
1. Introduction

Substantial efforts are being made worldwide to de-
velop technologies for solving environmental problems.    
Sulfur oxides (SOx), which are formed by the combus-
tion of organic sulfur compounds in fuels, cause air 
pollution, acid rain and deactivation of automotive 
exhaust catalysts.    Consequently, clean fuels have been 
produced in the petroleum industry using hydro-
desulfurization (HDS) processes based on sulfided 
Co(Ni)Mo/Al2O3 catalysts.    Heavy oil contain greater 
quantities of sulfur compounds compared with gasoline 
and diesel fuel, so regulation of SOx emissions from 
ships is expected to become more stringent.    Recently, 
the petroleum industry claimed that the development of 
highly active HDS catalysts with higher activity than 
commercial CoMo catalysts will prevent environmental 
problems and the deactivation of automotive exhaust 
catalysts1)～4).

The Co_Mo_S phase is the active site of sulfided 
CoMo/Al2O3 catalyst1),4),5).    Various methods for pre-
paring highly active CoMo-based HDS catalysts, such 
as the Co chemical vapor deposition (CVD) tech-
nique1),4), and addition of phosphorus1),6),7) and chelating 

agents1),8),9), have been widely investigated to form 
the Co_Mo_S phase.    Furthermore, new phases active as 
new HDS catalysts, such as carbides10)～14), nitrides10),11),15), 
and phosphides2),3),14),16)～38), have been reported.    
In particular, transition metal phosphides, such as 
Ni2P2),3),14),16)～34) and MoP18),19),36)～40), have received 
extensive attention2),3),34).

Hydrogenation is an important method for the de-
sulfurization of refractory organic sulfur compounds, such 
as 4,6-dimethyldibenzothiophene4),29),41).    Furthermore, 
since organic nitrogen compounds are well known to 
poison HDS catalyst42)～45), any high performance HDS 
catalyst should have high hydrodenitrogenation (HDN) 
activity.    HDN of aromatic nitrogen compound occurs 
through hydrogenation of the aromatic ring, followed 
by cleavage of the C_N bond to form NH3 and hydro-
carbon28),45),46).    Therefore, high hydrogenation activity 
is one of the important characteristics of highly active 
HDS catalyst.

Recently, we reported that noble metal (NM), espe-
cially Pt, catalysts showed high and stable HDS activi-
ties47)～53).    We proposed two reaction mechanisms for 
the HDS reaction: the monofunctional route occurring 
on Pt particles, and the bifunctional route occurring on 
Pt and Brønsted acid sites47)～53).    Therefore, noble 
metal phosphide catalyst, which has moderate hydroge-
nation activity, can be expected to show high HDS and 
HDN activities.
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This review introduces the effects of reduction tem-
perature, support, and P/NM ratio on the formation of 
noble metal phosphides as new HDS catalysts and de-
scribes their HDS and HDN activities54)～58).

2. Effect of Supports on Formation of Noble Metal 
Phosphides and Hydrodesulfurization Activities

2. 1. Synthesis of Bulk Metal Phosphides
Numerous synthesis methods, such as combination 

of elements, solid state metathesis, reaction with phos-
phine, decomposition of organometallics, electrolysis of 
salts, and reduction of phosphate, have been reported 
for the preparation of metal phosphides3),19).    Among 
these methods, phosphate reduction is a convenient and 
simple method to prepare phosphide catalysts19).    
Tungsten phosphide (WP) was synthesized by the 
reduction of tungsten phosphate, which was prepared 
from evaporation of ammonium metatungstate and 
ammonium phosphate aqueous solution35).    Other 
phosphides (Ni2P and MoP) have also been prepared by 
phosphate reduction26),28),30).    NH4NiPO4・nH2O re-
duced with hydrogen (5 vol%, at 650-750 ℃) reacts to 
form Ni2P20).    Rh2P and Ir2P were also synthesized by 
phosphate reduction59).    Rh2P as a single crystalline 
phase was formed after reduction at 375 ℃59).    In con-
trast, Ir2P was formed after reduction at 600 ℃, but 
metallic Ir was also present as an impurity59).
2. 2. Effect of Supports on Formation of Ni2P and 

