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Abstract 

 

Metal co-catalyst loading is one of the most widely explored strategy in promoting photocatalytic solar 

energy conversion. Engineering surface active facets of metal cocatalyst and exploring how they 

modulate the reactivity is crucial for the further development of advanced photocatalysts. In this work, 

through controlled hybridization of two-dimensional (2D) TiO2 nanosheets with well-designed Pd 

nanocube (Pd NC) with exposed {100} facet and Pd nanooctahedron (NO) with exposed {111} facet, 

we unravel the distinct crystal facet effect of Pd cocatalyst in promoting the selective hydrogenation 

of nitroarenes to amines of TiO2 photocatalyst. The activity tests show that the Pd NO with {111} facet 

is a more efficient cocatalyst than the Pd NC with exposed {100} facet. The prepared TiO2-Pd NO 

composite displays a 900% enhancement of photocatalytic hydrogenation rate in comparison with bare 

TiO2, while the TiO2-Pd NC sample only shows a 200% photoactivity enhancement. Microscopic 

mechanism study discloses that the distinctive photoactivity improvement of Pd NO is ascribed to the 

concurrent modulation of Schottky barrier height and enrichment of surface reactants: (i) the Pd NO 

with lower fermi level could result in steeper band bending of TiO2 (i.e., higher Schottky barrier) than 

Pd NC, which is more efficient in boosting interfacial separation and inhibiting the recombination of 

photoexcited charge pairs; (ii) the {111} facet of Pd has higher nitroarenes adsorption ability and 

especially stronger hydrogen enrichment capability, thus accelerating surface hydrogenation process 

and contributing to higher reaction rate. This work emphasizes the rational facet control of cocatalyst 

for enhancing the photocatalytic hydrogenation performance. 
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Introduction 

 

Catalytic hydrogenation represents a class of fundamental yet significant organic transformation in 

chemical industry.1-3 It involves the addition of hydrogen to a large group of unsaturated organics with 

double or triple bonds, such as aldehydes, alkenes, alkynes, aromatic nitro-compounds and other 

derivatives with the assistance of catalysts, which are critical for fine chemicals, agrochemicals and 

pharmaceuticals production.2, 4 Traditionally, the catalytic hydrogenation is carried out in the presence 

of stoichiometric metals (e.g., Fe, Zn, Sn, and Al), and hydride reagents such as sodium borohydride, 

ammonia borane or molecular hydrogen (H2).5 In spite of the effectiveness, these conventional 

hydrogenation processes suffer from some inherent limitations of harsh reaction conditions (e.g., high 

pressure and temperature), generation of undesirable side products, or high cost.6 

 

Alternatively, photocatalytic hydrogenation has aroused continuous research interest due to its 

unique advantages of using solar energy and operating under mild conditions.3, 7 Hydrogen species can 

be in-situ photogenerated on the catalyst surface without adding a reducing agent, thus offering a 

fascinating alternative strategy.8 However, the photocatalytic hydrogenation typically faces problem 

of low catalytic efficiency on account of the severe charge carriers recombination and short of surface 

reactive sites.9-11 Therefore, the artful design of advanced photocatalysts to facilitate charge separation 

and promote surface redox reaction is an enduring theme.12, 13 As an significant metal oxide 

semiconductor, titanium dioxide (TiO2) is extensively studied in photocatalysis due to its well stability 

and high reactivity. In recent years, anatase TiO2 nanosheets containing large exposure of {001} facet 

attracts widespread attention owing to the observation that the {001} facet with a high surface energy 

is effective for dissociative adsorption of the reactant molecules.14,15 Nevertheless, the performance of 

single-component semiconductor photocatalyst is still limited. To solve this problem, metal cocatalyst 

loading is one of the research hotspots due to its versatility for improving photocatalytic performance 

of different types of photoactive substrates.16-19 It is well-recognized that the incorporation of metal 

cocatalyst with photoactive substrate could greatly facilitate charge separation by taking advantage of 

the Schottky junction, and the acceleration of surface redox reactions by serving as highly active sites, 

thereby significantly enhancing the photocatalytic efficiency. 20, 21  

 



