
05 May 2024

Alma Mater Studiorum Università di Bologna
Archivio istituzionale della ricerca

Creating and Stabilizing an Oxidized Pd Surface under Reductive Conditions for Photocatalytic
Hydrogenation of Aromatic Carbonyls / Qiao, Wei; Fan, Xing; Liu, Weifeng; Khan, Fahir Niaz; Zhang,
Dongsheng; Han, Feiyu; Yue, Huiyu; Li, Yajiao; Dimitratos, Nikolaos; Albonetti, Stefania; Wen, Xiaodong;
Yang, Yong; Besenbacher, Flemming; Li, Yongwang; Niemantsverdriet, Hans; Lin, Haiping; Su, Ren. - In:
JOURNAL OF THE AMERICAN CHEMICAL SOCIETY. - ISSN 1520-5126. - ELETTRONICO. - 145:9(2023), pp.
5353-5362. [10.1021/jacs.2c13196]

Published Version:

Creating and Stabilizing an Oxidized Pd Surface under Reductive Conditions for Photocatalytic Hydrogenation
of Aromatic Carbonyls

Published:
DOI: http://doi.org/10.1021/jacs.2c13196

Terms of use:

(Article begins on next page)

Some rights reserved. The terms and conditions for the reuse of this version of the manuscript are
specified in the publishing policy. For all terms of use and more information see the publisher's website.

Availability:
This version is available at: https://hdl.handle.net/11585/925017 since: 2023-05-09

This is the final peer-reviewed author’s accepted manuscript (postprint) of the following publication:

This item was downloaded from IRIS Università di Bologna (https://cris.unibo.it/).
When citing, please refer to the published version.

http://doi.org/10.1021/jacs.2c13196
https://hdl.handle.net/11585/925017


This item was downloaded from IRIS Università di Bologna (https://cris.unibo.it/) 

When citing, please refer to the published version. 

 

 

 

 

 

This is the final peer-reviewed accepted manuscript of:  

Wei Qiao, Xing Fan, Weifeng Liu, Fahir Niaz Khan, Dongsheng Zhang, Feiyu Han, 
Huiyu Yue, Yajiao Li, Nikolaos Dimitratos, Stefania Albonetti, Xiaodong Wen, Yong 
Yang, Flemming Besenbacher, Yongwang Li, Hans Niemantsverdriet, Haiping Lin, 
Ren Su, Creating and Stabilizing an Oxidized Pd Surface under Reductive Conditions 
for Photocatalytic Hydrogenation of Aromatic Carbonyls, J. Am. Chem. Soc. 2023, 
145, 9, 5353–5362. 

The final published version is available online at: 
https://doi.org/10.1021/jacs.2c13196 

 

Terms of use: 

Some rights reserved. The terms and conditions for the reuse of this version of the manuscript are 
specified in the publishing policy. For all terms of use and more information see the publisher's 
website.   

https://pubs.acs.org/page/copyright/index.html 

 



1 
 

  
 
  
  

 

 

1 
2 
3 
4 
5 
6 
7 
8 
9 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
6 

Creating and Stabilizing an Oxidized Pd Surface under Reductive 
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ABSTRACT: Photocatalysis provides an eco-friendly route for the hydrogenation of aromatic carbonyls to O-free aromatics, 
which is an important refining process in the chemical industry that is generally carried out under high pressure of hydrogen at 
elevated temperatures. However, aromatic carbonyls are often only partially hydrogenated to alcohols, which readily desorbs and 
are hardly further deoxygenated under ambient conditions. Here we show that by constructing an oxide surface over the Pd 
cocatalyst supported on graphitic carbon nitride, an alternative hydrogenation path of aromatic carbonyls becomes available via a 
step-wise acetalization and hydrogenation, thus allowing efficient and selective production of O-free aromatics. The PdO surface 
allows for optimum adsorption of reactants and intermediates and rapid abstraction of hydrogen from the alcohol donor, favoring 
fast acetalization of the carbonyls and their consecutive hydrogenation to O-free hydrocarbons. The photocatalytic hydrogenation of 
benzaldehyde into toluene shows a high selectivity of >90% and a quantum efficiency of ~10.2% under 410 nm irradiation. By 
adding trace amounts of HCl to the reaction solution, the PdO surface remains stable and active for long-term operation at high 
concentrations, offering perspective for practical applications. 

INTRODUCTION often aromatic alcohol species are observed as the final 
products (e.g., benzyl alcohol) instead of the desired O-free 
hydrocarbons (e.g., toluene),14-16 limiting the use of 
photocatalysis for practical applications. 