Hydrodesulfurization Activity
The support is known to affect the HDS activity of 

Ni2P catalyst.    H3PO4 probably reacts with Al2O3 and 
SiO2

_Al2O3 to form AlPO4, rather than reacts with Ni to 
form Ni2P16).    XPS analysis revealed that AlPO4 was 
formed in Ni2P/Al2O3 catalysts, whereas silicon phos-
phates did not occur in Ni2P/SiO2 catalysts24).    These 
findings indicate that SiO2 does not strongly interact 
with phosphate.    Therefore, SiO2 is a suitable support 
for Ni2P catalyst.

TiO2 has been widely investigated as a support for 
hydrotreating catalysts4),40),41),60)～63).    Ni2P catalyst 
can be prepared on TiO2, as well as SiO2 support64).    
Addition of TiO2 enhances the C_N bond cleavage 
activity of MoP/MCM-41 catalyst, but inhibits the de-
hydrogenation activity40).    The support affects the 
HDS activity of CoMo catalysts45) and the acidity of the 
support enhances the sulfur tolerance of noble metal-
based HDS catalysts65)～67).    Consequently, the support 
may have important effects on the formation and HDS 
activity of Rh2P, which is more easily formed than Ni2P 
and Ir2P.
2. 3. Formation of Rh2P on Various Metal Oxide 

Supports55)

Reduction temperature is one of the important factors 
in the reducibility of phosphate and the formation of 
phosphide.    Figure  1 shows the temperature pro-

grammed reduction (TPR) profiles of 1.5 wt% P-added 
Rh (Rh_1.5P, 5 wt% Rh, P/Rh molar ratio＝1.0) cata-
lyst supported on various metal oxides (MOx).    Rh2O3 
reduction (from 50 to 150 ℃) showed peaks for all 
Rh_1.5P/MOx catalysts, except on MgO support.    
Moreover, reduction peaks for all phosphates occurred 
above 150 ℃.    Broad peaks appeared at 270, 360 and 
650 ℃ for the Rh_1.5P/SiO2 catalyst.    We reported 
that H2 consumption appeared above 700 ℃ in the TPR 
profile of P/SiO2 catalyst57).    Furthermore, two peaks 
at approximately 50 ℃ and above 650 ℃ occurred for 
the physically mixed Rh/SiO2 and P/SiO2 catalysts, in 
which the Rh2O3 hardly interacted with the phosphate58).    
Therefore, the reduction peak in the range of 200-
350 ℃ was attributed to reduction of the phosphate that 
interacted with the Rh2O3.    Reduction peaks were 
observed at 280, 540 and 730 ℃, and a shoulder peak 
appeared at 400 ℃ for the Rh_1.5P/TiO2 catalyst.    
TiO2 is well known to be more reducible than other 
metal oxides68),69).    Therefore, the large peak observed 
at 540 ℃ would include reduction of the TiO2 support.    
The profile of Rh_1.5P/Al2O3 catalyst showed no reduc-
tion peaks from 200 to 600 ℃, but H2 consumption 
increased above 700 ℃.    Phosphate reacts with the 
surface of Al2O3 to form AlPO4 in the Ni2P/Al2O3 cata-
lyst16),24).    Therefore, the H2 consumption observed 
above 700 ℃ was attributed to the reduction of AlPO4.    
The same trend was also observed in the TPR profile of 
Rh_1.5P/ZrO2, indicating the presence of zirconium 
phosphate.    On the other hand, the reduction peak of 
MgRh2O4

70) appeared at 550 ℃ in the TPR profile of 
Rh_P/MgO catalyst.    Furthermore, X-ray diffraction 
(XRD) showed no peaks for Rh species in calcined 
Rh_1.5P/MgO catalyst, implying that highly dispersed 
MgRh2O4 is present in the Rh_1.5P/MgO catalyst.