Among the various metal cocatalysts, palladium (Pd) occupies a prominent place because of its 

compatibility with multiple functionalities.22-26 In particular, metal Pd is a special material that has a 

strong affinity for hydrogen. It displays a number of exceptional properties in interaction with 

hydrogen, including (i) superior dissociation ability of hydrogen with little or no activation energy 

barrier; (ii) high adsorption and storage of hydrogen under ambient temperature and pressure, and (iii) 

accessible desorption of hydrogen.27 These features enable the Pd to be an excellent candidate for 

catalyzing hydrogenation reactions.28 However, the Pd metal in hybrid systems is generally in irregular 

sphere shape with mixed crystal facets. Owing to that the exposed facet of metal influences the 

interfacial contact with photoactive substrate for charge transfer and determines the arrangement of 

surface atoms acting as main active sites, the irregular, poorly defined Pd shapes with multiple types 

of surface atomic structures inherently hinder the optimization of the interfacial charge separation and 

limit the exposure of active sites on all the surfaces.29, 30 As a result, the utilization efficiency of Pd 

nanoparticles and the photoactivity of the fabricated hybrid catalysts is restricted. Moreover, the 

inhomogeneously mixed facets of Pd also make it hard to identify the active surface structure and 

investigate the structure-activity characteristics, thus hampering the understanding of the intrinsic 

catalytic mechanism.29 Recently, research works show that rational crystal surface engineering of 

cocatalysts is effective to tackle these problems.31 The crystal surface engineering of Pd nanoparticles 

has demonstrated to modulate the photocatalytic performance toward solar fuel generation.31,32 

However, the influence of Pd crystal facet on the hydrogenation reaction is still unclear. In this context, 

to maximize the promoting effect of Pd cocatalyst for designing more efficient Pd-based photocatalytic 

systems toward hydrogenation reaction, it is highly desirable to control the crystal facet and investigate 

the shape effects of Pd cocatalysts.  

 

Here, we report the specific active facets of Pd cocatalyst for enhancing photocatalytic 

hydrogenation by engineering different exposed surface facets of Pd. Well-defined Pd nanocube (NC) 

with exposed {100} facet and Pd nanooctahedron (NO) with exposed {111} facet are synthesized and 

assembled onto two-dimensional (2D) TiO2 nanosheets to elucidate the significant surface facet effect. 

The photocatalytic performances of the fabricated TiO2-Pd composites are evaluated by selective 

hydrogenation of aromatic nitro organics to amines, which is one of the most fundamental 

transformations widely involved in industrial fine chemicals production. The optimized TiO2-Pd NO 



composite shows a remarkable photoactivity enhancement in comparison with bare TiO2 (900 % 

enhancement), while the TiO2-Pd NC sample only shows a 200% photoactivity enhancement. 

Characterizations reveal that the Pd NO not only more efficiently facilitates interfacial charge carrier 

transfer than Pd NC caused by its lower fermi level, but also enriches more reactant molecules on the 

catalyst surface to accelerate hydrogenation process due to its stronger hydrogen adsorption capability, 

thus synergistically leading to the better photocatalytic performance of the TiO2-Pd NO composites. 

 

Results and discussion 

In the work, two-dimensional (2D) TiO2 nanosheets are firstly prepared by a hydrothermal method 

(Figure S1, Supporting Information). It is employed as semiconductor substrate to hybrid with Pd due 

to its well stability and high reactivity. The nanosheet structure of the TiO2 with large flat surface 

provides a good platform to support Pd component, while the thin thickness decreases the charge 

diffusion length and reduces their recombination probability, which are beneficial for the fabrication 

of advanced TiO2-Pd hybrid photocatalyst. The Pd nanocube (NC) and Pd nanooctahedron (NO) are 

successfully synthesized by adjusting the different exposed surface facets, as shown in Figure S2. 

Then, Pd NC and Pd NO are assembled onto the surface of TiO2 nanosheets by a wet impregnation 

method, as illustrated in Figure 1a. The detailed morphology and composition characterization of the 

samples have been carried out by transmission electron microscopy (TEM) analysis, as presented in 

Figure 1b and c. The high resolution TEM images of the TiO2-Pd NC reveal that the lattice fringes of 

Pd NC are 0.195 nm (Figure 1b), corresponding to the {200} facets of Pd.17,33 In comparison, the Pd 

NO shows lattice spacing of 0.225 nm, which can be attributed to the {111} facet of Pd (Figure 1c).34,35 

The analysis indicates that the Pd cube and octahedron are single crystals surrounded by six {100} 

facets or eight {111} facets, respectively. 



 

Figure 1. Schematic synthesis of TiO2-Pd NC and TiO2-Pd NO composites (a); high-resolution TEM 

images of TiO2-Pd NC (b) and TiO2-Pd NO (c) samples.  