Catalytic reduction of unsaturated C=O bonds in aromatic 
hydrocarbons is of crucial importance in the processing of coal 
and petrochemicals, the upgrading of biomass, and in the 
pharmaceutical industries.1-4 In comparison with the 
Clemmensen or the Wolff−Kishner reductions that require 
toxic Hg as the catalyst or hazardous hydrazine as the 
reductant, supported Pd catalysts can hydrogenate carbonyl 
groups into methyl groups under relatively eco-friendly 
reaction conditions, though pressurized hydrogen and high 
temperature are still required.5-6 To avoid over-reduction of 
other unsaturated bonds and damaging of special functional 
groups, precise design of the catalyst and careful control over 
the reaction conditions are required to achieve a high 
selectivity towards the aimed products.7-9 Heterogeneous 
photocatalysis employing noble metal cocatalysts (i.e., Au, Pd, 
Pt) is capable of deprotonating bio-mass derived liquid 
hydrogen donors (i.e., alcohols, acids and amines) to produce 
atomic hydrogen species under solar irradiation and ambient 
atmosphere, thus offering a mild hydrogenolysis platform for 
the reduction of aromatic carbonyl compounds.10-13 However, 

Two pathways exist for the photocatalytic hydrogenation of 
carbonyl groups into methyl groups in aromatic compounds 
using alcohol as the hydrogen donor, as shown for 
benzaldehyde and ethanol as the model reactants in Scheme 
1a. The commonly considered route is via the formation of an 
aromatic alcohol intermediate with two H atoms abstracted 
from the sacrificial alcohol donor (Path I). The aromatic 
alcohol is then further hydrogenated with two additional H 
atoms into an O-free aromatic. The alternative, though 
seldomly reported, is via the formation of an acetal, which is 
subsequently hydrogenated into the final product (Path II). 
Note that while the hydrogenation of acetal is a photocatalytic 
process, the formation of acetal intermediates does not involve 
any redox reaction and can be realized via acidic catalysis.17-19 
Thermodynamics indicates that the hydrogenation of 
benzaldehyde into toluene via either pathway is energetically 
downhill (Scheme 1b). Ideally, a photocatalyst modified with 
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metal cocatalysts (i.e., Pd, Pt, Ni) that are efficient in Theoretical predictions. We have first explored the free 
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hydrogen abstraction from the alcohol donors and 
hydrogenation of the aromatic carbonyls can realize such 
process via path I. However, aromatic alcohols generated via 
Path I are the most frequently reported final products,20-22 
whereas the more thermodynamically stable O-free aromatics 
are rarely observed, with few exceptions.21 In contrast, though 
the formation of acetal intermediates is observed using pristine 
TiO2 under irradiation,23 the photocatalytic hydrogenation of 
aromatic carbonyls to the O-free aromatics via Path II has not 
been reported, though such process may provide a high 
selectivity. 

adsorption energies of possible intermediates on metallic Pd, 
partially hydrogenated Pd (Pd H ), and oxidized Pd surface in 3 6 9 

the hydrogenation of benzaldehyde with ethanol molecules in 
presence on the surface (Figure 1, Supplementary Note 1, and 
Supplementary Figures 1-3). While a strong adsorption of 
benzaldehyde is observed on a metallic Pd surface (-0.86 eV), 
the hydrogenated Pd surface presents a weakened interaction 
with benzaldehyde (-0.55 eV). The strong adsorption energy 
of toluene on metallic Pd (-1.19 eV) also renders it a poor 
cocatalyst for such process, in particular for reactions proceed 
at room temperature (RT). In comparison, the PdO surface 
exhibits an optimum adsorption energy of benzaldehyde (-0.06 
eV, Figures 1a and 1b). Additionally, benzaldehyde diethyl 
acetal, benzyl alcohol and toluene, all present a weak-to- 
medium adsorption on the PdO surface (-0.09, -0.14 and -0.53 
eV, Figures 1b-1e), revealing that the hydrogenation of 
benzaldehyde with ethanol is a thermo-dynamically favorable 
process under ambient conditions on the PdO surface. The 
very weak adsorption of benzaldehyde diethyl acetal on PdO 
also implies that it may appear as an observable intermediate 
in the liquid phase prior to the formation of toluene. In 
comparison, while benzyl alcohol does not adsorb on the 
partially hydrogenated Pd surface (0.15 eV), benzaldehyde 
diethyl acetal adsorbs too strong on the Pd H surface (-1.33 
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3 6 9 

eV). Considering the relatively strong adsorption energy of 
toluene on Pd H (-0.87 eV), it implies that the partially Scheme 1. Photocatalytic hydrogenation of aromatic 

carbonyls. (a) Reaction pathways for the conversion of 
benzaldehyde into toluene via benzyl alcohol (Path I) and via 
diacetal (Path II) employing ethanol as the hydrogen donor. 
(b) Calculated free energies of benzyl alcohol, benzaldehyde 
diethyl acetal, and toluene relative to benzaldehyde. 

3 6 9 

hydrogenated alcoholic species will desorb into the liquid 
phase as the final product. Moreover, the adsorption of ethanol 
on PdO (-1.27 eV) is relatively strong than Pd (-0.90 eV) and 
Pd H (-0.74 eV), implying that the acetalization of adsorbed 36 9 

benzaldehyde is more feasible on the PdO surface 
(Supplementary Table 1). 

