TiO2 catalysts, which implies a different 

reaction mechanism for radical hydrogenation over Pd/TiO2. This could be explained that the 

hydrogenation process over Pd catalyst may involve a surface-stabilized radical, while over 

other metal//TiO2 catalysts the radical species tend to react as free radicals. It should be noted 

that the obtained rate constants in Table S1 are less meaningful because they derive from the 

deliberately defined kinetic function (Equation S10) instead of the real one (the integral 

equation of Equation S9). To obtain the exact rate constants of the radical reactions is not within 

the scope of our study. Instead, we want to disclose the distinct radical kinetic features among 

the selected metal/TiO2 catalysts, and we find that Pd/TiO2 displays a radical kinetics 

remarkably different from other metal/TiO2 catalysts. For Pt, Au, Rh, and Ni catalyst, kinetic 

fitting with Equation S11 leads to moderate values of a ranging from 0.383 to 0.621, which 

indicates that both the combination with surface hydrogen species and homo-coupling are the 

are the major pathways for benzyl radical conversion over these metal/TiO2 catalysts. The 

unspecific kinetics illustrates that radical species are prone to react in a free and uncontrolled 

manner. The kinetic weight coefficient slightly varies with different catalysts, probably due to 

the distinct physicochemical properties of different metal species. In contrast, kinetic fitting 

over Pd catalyst delivers an a value close to 1 (0.929), indicating a predominant first-order 

kinetics for radical conversion, which is completely different from the common free radical 

pathway. Consequently, we deduce that Pd nanoparticles would efficiently adsorb the free 

radical intermediates and transform them into surface-stabilized species, thereby making their 

combination with surface hydrogen species as their dominant conversion pathway.
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Figure S1. XRD patterns of metal/TiO2 catalysts.
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Figure S2. TEM image of (A) Pt/TiO2, (B) Rh/TiO2, (C) Ni/TiO2, (D) Pd/TiO2, and (I) 

Au/TiO2. Size distribution of metal nanoparticles on (E) Pt/TiO2, (F) Rh/TiO2, (G) Ni/TiO2, 

and (H) Pd/TiO2 (based on more than 120 nanoparticles). (J) The EDX spectrum of Au/TiO2.
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Figure S3. CO adsorption FT-IR spectra of (A) Pt/TiO2, (B) Rh/TiO2, (C) Pd/TiO2, (D) 

Au/TiO2, and (E) Ni/TiO2 at room temperature.
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Figure S4. (A) GC-MS pattern of photocatalytic hydrodecarboxylation of phenylacetic acid 

with 2,2,6,6-tetramethylpiperidinooxy (TEMPO) (1.5 equiv.) over Pd/TiO2 in an argon 

atmosphere. (B) MS spectra in GC-MS pattern at a retention time of 12.08 min.
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Figure S5. The conversion of phenylacetic acid over different Pd/semiconductor catalysts. 

Reaction conditions: Phenylacetic acid (0.15 mmol), photocatalyst (5 mg), acetonitrile (1.2 

mL), Ar (0.1 MPa), room temperature (30 ± 5 ^I+B� LEDs (356 nm, 18 W) irradiation for 3 h.
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Figure S6. (A) GC patterns of gas products (B) the evolution amount of CO2 and H2 in the 

photocatalytic reactions of phenylacetic acid over Pt/TiO2 and Pd/TiO2 at a reaction time of 3 

h in Ar atmosphere. 

Page 45 of 58

http://www.cjcatal.com

Chinese Journal of Catalysis

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Review Only

Page 46 of 58

http://www.cjcatal.com

Chinese Journal of Catalysis

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Review Only

A

B

C

D E

Au

Pt

Ni

Rh Pd2.206 Å

2.171 Å

1.999 Å

2.140 Å 2.132 Å

F

-1.0 -1.5 -2.0 -2.5 -3.0 -3.5 -4.0 -4.5

2.00

2.05

2.10

2.15

2.20

PdRh

Pt

NiB
o
n
d
 d

is
ta

n
ce

 (
Å

)

Radical binding energy (eV)

Au

Figure S8. The optimal conformation of benzyl radical adsorption on (A) Au (111), (B) Pt 

(111), (C) Ni (111), (D) Rh (111), and (E) Pd (111), respectively. (F) The relationship between 

binding energy of benzyl radical and the bond distance of metal-benzyl carbon bond in the 

optimal conformations. The radical binding energy exhibits an almost linear dependence on the 

bond distance over noble metal catalysts (Au, Pt, Rh, and Pd). This relationship does not apply 

to Ni catalyst due to its markedly different electronic structure compared to the other four 

metals.
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Figure S9. (A) The calculated energy profile for benzyl radical hydrogenation on Pd (111). 

The optimal conformation of the (B) initial state and (C) final state for benzyl radical 

hydrogenation on Pd (111). TS, transition state.
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Figure S10. H2-TPD profiles of Pd/TiO2 and TiO2 after exposure to H2 at ambient temperature.
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Figure S11. Cyclic test for phenylacetic acid conversion over Pd/TiO2 in a H2 atmosphere (0.1 

MPa).
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Supplement tables

Table S1. The results of mixed kinetic fitting for TA signal decay over metal/TiO2 catalysts. 