The XRD peak intensities of metallic Rh (2θ＝40.9°) 
and Rh2P (2θ＝46.7°) in reduced Rh_1.5P/MOx cata-
lysts are also shown in Fig.  1.    The intensity of metallic 
Rh decreased with higher reduction temperature, 
whereas the intensity of Rh2P increased, in all catalysts.    
Furthermore, remarkable increase in Rh2P intensity 
agreed with observed phosphate reduction (TPR pro-
file).    On the basis of these findings, the order of for-
mation temperature of Rh2P on MOx support was SiO2

_

TiO2＜MgO＜ZrO2＜Al2O3.
2. 4. Hydrodesulfurization Activities of Metal 

Oxide-supported Rh2P Catalysts55)

The type of support strongly affects Rh2P formation, 
as shown in Fig.  1.    Therefore, we evaluated the HDS 
activities of Rh_1.5P/MOx catalysts reduced at various 
temperatures56).    Table  1 shows the catalytic activities 
of Rh_1.5P/MOx for the HDS of thiophene (C4H4S).    
The optimal reduction temperature for the highest 
activity remarkably changed with the type of MOx sup-
port.    The highest activity appeared at low reduction 
temperature (550 ℃) for Rh_1.5P/SiO2 catalyst, whereas 
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the highest HDS activities occurred at higher reduction 
temperatures (above 650 ℃) for other supports.    These 
findings suggest that the formation temperature of Rh2P 
significantly depends on the type of MOx support.    
Regardless of the relatively easy formation of Rh2P, the 
highest HDS activity for Rh_1.5P/TiO2 catalyst was 
obtained at 650 ℃.    The order of HDS activities was 
SiO2

_TiO2
_Al2O3＞MgO＞ZrO2.

Table  1 also shows the TOFs of Rh_1.5P/MOx cata-

lysts calculated from the CO uptake (assuming CO/Rh
＝1).    The TOFs of Rh_1.5P catalysts were remarkably 
enhanced by Rh2P formation.    The order of TOFs for 
Rh_1.5P catalysts was TiO2＞ZrO2＞Al2O3＞SiO2＞
MgO.    TiO2 is sulfided with 10 % H2S_H2, and sulfided 
TiO2 acts as the promoter for Mo-based HDS cata-
lyst62).    Furthermore, sulfided TiO2 is involved in the 
active phase of the HDS reaction61).    The TPR profile 
of the TiO2 support includes a small H2 consumption 
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Intensities of Rh and Rh2P peaks were measured at 2θ＝40.9° and 46.7°, respectively.

Fig.  1● TPR Profiles of Rh_1.5P/MOx Catalysts56) and Intensities for Rh and Rh2P Peaks Observed in XRD Patterns of the 
Rh_P/MOx Catalysts after Reduction at Various Temperatures



peak at 550 ℃ for TiO2
55), indicating that reduced TiO2 

(TiOx) is formed above 550 ℃.    TiOx may react with 
H2S to form sulfided TiO2 (TiOxSy) in the HDS reac-
tion.    Therefore, the Rh_1.5P/TiO2 catalyst showed the 
highest HDS activity at higher reduction temperature 
(600 ℃), and TiOxSy also acts as promoter and/or active 
site to enhance the TOF of Rh_P catalyst.    We previ-
ously reported that the lower TOFs of NM_P catalysts 
can be explained by the presence of smaller noble metal 
phosphide particles57).    Consequently, the high TOF of 
Rh_1.5P/ZrO2 catalyst can be explained by the remark-
ably low CO uptake compared with other catalysts 
(Table  1).    Regardless of the similar CO uptake, the 
TOFs were higher for Rh_1.5P catalyst supported on 
Al2O3 and SiO2 than for catalysts supported on MgO, 
because the basic properties of MgO would lead to low 
sulfur tolerance of the Rh2P catalyst.