We consider that the surface chemical state of the metal 
cocatalysts under realistic photocatalytic reaction conditions 
dictate its interaction with the aromatic carbonyls and 
intermediates, especially for organic transformations under 
ambient conditions.24-26 Among transition metals, Pd is the 
most often employed catalyst for hydrogenation reactions,27-29 
owing to its optimized adsorption of the hydrogen acceptors 
and hydrogen atoms. The Pd nanostructures are also decent 
cocatalysts in photocatalytic hydrogen atom transfer (HAT) 
reactions due to its fast hydrogen abstraction and donation 
kinetics.30-31 Under such hydrogen rich conditions, metallic 
and hydrogenated Pd nanoparticles (NPs) are often observed 
as the stable catalyst.32-33 In contrast, creating and stabilizing 
an oxidized surface of the Pd cocatalyst under a reductive 
environment remains a challenge and has been barely reported. 

Pd decorated photocatalysts. The Pd NPs with 
controllable chemical states were deposited on the g-C

3
N 4 

photocatalyst (gCN) using a modified photo-deposition 
method by adjusting the alcohol concentration and irradiation 
time (Figure 2a and Supplementary Note 2). For the synthesis 
of Pd(II)/CN, the PdCl2 precursor and the g-C3N4 (gCN) 
powders were dispersed in an aqueous ethanol solution (67 
vol%) and irradiated for 5 h under deaerated conditions. The 
preparation of PdH

X
/CN was performed in absolute ethanol 

(>99.7 vol%) using a prolonged irradiation time (10 h) to 
create reduced Pd NPs with a partially hydrogenated surface. 
Both Pd(II)/CN and PdH

X
/CN had a Pd loading of ~3 wt%. 

The two photocatalysts were characterized by inductively 
coupled plasma atomic emission spectroscopy (ICP-AES), X- 
ray photoelectron spectroscopy (XPS), electrochemical cyclic 
voltammetry (CV), X-ray diffraction (XRD), and transmission 
electron microscopy (TEM), as shown in Supplementary 
Figures 4-9 and Supplementary Table 2. While the PdHX/CN 
contains exclusively metallic Pd species according to the XPS 
Pd3d spectra (Pd0, ~335 eV, Figure 2b), both Pd0 and Pd2+ of 
PdO (~337 eV) are present in Pd(II)/CN. The CV analysis of 
PdH

X
/CN displays a pair of redox peaks corresponding to the 

evolution of molecular hydrogen from PdH
X 

and adsorption of 
atomic hydrogen on Pd0 back to PdHX (Figure 2c).34-37 In 
comparison, no obvious redox peaks are observed for 
Pd(II)/CN. The XRD patterns of both samples reveal that the 
bulk metallic Pd NPs are in the cubic phase and the gCN 
remains as is after photo-deposition (Supplementary Figure 7). 
The Pd (111) diffraction peak for PdHX/CN becomes broaden 
and is shifted to a lower 2θ angle (39.8o) compared to that of 
the Pd(II)/CN, indicating a reduced long-range order of the Pd 

Herein, we show that the photocatalytic hydrogenation 
pathways and products of aromatic carbonyls can be tuned by 
tweaking the surface oxidation states of the Pd NPs supported 
on the photocatalyst. While the partially hydrogenated Pd NPs 
on graphitic carbon nitride (PdH

X
/CN) promote direct 

photocatalytic hydrogenolysis of aromatic carbonyls to the 
corresponding alcohols, photocatalytic conversion into 
oxygen-free aromatic hydrocarbons can be realized via an 
indirect acetalization process by anchoring surface oxidized 
Pd NPs on g-C N [Pd(II)/CN]. By adding trace amounts of 3 4 

HCl to the reaction system, the Pd(II)/CN photocatalyst 
presents a stabilized high activity for the conversion of a series 
of aromatic carbonyls to the corresponding O-free aromatics, 
rendering it a promising process for scaling-up. 

RESULTS AND DISCUSSION 
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nanocrystalline caused by a high degree of hydrogenation of 
Pd NPs within the PdHX/CN.38-39 In contrast, the Pd NPs in 
Pd(II)/CN are covered by a thin oxide layer on the surface of 
bulk metallic Pd according to XRD and XPS analysis. 
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Figure 1. Adsorption of key chemicals on different Pd 
surfaces. (a) Relative energy profiles of reactant, intermediates, 
and products in photocatalytic hydrogenation of benzaldehyde in 
ethanol on Pd, Pd H , and PdO, respectively. (b)-(e) Adsorption 

TEM imaging reveals that the as-synthesized Pd NPs in 
Pd(II)/CN are relatively large (average diameter ~16.4 nm 
with a broader distribution; Figures 2e, 2f and Supplementary 
Figures 9a, 9b). The Pd particles develop a well-crystalline 
structure with a lattice spacing of 0.22 nm in the bulk that 
matches well with that of Pd (111), according to the high- 
resolution TEM image (HRTEM, Figure 2g), while the surface 
consists of an amorphous layer that is most likely to be PdO. 
In comparison, the PdHX NPs (averaged size ~ 4.9 nm) are 
homogeneously dispersed on the gCN photocatalyst (Figures 

3 6 9 

models of benzaldehyde, benzyl alcohol, benzaldehyde diethyl 
acetal, and toluene with ten ethanol molecules on PdO surface. 