� Abs' = 0 � Abs0exp ( " (1') +
1 " 0

(2

23
' + 1 � Abs0

entry catalyst a 1Abs0 k1
 
(Cs-1) k2/	l (Cs-1) R2

1 Pt/TiO2 0.554±0.029 0.0143±0.0006 3.964±0.616 16.155±2.098 0.840

2 Au/TiO2 0.490±0.032 0.0195±0.0006 3.770±0.545 20.569±2.246 0.922

3 Rh/TiO2 0.383±0.040 0.0138±0.0007 5.213±1.409 26.063±2.811 0.855

4 Ni/TiO2 0.621±0.019 0.0183±0.0006 3.983±0.392 11.396±1.215 0.901

5 Pd/TiO2 0.929±0.338 0.0153±0.0005 0.665±0.142 9.815±86.324 0.875

Table S2. The results of first-order kinetic fitting for TA signal decay over metal/TiO2 catalysts. 

� Abs' = � Abs0exp ( " (1t)

entry catalyst 1Abs0 k1
 
(Cs-1) R2

1 Pt/TiO2 0.0077±0.0002 0.196±0.010 0.674

2 Au/TiO2 0.0113±0.0003 0.261±0.011 0.770

3 Rh/TiO2 0.0086±0.0002 0.213±0.008 0.798

4 Ni/TiO2 0.0090±0.0003 0.201±0.011 0.653

5 Pd/TiO2 0.0148±0.0004 0.558±0.022 0.871
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1H and 13C NMR spectra

1H and 13C NMR spectra were collected on a Bruker AVIII 400 spectrometer (1H: 400 

MHz and 13C: 101 MHz). The tetramethylsilane (TMS) in the solvent of CDCl3 was used as 

the internal standard (1H NMR: TMS at 0.00 ppm, CHCl3 at 7.22 ppm; 13C NMR: CHCl3 at 

77.0 ppm).

Product 5

The crude product was purified by preparative TLC using petroleum ether as eluent. Pure 

product 5 was obtained as a white solid in 93% yield. Following are the 1H NMR and 13C NMR 

spectra of 5, respectively. 1H NMR (400 MHz, CDCl3) _ = 7.57 (d, J = 7.6, 2H), 7.49 (d, J = 

8.0, 2H), 7.41 (t, J = 7.6, 2H), 7.31 (t, J = 7.6, 1H), 7.24 (d, J = 8.0, 2H), 2.39 (s, 3H). 13C NMR 

(176 MHz, CDCl3) _ = 141.21, 138.40, 137.05, 129.52, 128.75, 127.03, 127.01, 21.14. 

Me
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Me

Product 21

The crude product was purified by preparative TLC using petroleum ether as eluent. Pure 

product 21 was obtained as a colorless liquid in 84% yield. Following are the 1H NMR and 13C 

NMR spectra of 21, respectively. 1H NMR (400 MHz, CDCl3) _ = 7.29-7.17 (m, 10H), 3.97 (s, 

2H). 13C NMR (176 MHz, CDCl3) _ = 141.17, 128.99, 128.51, 126.12, 42.00.
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Product 26

The crude product was purified by preparative TLC using petroleum ether as eluent. Pure 

product 26 was obtained as a pale yellow liquid in 91% yield. Following are the 1H NMR and 
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13C NMR spectra of 26, respectively. 1H NMR (400 MHz, CDCl3) _ = 7.55-7.52 (m, 2H), 7.44-

7.40 (m, 2H), 7.44-7.40 (m, 2H), 7.36-7.35 (m, 2H), 7.04-6.97 (m, 2H), 2.67 (q, J = 7.6, 2H), 

2.67 (q, J = 7.6, 2H), 1.26 (t, J = 7.6, 3H). 13C NMR (176 MHz, CDCl3) _ = 160.99, 158.53, 

145.98, 145.90, 135.99, 135.98, 135.99, 135.98, 130.52, 130.48, 129.00, 128.97, 128.42, 

127.41, 128.31, 126.18, 123.90, 123.86, 115.50, 115.28, 28.41, 28.39, 15.27.

F

Me
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F

Me

Product 27

The crude product was purified by preparative TLC using ethyl acetate: petroleum ether = 

1:10 as eluent. Pure product 27 was obtained as a white solid in 90% yield. Following are the 

1H NMR and 13C NMR spectra of 27, respectively. 1H NMR (400 MHz, CDCl3) _ = 7.68-7.65 

(m, 2H), 7.55 (s, 1H), 7.31 (dd, J = 8.4, 1.2, 1H), 7.13-7.10 (m, 2H), 3.91 (s, 3H), 2.78 (q, J = 

7.6, 2H), 1.31 (t, J = 7.6, 3H). 13C NMR (176 MHz, CDCl3) _ = 157.09, 139.46, 132.90, 129.18, 

128.90, 127.55, 126.69, 125.42, 118.59, 105.68, 55.29, 28.83, 15.62.
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