 

Figure 2a and Figure S3 show the crystal structures of the bare TiO2, TiO2-Pd NC and TiO2-Pd 

NO composites, which are characterized by powder x-ray diffraction (XRD). All the samples exhibit 

similar XRD patterns. The identified peaks are well consistent with anatase TiO2 (JCPDS No. 21-

1272). When the addition amount of Pd nanocrystals reaches 2%, metallic Pd diffraction peaks are 

observed over both the TiO2-2Pd NC and TiO2-2Pd NO composites (Figure S3), confirming the 

formation of hybrid composite. In addition, Raman spectroscopy is further used to analyze the phase 

composition of the fabricated photocatalysts. The Raman analysis is sensitive to the microstructure 

and crystallinity of materials, thus can provide detailed information about chemical structure and 

molecular interactions. As illustrated in Figure 2b, five vibration peaks are observed at 144 (Eg), 199 

(Eg), 394 (B1g), 514 (A1g), and 636 cm−1 (Eg), which belong to the anatase TiO2 vibration mode.36-38 

The result verifies that anatase TiO2 are the primary species, in conformity with the XRD analysis. 

Notably, after the decoration of Pd NC and Pd NO, the Raman peak located at 146 cm-1 in TiO2-0.5Pd 

NC and TiO2-0.5Pd NO composites shifts toward high wavenumber as compared to that of bare TiO2, 



suggesting that the symmetric stretching vibration of O−Ti−O in TiO2 is affected.36, 39 This can be 

ascribed the strong chemical interaction between the oxygen in TiO2 and metal Pd.40 The accurate 

amount of Pd nanoparticles in the TiO2-Pd composites have been evaluated by the inductively coupled 

plasma-optical emission spectrometry (ICP-OES). As presented in in Table S1, the addition amounts 

of Pd NC and Pd NO in the TiO2-0.5Pd NC and TiO2-0.5Pd NO composites are measured to be 0.473% 

and 0.486%, respectively, which is approximate to the theoretical amount (i.e., 0.5%). 

The impact of metal Pd loading on the structure of TiO2 has been further revealed by X-ray 

photoelectron spectra (XPS) analysis through studying the surface valence states of the elements in the 

TiO2, TiO2-0.5Pd NC and TiO2-0.5Pd NO composites. Figure 2c shows that the Ti 2p spectrum of 

TiO2 exhibits two peaks at 458.4 and 464.1 eV assigned to Ti 2p3/2 and Ti 2p1/2, respectively.41, 42 After 

loading Pd nanocrystals (i.e., Pd NC and NO), slight shift of Ti 2p peaks toward higher binding energy 

over the TiO2-0.5Pd NC and TiO2-0.5Pd NO composites are observed. Correspondingly, the binding 

energies for O 1s spectrum in TiO2-0.5Pd NC and TiO2-0.5Pd NO composites are higher than that of 

TiO2 (Figure 2d). Moreover, in comparison with the binding energies of metallic Pd (335.4 eV for Pd 

3d5/2 and 340.6 eV for Pd 3d3/2),43 the Pd 3d peaks of the TiO2-0.5Pd NC and TiO2-0.5Pd NO are 

negatively changed (Figure 2e). The obvious XPS shifts are resulted from the alterations of 

coordinated environment or chemical state of the elements in hybrid composites, in which the Pd atoms 

with empty d orbitals could accept lone pair electrons of oxygen in TiO2.17 The results further confirm 

the incorporation of metallic Pd into TiO2, and the formation of chemical interaction between the Pd 

crystals and the TiO2. 

 

Moreover, UV-vis diffuse reflectance spectra (DRS) have been employed to investigate the optical 

properties of the bare TiO2 and TiO2-Pd composites. As illustrated in Figure 2f and Figure S4 

(Supporting Information), all of the samples exhibit analogous light absorption fingerprints with band 

edges of around 400 nm, corresponding to the inherent band gap absorption of anatase TiO2.44 After 

the addition of small amount of metallic Pd, both the TiO2-Pd NC and TiO2-Pd NO composites display 

improved visible light absorption as compared to TiO2, which is originated from the essential light 

absorption of the Pd nanocrystals (NC and NO) and the light scattering caused by the Pd 

nanocrystals.17,49,50 Specifically, (i) although Pd is nonplasmonic metal, it is still able to capture solar 

light due to inter-band transition of bound electrons (in filled energy bands lower than the conduction 



band), thus resulting in visible light absorption of the TiO2-Pd; (ii) after the integration of Pd with TiO2, 

the Pd metal nanocrystals are much more closely packed on the TiO2 support, which could lead to high 

scattering of light at longer wavelengths.49, 50 Consequently, the two factors contribute to the high 

visible light absorption of the TiO2-Pd composites as compared with bare TiO2. 17,45,46 Additionally, 

the optical property of TiO2-Pd NC composites is similar with that of TiO2-Pd NO samples in both 

ultraviolet and visible regions, demonstrating that the morphology of metallic Pd has no remarkable 

impact on the light absorption properties of the TiO2-Pd NC and TiO2-Pd NO composites. 