Temperature programmed desorption (TPD) reveals that a 
large quantity of benzaldehyde is weakly adsorbed on 
Pd(II)/CN photocatalyst with a desorption peak at ~81 oC 
(Figure 2d), whereas a reduced quantity of benzaldehyde is 
adsorbed on PdHX/CN with a stronger affinity (desorption 
peak at ~151 oC). Additionally, benzaldehyde diethyl acetal 
and benzyl alcohol are also weakly adsorbed on Pd(II)/CN 
with desorption peaks located at ~87 oC and 105 oC, 
respectively (Supplementary Figure 10), all agreeing 
qualitatively with the theoretical prediction. The limited 
adsorption of acetal on Pd(II)/CN in quantity implies that it is 
likely to diffuse into the liquid phase during photocatalytic 
hydrogenation of benzaldehyde, which results in higher 
availability of sites for the adsorption and acetalization of 
benzaldehyde. The adsorption of benzaldehyde on pristine 
graphitic carbon nitride is negligible (Supplementary Figure 

2 h, 2i and Supplementary Figures 9c, 9d). HRTEM imaging 
on a single PdH

X particle shows that it contains disordered 
(dashed-line bordered areas) and crystalline regions with a 
lattice spacing of 0.23 nm, close to that of Pd (111) facet 
(Figure 2j). The smaller particle size of Pd in PdHX/CN 
indicates that the hydrogen adsorption results in breaking of 
the Pd NPs into smaller clusters. This is in good agreement 
with the XRD pattern of the PdHX/CN, confirming the H- 
induced disordering in Pd NPs.40 

1 0). 
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plasmonic resonance of the Pd NPs rather than a 
Figure 2. Catalyst synthesis & characterizations. (a) Scheme of 
the photo-assisted synthesis of Pd(II)/CN and PdH

X
/CN. (b) and 

(c) XPS and CV analysis of Pd(II)/CN and PdH
X
/CN, 

photocatalytic redox reaction (Supplementary Table S3). As 
the irradiation proceeds, the generated acetal intermediate 
gradually converts to toluene via a deoxygenation and 
hydrogenation steps. Noteworthy, the minor intermediates 
(benzyl alcohol, phenyl ethyl ether) also gradually 
hydrogenated, resulting in a high yield of toluene (>90%). 
This corresponds to a high quantum efficiency (QE) of ~10%, 
as one part of benzaldehyde requires four hydrogen atoms to 
produce a toluene molecule (Supplementary Note 3). The 
hydrogenation of benzaldehyde to toluene can be realized 
under a wide range of reaction conditions (i.e., loading of Pd, 
concentration of photocatalyst, and irradiation wavelength, 
Supplementary Figure 11). 

respectively. The CV was performed in 0.5 M H SO with a three- 2 4 

electrode system with the catalyst on glassy carbon, a graphitic 
carbon sheet, and Ag|AgCl as the working, counter, and reference 
electrodes, respectively. (d) TPD of benzaldehyde from Pd(II)/CN 
and PdHX/CN. (e)-(j) TEM, particle size distribution, and 
HRTEM images of the Pd NPs within the Pd(II)/CN and 
PdHX/CN. 

Photocatalytic performance. Photocatalytic hydrogenation 
of benzaldehyde is employed as the model reaction to evaluate 
the performance of Pd(II)/CN and PdHX/CN photocatalysts 
under deaerated conditions at RT in ethanol, which serves both 
as solvent and as hydrogen donor. The time sequence for 
Pd(II)/CN is characterized by a series of consecutive reactions 
where the rate of product formation is substantially larger than 
for the intermediate (Figure 3a).41 Benzaldehyde (black) 
rapidly reacts with ethanol to benzaldehyde diethyl acetal (red) 
in the initial stage (< 5 min) and eventually to toluene within 

In comparison, the PdHX/CN selectively converts 
benzaldehyde to benzyl alcohol without the formation of 
acetal and toluene even after prolonged radiation (Figure 3b). 
The time dependence indicates zeroth-order reaction kinetics, 
which is usually associated with strong adsorption of the 
reactant on the catalyst. This agrees well with the theoretical 
calculation of the adsorption energy, where the optimum 
interaction of acetal and toluene with the oxidized Pd surface 
is the key to liberate the intermediate and the final 
hydrogenated product. 