3. Effect of P/NM Rat io on Formation and 
Hydrodesulfurization Activities of Noble Metal 
Phosphide Catalysts

3. 1. Nickel Phosphide
The effects of P loading on the formation of the nickel 

phosphide phase and on the HDS activity are well 
known3),17)～19),23),24).    Lower P/Ni ratio promotes the 
formation of Ni12P5 phase, which is an intermediate in the 
formation of Ni2P25).    In general, the Ni2P phase has 
higher HDS activity than the Ni12P5 phase18),21),23),24).    
Furthermore, Ni2P catalyst has higher activity than 
Ni5P4 and NiP2 among high P/Ni ratio catalysts22).    
Therefore, the P/Ni ratio is an important factor to deter-
mine the formation of the nickel phosphide phase and 
its HDS activity.    Furthermore, reduction of the P 
precursor, in which the P/Ni ratio is higher than the 
stoichiometric ratio of Ni2P (P/Ni＝0.5), results in the 
formation of the Ni2P phase17),18),24).    Therefore, the 
optimal P/Ni ratio for high HDS activity of the Ni2P 
catalyst is 0.8-2.2.    As with the Ni2P catalysts, the P/
NM ratio should also strongly affect the formation of 
noble metal phosphide and its HDS activity.
3. 2. Rhodium Phosphide54),58)

Rh2P catalyst on SiO2, TiO2, and Al2O3 supports 
showed superior HDS activities compared with MgO 
and ZrO2 supports, as shown in Table  1.    However, 

the formation of Rh2P on Al2O3 requires higher reduc-
tion temperature due to the formation of AlPO4, and the 
TOF of Rh2P is remarkably enhanced by TiO2 sup-
port55).    Therefore, SiO2, which has no strong inter-
action with Rh2P or phosphate, is the superior support 
for clarifying the effects of P loading on Rh2P forma-
tion and the catalytic activity for HDS reaction.    
Consequently, the effects of reduction temperature and 
P/NM ratio were examined on the formation of noble 
metal phosphide and on the HDS activities of NM_P/
SiO2 catalysts.

The catalysts were labeled as Rh_xP, where “x” de-
notes the P loading (wt%).    The P/Rh ratio in the cata-
lysts with 0.8, 1.5, 2.2 and 3.0 wt% P loading was 0.5, 
1.0, 1.5 and 2.0, respectively.    TPR and XRD analysis 
revealed that Rh2P is easily formed in Rh_xP catalysts 
with higher P/Rh ratio58).    Furthermore, RhP2 was 
formed in the Rh_3.0P catalyst (P/Rh＝2.0) reduced at 
650 ℃ , but not in other catalysts58).    However, trans-
mission electron microscopy (TEM) and CO adsorption 
experiments revealed that the particle size of Rh2P in-
creased with P/Rh ratio58).    The Rh_1.5P catalyst (P/
Rh＝1.0) showed the highest HDS activity, which was 
four times greater than that of the Rh catalyst58).    Thus, 
we concluded that moderate P loading (P/Rh＝1.0), 
which resulted in good reducibility of the phosphates 
and small Rh2P particle size, resulted in the high HDS 
activity of the Rh_1.5P catalyst58).

The catalytic stability was evaluated as relative activ-
ity (A/A0), where A is the activity at any reaction time 
and A0 is the initial activity (at 10 min)54).    Figure  2 
shows the A/A0 of reduced Rh_1.5P/SiO2 and sulfided 
CoMoP/Al2O3 catalysts.    After reaction for 1 h, the A/
A0 of CoMoP/Al2O3 catalyst remarkably decreased then 
remained stable from 5 h until 30 h.    On the other 
hand, the A/A0 of Rh_1.5P catalyst slightly decreased 
with time on stream, but remained higher than that of 
pre-sulfided CoMoP/Al2O3 catalyst at reaction time.    
Therefore, the Rh_1.5P/SiO2 catalyst has higher stability 
and potential for HDS reaction than the commercial 
CoMoP/Al2O3 catalyst.    Furthermore, the HDS activity 
of Rh_1.5P/SiO2 catalyst was higher than that of Ni2P/
SiO2 catalyst54).    Rh2P/SiO2 catalyst also showed 
excellent stable activity for HDS of dibenzothiophene 
which was higher than that of Ni2P/SiO2 catalyst71).    In 
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Table  1    The HDS Activities and CO Uptakes of the Rh_1.5P/MOx Catalysts56)