 

Figure 2. XRD patterns (a), Raman spectra (b), high-resolution XPS spectra of Ti 2p (c), O 1s (d), 

Pd 3d (e) core levels, and DRS spectra (f) of TiO2, TiO2-0.5Pd NC and TiO2-0.5Pd NO composites. 

 

In the following, the photocatalytic activity of TiO2, TiO2-Pd NC and TiO2-Pd NO composites 

have been tested by selective hydrogenation of aromatic nitro-compounds to amines in aqueous phase. 

Ethanol is used as quencher to trap photogenerated holes. Photocatalytic hydrogenation of 4-

nitroaniline (4-NA) to corresponding 4-phenylenediamine (4-PDA) is firstly performed. It is a typical 

six-electron hydrogenation reaction (Figure S5). Figure S6 shows that upon light irradiation, the peak 

corresponding to 4-NA at 382 nm gradually decreases, while a new absorption peak belonging to 4-



PDA at 300 nm is concomitantly generated.47 Simultaneously, the solution at different reaction time 

has been collected and analyzed by gas chromatography (GC), which reveals that the reactant of 4-NA 

is transformed into 4-PDA through the photocatalytic hydrogenation without other by-products 

(Figure S7), approaching 100% selectivity. The photocatalytic activities of TiO2-Pd NO with different 

Pd NO weight ratios are shown in Figure 3a. The addition of Pd nanocrystals plays a critical role on 

the photoactivity enhancement. Small amount of Pd (e.g., 0.25%) noticeably improves the 

photocatalytic hydrogenation efficiency of TiO2. By increasing the addition amount of Pd NO to 0.5%, 

the TiO2-0.5Pd NO sample achieves the optimal synergistic interaction between TiO2 and Pd NO, 

exhibiting the highest photoactivity. The conversion of 4-NA over the TiO2-0.5Pd NO composite is 

nearly 100% within 16 min, about 9 times higher (900% enhancement) than that of TiO2. In contrast, 

the photoactivity improvement is remarkably different for the TiO2-Pd NC composites. As shown in 

Figure 3b, the TiO2-0.25Pd NC composite exhibits a similar photoactivity as compared to blank TiO2. 

In addition, although the TiO2-0.5Pd NC sample with 0.5% Pd NC also displays the best photocatalytic 

activity, the photoactivity enhancement is less significant. The conversion of 4-NA over TiO2-0.5Pd 

NC is about 30%, which is only 2-fold (200% enhancement) higher than that of blank TiO2. The result 

indicates that the Pd NO and Pd NC are significantly different in promoting the photocatalytic 

hydrogenation performance of TiO2. 

Moreover, it is notable that the photocatalytic efficiencies of the TiO2-Pd NO and TiO2-Pd NC 

with 1% and 2% Pd are obviously decreased, suggesting the negative effect of the high Pd contents on 

the performance of the composites. The deterioration can be explained by the following two reasons. 

Firstly, the high weight content of Pd may prevent the light absorption of TiO2 by scattering of photons 

and reduce the light intensity through the inside of the reaction solution.48 Secondly, the Pd 

nanocrystals may serve as electron-hole recombination centers if the dosage levels exceed the optimum 

loading,49 thus inhibiting the photocatalytic performance. The phenomenon is widely observed in Pd-

based composite photocatalysts, which determines that in most cases, the addition amount of Pd is 

lower than 1% for achieving an optimal synergistic interaction with semiconductor.13, 50 Furthermore, 

recent researches have shown that halides (i.e., Br-) used in the synthesis of Pd crystal could be 

adsorbed on its surface, consequently decreasing the catalytic performance.51 However, in this work, 

a two-step method with adequate washing is used to synthesize the TiO2-Pd composites, which greatly 

reduces the amounts of residue halides on the catalyst surface of Pd crystal, as verified by the XPS 



analysis in Figure S8. Thus, the impact of halides on photocatalytic hydrogenation performance of the 

TiO2-Pd composites is negligible.  