5 0 min of irradiation. Relatively small amounts of benzyl 
alcohol (blue) and phenyl ethyl ether (olive) appear at 
intermediate times (Figure 3a). Note that benzaldehyde also 
converts into acetal under dark but at a slower rate in the 
presence of Pd(II)/CN, indicating that the acetalization is 
indeed promoted by irradiation. This is likely a heat-induced 
acidic catalytic acetalization driven by the localized surface 

The photocatalytic hydrogenation pathway is further 
analyzed using benzaldehyde diethyl acetal as the initial 
reactant under deaerated conditions in ethanol. The Pd(II)/CN 
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rapidly and completely hydrogenates the diacetal, possibly via 
phenyl ethyl ether to toluene within 30 mins of irradiation 1 
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(Figure 3c). The absence of benzyl alcohol indicates that 
hydrolysis of the acetal does not occur under these ethanol- 
rich conditions. No reaction of the diacetal is observed for the 
PdHX/CN (Figure 3d), matching well to the calculated strong 
adsorption of diacetal and toluene on the hydrogenated Pd 
surface. Note that benzyl alcohol readily converts to toluene 
on Pd(II)/CN when in presence (Figure 3e), although it 
appears as a minor route in the hydrogenation of 
benzaldehyde. 
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Figure 3. Photocatalytic performances. (a)-(e) Time courses of 
photocatalytic hydrogenation of benzaldehyde, benzaldehyde 
diethyl acetal and benzyl alcohol using Pd(II)/CN and PdH

X
/CN; 

reaction conditions: 10 mg photocatalyst with reactants in 2 mL 
ethanol under 410 nm irradiation (14.8 mW·cm−2) in Ar at RT. (f) 
and (g) Effect of starting concentrations of benzaldehyde for the 
synthesis of diethyl acetal and toluene using Pd(II)/CN. 

realized using glycerol, a low-cost byproduct in biomass 
conversion, as the hydrogen donor (Supplementary Figure 12). 

Stability & reusability. Since noble metal oxides generally 
reduce under hydrogen-rich conditions, the sustainability of 
the Pd(II)/CN photocatalyst for the hydrogenation of aromatic 
aldehydes and ketones in pure ethanol upon prolonged 
irradiation should be considered and examined prior to 
practical applications. The CVs of the pre-irradiated Pd(II)/CN 
in pure ethanol for 3 and 9 h display a pair of redox peaks that 
are similar to that of the fresh PdHX/CN (Figure 4a), 
suggesting that the oxide layer of Pd NPs in Pd(II)/CN has 
been converted into a hydride surface. XPS analysis of the 
spent Pd(II)/CN photocatalyst further confirms the reduction 
of oxidic Pd surface upon irradiation in pure ethanol (Figure 
4b). The content of Pd2+ species decreases from 33 at% in the 
fresh Pd(II)/CN down to 17 at% after 3 h of irradiation and 
eventually to 5 at% after 9 h of irradiation in pure ethanol, 
resulting in a gradual deactivation of the photocatalyst and 
alternation of the reaction paths (Figure 4c). The Pd(II)/CN 
photocatalyst shows a high conversion of benzaldehyde into 

Photocatalytic hydrogenation of benzaldehyde to toluene via 
the acetalization path using Pd(II)/CN remains applicable and 
efficient even at higher concentrations of reactants (Figures 3f 
and 3g). For the intermediate benzaldehyde diethyl acetal, a 
satisfactory selectivity is achieved by prolonging the 
irradiation time with the initial concentration of benzaldehyde 
(15 min for 90 mM, 35 min for 180 mM, and 75 min for 450 
mM). The hydrogenation of benzaldehyde into toluene at 
elevated concentrations (20, 30, 50, 80 and 190 mM) can also 
be realized with high conversion (> 95%) and selectivity (> 
9 0%) by extending the radiation time to 2, 3, 4, 6, and 24 h, 
respectively, suggesting promising potential for applications. 
Finally, the hydrogenation of benzaldehyde to toluene is also 
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toluene within the first two cycles, however the selectivity to 
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toluene gradually decreases and the evolution of benzyl 
alcohol becomes dominant after the 5th cycle. The selectivity 
to benzyl alcohol increases to 90% after the 7th cycle 
(Supplementary Figure 13), indicating complete reduction of 
the Pd2+ species in Pd(II)/CN after prolonged use. 
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diethoxy ethane appears in solution. In contrast, the PdHX/CN 
Figure 4. Stability & Reusability. (a) and (b) CV and Pd3d XPS 
of the Pd(II)/CN photocatalyst after irradiation for 3 and 9 h in 
ethanol. Spectra for the fresh Pd(II)/CN are included for 
comparison. (c) Reusability of Pd(II)/CN for photocatalytic 
hydrogenation of benzaldehyde to toluene in pure ethanol. (d) and 
(e) CV and Pd3d XPS of the Pd(II)/CN photocatalyst after 
irradiation for 3 and 9 h in a 0.5 vol% HCl-ethanol solution. (f) 
Reusability of Pd(II)/CN for photocatalytic hydrogenation of 
benzaldehyde to toluene in a 0.5 vol% HCl-ethanol solution. 

shows negligible hydrogen evolution under identical reaction 
conditions (red curve, Figure 5a), while no 1,1-diethoxy 
ethane evolves in the liquid. This indicates that the PdO layer 
in the Pd(II)/CN system facilitates the cleavage of the C-H 
bond in ethanol, whereas the PdH

X
/CN photocatalyst cannot 

catalyze the dehydrogenation of ethanol into acetaldehyde and 
the consecutive acetalization. Both photocatalysts exhibit a 
delayed H2 evolution upon irradiation when benzaldehyde is in 
present in the ethanol as hydrogen acceptor (Figure 5b), 
implying that the hydrogenation of benzaldehyde is 
thermodynamically more favorable than the evolution of H2. 
The relatively slow kinetics of H evolution from PdH /CN in 