Support
Reduction temperature

[℃]
HDS conversion

[%]
CO uptake
[μmol g–1]

TOFa)

[h–1]

SiO2 550 55.0 71.7 202
TiO2 650 54.6 18.6 777
Al2O3 800 54.6 52.9 271
ZrO2 750 22.5  9.8 604
MgO 650 25.7 47.5 143

a) Calculated from CO uptake (assumed CO/Rh＝1).



addition, P in Rh2P increases the sulfur tolerance of 
Rh71).
3. 3. Palladium Phosphide

XRD demonstrated the peaks of PdO in Pd_xP/SiO2 
catalysts after calcination, as shown in Fig.  3.    The 
TPR profiles of Pd_xP/SiO2 catalysts are shown in 
Fig.  4.    A negative peak appeared around 80 ℃, 
which was assigned to decomposition of palladium 
hydride72), which is formed at room temperature.    This 
peak temperature hardly changed with higher P/Pd 
ratio.    Reduction of phosphate was observed above 
600 ℃ in Pd_0.8P catalyst (P/Pd＝0.5).    On the other 
hand, the reduction peak appeared around 350 ℃ in the 
TPR profiles of Pd_xP catalysts with higher P/Pd ratio 
(above 1.0).    The reduction peak of nickel phosphate 
was observed in the TPR of Ni2P/SiO2 catalyst with a 
higher P/Ni ratio (above 1)18).    The large peak at 350-
400 ℃ in the TPR profiles of Rh_xP catalysts with higher 
P loadings (P/Pd ≥1.5) can be attributed to the reduc-
tion of rhodium phosphate58).    These findings suggest 
that the peak observed at 350 ℃ could be attributed to 
the reduction of palladium phosphate.

The XRD patterns of Pd_xP catalysts reduced at 450-
650 ℃ are shown in Fig.  3.    Only the peaks for metallic 
Pd were observed in the patterns of Pd catalysts reduced 
at any temperature.    A strong peak appeared around 
40°, which contains the main peak of Pd and Pd6P, and 
small Pd and Pd6P peaks appeared for the Pd_0.8P cata-
lyst (P/Pd＝0.5) reduced at 450 ℃.    However, the 
Pd3P peaks also appeared for this catalyst reduced above 
550 ℃.    These findings indicate that Pd6P is an inter-
mediate in the formation of Pd3P.    We previously 
reported that broad peaks for Pd4.8P were observed in 
the XRD patterns of Pd_1.5P catalyst (P/Pd＝1.0)54).    
However, other palladium phosphides (Pd6P and Pd3P) 
were also present in this catalyst.    After reduction at 

600 ℃, the Pd3P phase was obtained from NH4H2PO2 
precursor (P/Pd＝1.2)73).    On the other hand, the peaks 
for Pd6P, Pd4.8P and Pd3P were observed in the XRD 
pattern of the Pd_1.5P catalyst (P/Pd＝1.0) reduced at 
550 ℃.    These findings indicate that phosphate, which 
is difficult to reduce compared with hypophosphite, 
would induce formation of the more Pd rich phosphide.    
At higher P/Pd ratio, some palladium phosphides, such 
as Pd6P, Pd4.8P and Pd3P, were formed at lower reduc-
tion temperature (450 ℃).    Furthermore, the broad 
peaks for Pd5P2 were observed in the Pd_xP catalysts 
with higher P/Pd ratio (above 1.0) reduced at 650 ℃.    
This phenomenon could be explained by the formation 
of disordered phosphides.    On the basis of the TPR 
and XRD findings, palladium phosphides are easily 
formed at higher P/Pd ratio, as well as rhodium phos-
phide58).