To demonstrate the generically higher promotion effect of Pd NO than Pd NC, photocatalytic 

selective hydrogenation of other aromatic nitro-compounds, including 4-Nitroanisole; 1-Bromo-4-

Nitrobenzene and 1-Chloro-4-Nitrobenzene over the bare TiO2, TiO2-0.5Pd NO and TiO2-0.5Pd NC 

composites has been investigated. As shown in Figure 3c, the hybridization of metal Pd expectedly 

enhances the photoactivity of TiO2 toward different nitro organics. Also, the TiO2-0.5Pd NO sample 

exhibits better photocatalytic performance than the TiO2-0.5Pd NC composite. Meanwhile, a 

comparison of the photocatalytic performance over different photocatalysts has been summarized, as 

listed in Table S2, revealing the advanced performance of the TiO2-Pd NO photocatalyst. Finally, 

continuous photocatalytic hydrogenation experiment over the optimal TiO2-Pd NO has been carried 

out to assess the stability of the composite. Figure 3d shows that no apparent performance degradation 

is detected during the five successive recycle tests for hydrogenation of 4-NA, suggesting the high 

photostability of the TiO2-0.5Pd NO under the present reaction conditions. Meanwhile, the ICP-OES 

measurement suggests that the content of Pd in the solution after the reaction is neglectable, which 

further proves the stability of TiO2-0.5Pd NO photocatalyst. 

 



 

Figure 3. Photocatalytic hydrogenation of 4-NA to 4-PDA over blank TiO2, TiO2-Pd NO and TiO2-

Pd NC samples with different weight ratios of Pd (b); photocatalytic hydrogenation of 4-

Nitroanisole; 1-bromo-4-nitrobenzene and 1-chloro-4-nitrobenzene over the TiO2, TiO2-0.5Pd NO 

and TiO2-0.5Pd NC composites after 8 min reaction (c); recycling photocatalytic hydrogenation of 4-

NA over TiO2-0.5Pd NO sample (d). Reaction conditions: 30 mg sample in 40 mL aromatic nitro 

compounds solution (10 mg L-1) with 100 μL ethanol, UV light (λ = 365 ± 15 nm), N2 atmosphere, 

reaction temperature, 298 K. 

 

In short, the above photoactivity tests faithfully validate that the Pd NO cocatalyst is more efficient 

than the Pd NC for enhancing the photocatalytic hydrogenation activity. Given the same TiO2 

semiconductor substrate and the same method used for the fabrication of the TiO2-Pd NO and the TiO2-

Pd NC composites, the marked photoactivity difference between the two series of catalysts can be 

ascribed to the different exposed facet of Pd in the hybrid composite. To reveal the underlying 

mechanism, collective theoretical and experimental analyses of bare TiO2, TiO2-Pd NO and TiO2-Pd 

NC composites have been carried out.  

Generally, the contact of metal with semiconductor forms Schottky barrier due to their different 



Fermi levels (Ef). Electrons or holes (depending on the n-type or p-type semiconductor) will 

continuously transfer from semiconductor to metal until the Ef of the metal and the semiconductor 

reaches equilibrium. After the Ef alignment, a space-charge region forms on the semiconductor surface 

and results in band bending, as illustrated in Figure S9 (supporting information). The bending (i.e., 

the Schottky barrier height (ΦB)) could inhibit the backflow of charge carriers from metal to 

semiconductor, which can be calculated from the following equation: 

ΦB = ΦM − XSemi  (1) 

ΦM is the working function of the metal, which is defined as the energy required for an electron transfer 

from the Fermi energy of the metal to vacuum. XSemi is electron affinity, which is determined by the 

energy difference between the vacuum (Vac) energy and the minimum conduction band (CB). For the 

TiO2-Pd composites, including the TiO2-Pd NO and the TiO2-Pd NC, the Ef of the Pd is lower than 

that of the n-type TiO2 semiconductor. Thus, electrons will flow from the TiO2 nanosheets to the Pd 

nanocrystals, leading to the upward bend bending of TiO2 toward the Pd surface after Ef equilibrium 

(Figure 4a). Notably, due to that the ΦB is strongly affected by the ΦM, while the surface state (surface 

atoms configuration) influences the ΦM. Therefore, the different exposed facets of metal would result 

in different bend bending heights (ΦB). As for the Pd NC with exposed {100} facet and Pd NO with 

exposed {111} facet, both the experimental studies and theoretical calculations have revealed that the 

Pd{111} surface possesses larger work function (lower Ef) than the Pd{100} surface.52, 53 Specifically, 

the experimental work function values of Pd{111} and Pd{100} are 5.9 eV and 5.6 eV, respectively. 