The Pd oxide layer can be stabilized by adding small 
amounts of HCl to the reaction solution. Figure 4d shows the 
CVs of irradiated Pd(II)/CN samples in a 0.5 vol% HCl- 
ethanol solution, where no redox peaks related to the PdH

X 
2 X 

the presence of benzaldehyde probably indicates that the H- 
atoms stored in PdHX need to be depleted first to provide 
active sites for the dehydrogenation of ethanol. 

species are observed even after irradiation for 9 h. 
Accordingly, the concentration of Pd2+ species remains at ~16 
at% up to a irradiation time of 9 h, although a small fraction of 
the material has been reduced compared to the fresh Pd(II)/CN 
(Figure 4e). The Pd(II)/CN exhibits high conversion of 
benzaldehyde to toluene in photocatalytic hydrogenation in a 
0.5 vol% HCl-ethanol solution for 10 consecutive cycles, 
confirming the surface Pd oxide layer is well preserved 
(Figure 4f). TEM imaging of the spent Pd(II)/CN 
photocatalyst reveals that most Pd NPs remain well- 
crystalline, although the average particle size is reduced to 5.6 
nm (Supplementary Figures 14a-14f). XPS analysis of the 
spent catalyst indicates that the addition of HCl during 
reaction does not result in deposition of Cl species on the 
catalyst (Supplementary Figures 14g and 14h). 

Reaction mechanisms. We have further investigated the 
hydrogenation of aromatic carbonyls on Pd(II)/CN by in-situ 
mass spectrometry (MS, Supplementary Note 4). In the 
absence of a hydrogen acceptor (e.g., benzaldehyde), 
molecular hydrogen evolves from the Pd(II)/CN upon 
irradiation in pure ethanol (black curve, Figure 5a), while 1,1- 
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Figure 5. Reaction mechanisms. (a)-(d) in-situ MS analysis of 
H2 evolution and ESR analysis of radical species under irradiation 
using Pd(II)/CN and PdHX/CN photocatalysts, respectively. 
Reaction conditions: 10 mg photocatalyst in 2 mL of pure ethanol 
and with 10 mM benzaldehyde in ethanol under 410 nm 
irradiation (14.8 mW·cm−2) under Ar atmosphere at RT. DMPO is 
used as the spin trap for ESR analysis. 

Electron spin resonance (ESR) is used to study the possible 
radical species evolved during photocatalytic hydrogenation of 
benzaldehyde using 5,5-dimethyl-1-pyrroline N-oxide 
(DMPO) as the spin trap. No radical species were detected 
under dark conditions regardless of the photocatalyst and 
reactants, confirming that the hydrogenation of benzaldehyde 
into either benzyl alcohol or toluene using PdHX/CN and 
Pd(II)/CN, respectively, is indeed a photocatalytic process. 
While Pd(II)/CN produces detectable O-centered ethoxy 
radicals (CH CH O, αN = 13.8, αH = 7.6) upon irradiation in 3 2 

pure ethanol42, the PdHX/CN shows no ESR signal under 
identical reaction conditions (Figure 5c). This agrees with the 
in-situ MS analysis, confirming that the oxide layer over the 
Pd NPs is crucial in accelerating the C-H bond cleavage of 
ethanol to produce sufficient atomic hydrogen for the 
hydrogenation of benzaldehyde. 

Table 1. Substate scope. Hydrogenation of aromatic 
carbonyls and acetalization of aldehydes with different 
alcohols using the Pd(II)/CN photocatalysts. 

7 
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Reaction conditions: 10 mM reactant, 10 mg photocatalyst in 2 
mL alcohol under 410 nm irradiation (14.8 mW·cm−2) in an Ar 
atmosphere. The reaction time indicated in parentheses. 

C1-C5 primary alcohols is achieved by simply prolonging the 
irradiation time (21-25), offering a facial synthesis of value- 
added acetals under ambient conditions. Furthermore, internal 
acetals can be synthesized using ethylene glycol, 1,2- 
propanediol and 1,3-butanediol (26-28) rapidly with decent 
selectivity, providing an effective and environmental-friendly 
method for protecting the carbonyl functional group in 
synthetic applications. 

Substrate Scope. Finally, we show that the Pd(II)/CN 
photocatalyst is efficient for the hydrogenation of a series 
aromatic carbonyls into the corresponding O-free aromatics 
using ethanol as the hydrogen donor (Table 1 and 
Supplementary Figures 15-42). The presence of either electron 
donating groups (i.e., −CH3) or electron withdrawing groups 
(i.e., -CHO, −F) shows a negligible impact on the selective 
hydrogenation of aromatic aldehydes into corresponding 
aromatic hydrocarbons (2-7). Noticeably, this system is also 
efficient and selective in hydrogenation of a series of aromatic 
ketones that contains methyl- (8), ethyl- (9), isopropyl- (10), 
fluoro- (11), cyclic- (12), methoxy- (13, 14), hydroxyl- (15), 
and phenyl- (16-18) groups into the corresponding alkyl 
products. Also cyclohexene (19) and styrene (20) that contains 
unsaturated C=C bond are successfully converted to the 
hydrogenated products with high yields. 