As such, upon coupling with the TiO2 nanosheets, the Pd NO with exposed {111}facet could cause 

steeper upward bending of the TiO2 band and thus higher barrier heights than the Pd NC with {100} 

facet. This makes it harder for the backflow of electrons from Pd NO to TiO2 semiconductor (Figure 

4a). In this context, upon light irradiation, the formed TiO2-Pd NO Schottky barrier will ensure the 

unidirectional transfer of photoexcited electrons across the TiO2-Pd junction interface more efficiently. 

More electrons and holes can accumulate on the surfaces of Pd NO and TiO2, respectively, thereby 

prolonging longer lifespan of photogenerated charges for reaction and leading to higher photoactivity 

of TiO2. This has been experimentally testified by the following photoluminescence (PL) spectra and 

photo-electrochemical analyses. 

As shown in Figure 4b, PL spectrum is used to investigate the recombination of photoexcited 

electron-hole pairs in the TiO2, TiO2-Pd NO and TiO2-Pd NC composites.54, 55 Similar PL curves are 



observed for the three samples, among which the blank TiO2 exhibits the highest intensity. The 

diminished PL of TiO2-0.5Pd NO and TiO2-0.5Pd NC composites can be attributed to the fact that the 

decorated metal Pd nanocrystals act as “electron reservoirs” to trap the photoelectrons generated from 

TiO2, thereby inhibiting the recombination of electron-hole pairs,56 as depicted in Figure S10. 

Moreover, the PL intensity of TiO2-0.5Pd NO composite is lower than the intensity of TiO2-0.5Pd NC 

sample, indicating that the Pd NO is more efficient in inhibiting the charge carriers recombination. 

Figure 4c shows the transient photocurrent responses of the samples, which are recorded to study the 

transfer and separation of charge carriers. Generally, the higher photocurrent intensity, the more 

efficient transfer of charge carriers. It can be seen that both the TiO2-0.5Pd NO and TiO2-0.5Pd NC 

composites exhibit larger photocurrent value than blank TiO2, indicating that the metal Pd has an 

accelerating effect on promoting the separation of charge carriers. The higher photocurrent intensity 

of the TiO2-0.5Pd NO than that of the TiO2-0.5Pd NC suggests the more sensitive transfer of 

photoelectrons from TiO2 to Pd NO. Notably, the photocurrent intensity of TiO2-0.5Pd NO sample 

gradually decreases under continuous light irradiation. The result can be attributed to the transfer of 

electrons in the CB of TiO2 to the Pd NO, which accumulates and release gradually when the light is 

turned off, thus leading to a gradual decline of the photocurrent.35  

 

Moreover, Figure 4d shows the polarization curves of the TiO2 and TiO2-Pd composites, which 

indicates that the introduction of metal Pd greatly improves the current density in the similar potential 

range due to the excellent electrons transfer efficiency of Pd. Additionally, Pd facet-dependent current 

density over TiO2-Pd composites is observed. The Pd NO with {111} surface more efficiently increases 

the current density than the Pd NC with {100} surface due to the higher electronic conductivity of Pd 

NO.35 Figure 4e displays the cyclic voltammograms (CV) curves of the bare TiO2, TiO2-0.5Pd NO 

and TiO2-0.5Pd NC composites that are employed to elucidate the electron transfer rate of the 

samples.57, 58 The obvious anodic and cathodic current density over these three samples follows the 

order of TiO2-0.5Pd NO > TiO2-0.5Pd NC > TiO2, denoting the most effective transport of charge 

carriers from TiO2 to Pd NO. The increased lifetime of photogenerated charge carriers is in consistent 

with the enhanced photoactivity of the TiO2-0.5Pd NO composite as observed above. 

 

Furthermore, the electrochemical impedance spectroscopy (EIS) Nyquist plots of bare TiO2, TiO2-



0.5Pd NO and TiO2-0.5Pd NC composites have been measured to further understand the charge 

transfer at the contact interface between the electrode and electrolyte.47, 59-62 As displayed in Figure 4f, 

all the three electrodes exhibit semicircles at high frequency. The Nyquist plots of TiO2-0.5Pd NO and 

TiO2-0.5Pd NC composites are depressed in comparison with that of TiO2, while the TiO2-0.5Pd NO 

displays the smallest arc radius. The result indicates the most efficient transfer of charge carriers over 

TiO2-0.5Pd NO composite, demonstrating the crystal facet-dependent charge carrier transfer over 

metal Pd. In addition, compared with the bare TiO2 and TiO2-0.5Pd NC composite (Figure 4g), the 

corresponding Bode-phase plot of TiO2-0.5Pd NO has been observed to shift to a lower frequency, 

which elucidates the retarded recombination and prolonged lifetime of electron-hole pairs.63, 64 

Collectively, the above characterizations clearly prove the critical facet effect of Pd cocatalyst on 

accelerating charges mobility and reducing the recombination possibility, thereby resulting in 

enhanced photocatalytic selective hydrogenation activity. 

 

 

Figure 4. Schematic energy-band diagram of TiO2-Pd NO and TiO2-Pd NC composites (a); PL 



emission spectra (b), transient photocurrent densities (c), polarization curves (d), cyclic 

voltammograms (e), EIS Nyquist plots (f), and corresponding Bode phase plots (g) of bare TiO2, 

TiO2-Pd NC and TiO2-Pd NO composites. 

 

Besides the separation of photoexcited electron-hole pairs, the surface reactant adsorption is 

another critical factor that determines the photocatalytic efficiency of catalysts due to that 

photocatalytic conversion is a heterogeneous catalytic process.65, 66 Therefore, the surface area and 

porosity of the TiO2, TiO2-0.5Pd NO and TiO2-0.5Pd NC samples have been investigated by nitrogen 

adsorption-desorption. As presented in Figure S11 and Table S3 (Supporting Information), the three 

samples process similar type IV adsorption-desorption isotherms with a typical H3 hysteresis loop.67 

The specific surface areas of TiO2-0.5Pd NO and TiO2-0.5Pd NC samples are comparable to the bare 

TiO2, suggesting that the introduction of Pd nanocrystal has no remarkable effect on the surface area 

of these catalysts. However, the adsorption experiments in Figure 5a and Figure S12 show the 

absorptivity enhancement for TiO2-0.5Pd NO and TiO2-0.5Pd NC composites due to the presence of 

metal Pd. This may be attributed to the interactions of π-complexation between the metal palladium 

and the aromatic reactants,68, 69 which contributes to increasing the adsorption of reactants, i.e., 4-NA.  

 



 

Figure 5. Column plots showing the remaining 4-nitroaniline in solution after being kept in dark for 

1 h until adsorption equilibrium of the 4-nitroaniline solution over different samples (a); The 

temperature-programmed desorption (TPD) spectra of TiO2, TiO2-0.5Pd NO and TiO2-0.5Pd NC 

composites (b); schematically illustrated reaction mechanism for photocatalytic hydrogenation of 

nitroarenes over TiO2-Pd composites (c). 

 

Moreover, since the photocatalytic hydrogenation of 4-NA involves the reaction with hydrogen 

species, the interaction of bare TiO2, TiO2-Pd NO and TiO2-Pd NC with hydrogen has been tested by 

the temperature-programmed desorption (TPD) technique. As displayed in Figure 5b, for the bare 

TiO2, no distinct desorption peaks are observed, indicating the poor adsorption of hydrogen. However, 

the TiO2-0.5Pd NC composite shows two main broadened hydrogen desorption peaks located at ca. 

268 ℃ and 336 ℃, respectively, indicating the strong hydrogen adsorption affinity of Pd NC. 

Moreover, several stronger desorption peaks located at the range of 200-550 ℃ are detected for the 



TiO2-0.5Pd NO sample. Generally, the stronger the desorption peak, the higher the adsorption amount 

of hydrogen.70 To theoretically analyze the difference of adsorption ability on hydrogen between TiO2-

0.5Pd NO and TiO2-0.5Pd NC, the Vienna ab initio simulation package (VASP) has been used to 

analyze the Pd{100} and {111} facets based on the first-principles density functional theory (DFT). 

The free energy of atomic hydrogen adsorption (ΔGH) is an important indicator for predicting the 

activity of hydrogenation reaction on the catalyst. In this case, the adsorption of H* (chemisorbed H 

atoms on the surface active sites of catalyst) is stronger when the value of ΔGH is more negative. 