CONCLUSIONS 

In summary, we demonstrate a surface engineering strategy 
for rendering a Pd cocatalyst active and stable for efficient 
photocatalytic hydrogenation of aromatic carbonyls into O- 
free aromatics using alcohol as the hydrogen donor under 
ambient conditions. The Pd(II)/CN system consists of Pd NPs 
with a PdO surface supported on graphitic carbon nitride, and 
it catalyzes the complete hydrogenation of a series aromatic 
carbonyls to the corresponding aromatic hydrocarbons via a 
step-wise acetalization and hydrogenation process with acetals 
as the intermediate. In comparison, metallic Pd NPs occupied 
by H-atoms under photocatalytic reaction conditions (PdHX) 
convert the aromatic carbonyls directly into aromatic alcohols 
as the final product. The oxide surface layer of the Pd NPs 

Additionally, the synthesis of functionalized acetals can also 
be realized employing a range of aliphatic alcohols and the 
Pd(II)/CN photocatalyst, as demonstrated using benzaldehyde 
as the reactant. Successful acetalization of benzaldehyde with 
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acid (98.0%, TCI Shanghai Co. Ltd.); PdCl2 (analytic grade, 
provides an ideal platform for rapid abstraction of hydrogen 
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from the alcohol donor, acetalization of the aromatic 
carbonyls, subsequent hydrogenation of the acetals, and 
desorption of the generated aromatic hydrocarbons, and 
appears as an ideal cocatalyst on the semiconductor 
photocatalyst for complete hydrogenation. The oxide surface 
of the Pd NPs in the Pd(II)/CN photocatalyst can be preserved 
by dosing trace amount of HCl in the reaction solution to 
achieve an excellent stability for long term and high 
concentration operations, which is promising for practical 
applications. The approach also enables the use of bio-mass 
derived monohydric alcohols and polyols as eco-friendly 
hydrogen sources for the hydrogenation of aromatic carbonyls 
and the synthesis of functionalized acetals, thus offering an 
economic route for synthetic chemistry. The development of a 
suitable flow system for heterogeneous photocatalytic 
synthesis may be the key for scaling-up applications. 

Shanghai Aladdin Bio-Chem Technology Co. Ltd.); NaOH 
(97%, Saen Chemical Technology Co. Ltd.); NaBH4 (analytic 
grade, Alfa Aesar (China) Chemical Co. Ltd.). All chemicals 
were used as received without further purification. 

The graphitic carbon nitride (CN): The CN was synthesized 
by a thermal condensation method according to the literature.48 
Melamine monomer (1 g) and cyanuric acid (5 g) powders 
were loaded in a crucible with a lid and calcined in a muffle 
oven at 550 C for 4 h using a ramping rate of 5 C·min and 
then cooled to room temperature (RT) naturally. 

Pd(II)/CN: modified photo-deposition method was 
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A 
utilized to prepare the Pd(II)/CN. Firstly, 0.4 g of CN and 
calculated amount of PdCl

2 
(Pd loading: 3 wt%) were added in 

1 5 mL of absolute ethanol (99.7 vol%), sonicated for 0.5 h to 
obtain a homogenous suspension. After sonication, 10 mL DI 
water was added into the 15 mL suspension, which was 
deaerated by N2 purging for three times under magnetic 
stirring. A LED (410 nm, 150 mW) lamp was then employed 
to irradiate the suspension at RT for 5 h under deaerated 
conditions. The Pd(II)/CN suspension was centrifuged and 
washed with DI water and ethanol for 3 times, and finally the 
powders were dried in a vacuum oven at 60 oC for 12 h. 

EXPERIMENTAL SECTION 

Computational details. All theoretical calculations in this 
work were based on the periodic density functional theory 
(DFT) using Vienna Ab-initio Simulation Package (VASP) 
code.43-44 

PdHX/CN: A modified photo-deposition method was The electron-ion interactions were treated within the 
projector augmented-wave (PAW) approximation.45-46 The 
exchange-correlation functional was described by the Perdew, 
Burke, and Ernzerhof (PBE) parameterization of the 
generalized gradient approximation (GGA).47-48 A cutoff 
energy of 400 ꢀeV was employed for the plane-wave basis set 
of all calculations. The metallic Pd was mimicked with a (6 × 

utilized to prepare the PdHX/CN. Firstly, 0.4 g of CN and 
calculated amount of PdCl2 (Pd loading: 3 wt%) were added in 
2 5 mL of absolute ethanol (99.7 vol%), sonicated for 0.5 h to 
obtain homogenous suspension. The suspension was a 
deaerated by Ar purging for three times under magnetic 
stirring. A LED (410 nm, 150 mW) lamp was then employed 
to irradiate the suspension at RT for 10 h under deaerated 
conditions. The PdHX/CN suspension was centrifuged and 
washed with DI water and ethanol for 3 times, and finally the 
powders were dried in a vacuum oven at 60 oC for 12 h. 