Figure S13 shows the configurations of H adsorbate on the Pd{111} and Pd{100} surfaces, among 

which the corresponding adsorption energies are calculated as ΔGH Pd{111} =-3.85 eV and ΔGH Pd{100} = 

-3.81 eV, respectively. Obviously, the value of ΔGH {111} is more negative than that of ΔGH {100}, 

which suggests a stronger H* adsorption ability on the Pd NO with exposed {111} facet. The enhanced 

H* adsorption on the Pd NO surface as compared to that on Pd NC with exposed {100} surface is 

coordinated with the TPD analysis in Figure 5b, which is favorable for the photocatalytic 

hydrogenation reaction. Thus, the TiO2-0.5Pd NO composite exhibits the strongest hydrogen 

adsorption capability among these three samples. This results in the enrichment of the hydrogen 

species on the surface of TiO2-0.5Pd NO, which is favorable for the photocatalytic hydrogenation 

reaction. Therefore, the introduction of Pd NO onto TiO2 not only accelerates the transfer of 

photoexcited charges, but also favors the surface enrichment of reactants, which thus concurrently 

promotes the catalytic efficiency toward selective hydrogenation of 4-NA. 

 

Furthermore, controlled experiments have been carried out to explore the photocatalytic 

mechanism toward selective hydrogenation of nitro organics over the TiO2-0.5Pd NO composite. As 

shown in Figure S14, when the hole scavenger, i.e., ethanol, is removed from the reaction system, the 

photocatalytic hydrogenation efficiency of 4-NA decreases significantly, indicating the critical role of 

hole scavenger in improving the photoactivity. The presence of hole scavenger could retard the 

recombination of charge pairs and extend their lifetime, leading to photoactivity enhancement. 

Additionally, the effect of nitrogen on photocatalytic performance has also been investigated. Without 

nitrogen as inert atmosphere, the hydrogenation reaction is totally ceased in air under UV light 

irradiation, which is ascribed to the fact that the O2 molecules in air are preferred to react with electrons 

to produce the superoxide radicals (O2·-) due to the low redox potential (-0.046 V vs. RHE) as 



compared with that of 4-NA reduction (-0.3 V vs. RHE).71-73 Based on the above experimental analyses 

and theoretical analyses, a tentative reaction mechanism for photocatalytic hydrogenation of organic 

compounds over TiO2-0.5Pd NO composite has been proposed, as displayed in Figure 5c. Under light 

irradiation, electrons in the TiO2 valence band (VB) are excited into the conduction band (CB), leaving 

holes in the VB. The electrons are localized from the TiO2 to the deposited Pd nanocrystals, which 

inhibits their recombination with holes. Then, the adsorbed 4-nitroaniline molecules will hydrogenate 

in the presence of proton and photogenerated electrons to form 4-phenylenediamine. Notably, the 

hydrogen involved in the photocatalytic nitroaromatic hydrogenation is indeed from the water instead 

of the ethanol, as proven by Li and colleagues.3 Concurrently, the holes in the VB of TiO2 will be 

consumed by the hole scavenger of ethanol for inhibiting the electron-hole recombination, thus 

enhancing the photocatalytic activity. Since the Pd NO with exposed {111} surface exhibit the higher 

charge separation efficiency and stronger hydrogen enrichment capability than the Pd NC with exposed 

{100} surface, the TiO2-Pd NO composite shows significant photoactivity enhancement as compared 

with TiO2-Pd NC composite, demonstrating the facet effect of Pd nanocrystals toward photocatalytic 

selective hydrogenation. 

 

Conclusion 

 

In summary, Pd NC and NO with different exposed facets are introduced onto 2D TiO2 to investigate 

the surface facets effect of Pd nanocrystals on the photocatalytic selective organic transformations. 

The photoactivities are evaluated by selective hydrogenation of aromatic nitro organics in aqueous 

media under UV light irradiation. The TiO2-Pd NO composites reveal higher photocatalytic efficiency 

as compared with the TiO2-Pd NC composites. Based on a series of theoretical and experimental 

analyses, the photoactivity improvement is due to the following two factors. On one hand, the Pd NO 

is more efficient in accelerating the separation and transportation of charge carriers than the Pd NC 

owing to its lower Fermi level. On the other hand, the hydrogenation process on the surface of Pd{111} 

facet is more preferable due to the strong proton enrichment capability, thus leading to the improved 

photocatalytic hydrogenation efficiency of 4-NA over TiO2-Pd NO sample than that of TiO2-Pd NC 

composite. This work clarifies the relationship between surface facets effect of Pd nanocrystals and 

photoactivity of Pd-semiconductor composites toward photocatalytic selective hydrogenation reaction. 
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