6 × 4) Pd(111) slab. The partially hydrogenated Pd was 
modelled with the aforementioned Pd(111) surface with 9 H 
atom adsorbed at the hollow sites. This structure is referred to 
as the Pd H in this work. The PdO catalyst was modelled 3 6 9 

with a PdO(101) slab, consisting of 120 Pd and 120 O atoms. 
During structural optimizations, only the top two periodic 
layers were allowed to relax in three dimensions, and the 
bottom two layers were restricted. Ten relaxed ethanol 
molecules were added to fill the vacuum region close to the 
Pd-based surfaces to mimic the liquid ethanol solvent. The 
structure relaxation was reached until the residual force was 
below 0.01 eV Å−1. The Brillouin zone was sampled by a 2 × 2 

Characterization of the catalyst. The surface chemical 
compositions of the samples and oxidation states of each 
element were investigated using an X-ray photoelectron 
spectrometer (PHI 5000 VersaProbe Ⅲ, ULVAC-PHI) 
equipped with a monochromatic Al Kα X-ray source. Survey 
scans were measured using the following parameters: energy 
scan range of 1200 to -10 eV, pass energy of 160 eV, dwell 
time of 0.1 s, step size of 1 eV, and scan numbers of 3 times. 
For the region-of-interest spectra (C1s, N1s, Pd3d and O1s), a 
pass energy of 40 eV and a step size of 0.1 eV with a dwell 
time of 0.5 s were utilized. Adventitious C (C1s = 284.6 eV) 
was employed for calibration. 

× 1 k-point sampling for the periodic Pd-based surface models 
and a 1 × 1 × 1 k-point sampling for isolated molecules. All 
periodic surface models were placed in cubic supercells with 
lattice parameter c = 30 ꢀÅ in the z direction to avoid 
interactions between periodic images. An empirical correlation 
(DFT-D3) was employed to describe the van der Waals 
interactions.49 The adsorption energies of molecules on the 
various Pd-based surfaces were calculated according to the 
following equation: 

The Brunauer-Emmett-Teller (BET) surface area of samples 
was obtained by the nitrogen adsorption/desorption isotherms 
measured at 77 K on a Micromeritics TriStarⅡ3020 system. 
PXRD data were collected on a Bruker D8 Advance 
diffractometer equipped with a Cu anode (40 kV, 40 mA). The 
PXRD patterns were recorded in the scan range of 10-80o, a 
step size of 0.02o and a dwell time of 0.5 s. For the fine 
diffraction pattern, a scan range of 37-41°, a step size of 0.01o 
and a dwell time of 5 s. The microstructural information of the 
photocatalyst was studied using a transmission electron 
microscope (FEI Titan ThemisZ) operated at 120 kV. The 
sample was added into 1 mL of alcohol and sonicated for 5 
min to form a suspension. A drop of the suspension was cast 
on the Cu stage and dried in air. The radical species generated 
during the photocatalytic reduction of benzaldehyde were 
analyzed by EPR using an X-band JES-X320 spectrometer in 

Eads = E(adsorbed system) – E(desorbed system) Eq. 1 

The change of the Gibbs free energy (∆G) for each 
elementary step at the zero potential were calculated using the 
following equation: 

∆G = ΔE + ΔEZPE –TΔS Eq. 2 

where E was the total energy obtained directly from the 
DFT calculations. E

ZPE and S were the zero-point energy and 
the entropy, respectively. T was the temperature (298.15 K). 

Synthesis of the catalyst. The following commercial 
precursors were applied: Melamine monomer and cyanuric 
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the range of 321-331 mT at RT. A modulation width of 0.14 * Emails: suren@suda.edu.cn (RS); hplin@snnu.edu.cn (HL) 
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mT and an amplitude of 200 was used for all measurements. 
The 5,5-dimethyl-1-pyrroline N-oxide (DMPO) was utilized 
as the spin-trapping reagent. 
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benzaldehyde and acetal on Pd(II)/CN and PdHX/CN using a 
chemisorption analyzer (AutoChem II) coupled with a MS 
(OmniStar GSD, Pfeiffer). The process is as the following: 
Firstly, fresh photocatalyst powders (30 mg) were placed in a 
closed chamber and purged with Ar gas for 30 minutes to 
ensure a clean surface of the photocatalyst. Then the organic 
compounds (5 mL) were introduced to the photocatalyst 
chamber for 1 h via Ar purging. Next, the inlet valve was 
closed and the photocatalyst were kept in organic 
compound/Ar atmosphere for another 6 h. Finally, the 
photocatalyst powders were loaded into a U-shaped quartz 
tube in a chemisorption analyzer. To start the TPD test the 
loaded sample was heated to 500 oC at a ramp rate of 10 
oC·min-1 with a He flow rate of 50 mL·min-1. Meanwhile the 
desorbed gases were monitored by the coupled MS in real 
time. 
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