Figure  5 shows the effect of reduction temperature 
on the rate constant of the HDS reaction (kHDS, assum-
ing pseudo-first-order reaction) over the Pd_xP cata-
lysts.    The HDS activity of Pd catalyst slightly 
decreased with higher reduction temperature.    In con-
trast, the optimal reduction temperatures for the maxi-
mum HDS activities of the Pd_xP catalysts were clearly 
observed.    The optimal reduction temperature for the 
maximum HDS activity of the Pd_xP catalyst decreased 
with higher P/Pd ratio, indicating that the reducibility 
of phosphate and formation of phosphides strongly 
affect the HDS activity of Pd_xP catalyst.    This trend 
was also observed in the Rh_xP catalysts58).    Table  2 
shows the kHDS and CO uptake of NM_xP catalysts.    
The highest kHDS was obtained at P/Pd of 0.5.    On the 
other hand, the CO uptake of the Pd_0.8P catalyst (P/Pd
＝0.5) was the lowest among the Pd_xP catalysts, possi-
bly because the high reduction temperature (650 ℃) 
caused aggregation of palladium phosphide.
3. 4. Ruthenium Phosphide

XRD revealed that RuO2 was formed in all Ru_xP 
catalysts after calcination (Fig.  6).    A small Ru peak 
appeared in the XRD patterns of Ru_xP catalysts with 
P/Ru ratio above 1.5.    This trend was the same as that 
for the Rh_xP catalysts58).    Figure  7 shows the TPR 
profiles of Ru_xP catalysts.    The peaks for reduction of 
RuO2 appeared at 112 ℃ and 138 ℃ in the Ru catalyst, 
and shifted to higher temperatures with increasing P/Ru 
ratio.    The same trend was observed in the TPR pro-
files of the Ni_P18),23) and Rh_P58) catalysts.    These 
findings suggest that phosphate cover the RuO2 parti-
cles, resulting in decreased reducibility of RuO2.    In 
contrast, the reduction peaks of phosphates shifted to 
lower temperature with increasing P/Ru ratio, as for the 
Rh_xP58) and Pd_xP catalysts.    However, the peaks 
from 300 to 600 ℃, which are assigned to reduction of 
phosphates interacting with noble metal and/or noble 
metal phosphates, did not appear for the Ru_1.5P cata-
lyst (P/Ru＝1.0).    On the other hand, the peaks from 
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Pretreatment: Rh_1.5P/SiO2 was reduced at 550 ℃ with H2, CoMoP/
Al2O3 was pre-sulfided at 400 ℃ with 5 vol% H2S_H2.    Reaction 
conditions of thiophene HDS were W/F＝37.9 g h mol–1, reaction 
temperature 350 ℃ and H2/C4H4S＝30.

Fig.  2● Relative Activities (A/A0) of Rh_1.5P/SiO2 and CoMoP/
Al2O3 Catalysts



300 to 600 ℃ were clearly observed for the Rh_xP58) and 
Pd_xP (Fig.  4) catalysts with the same P/NM ratio (1.0).

The formation of ruthenium phosphides was con-
firmed by XRD of the reduced Ru_xP catalysts (Fig.  6).    
Ru2P was formed in the Ru_0.8P catalyst (P/Ru＝0.5) 
reduced at higher temperature (650 ℃), but metallic Ru 
also remained.    Peaks for P rich ruthenium phosphide 
(RuP) were observed with P/Ru ratio above 1.5.    
These findings indicate that the reduction temperature 
and P/Ru ratio strongly affect the formation of ruthenium 
phosphides, as for rhodium and palladium phosphides.    
After reduction at 500 ℃, phase-pure Ru2P catalyst was 
prepared from the precursor using NH4H2PO2 with P/

Ru ratio of 0.673).    In our study, since a small Ru peak 
(2θ＝44.1°) was detected by XRD of Ru_P catalyst 
with P/Ru of 1.0 reduced at 650 ℃, phase-pure Ru2P 
was not obtained, possibly because phosphate was used 
as a P precursor, which is harder to reduce than hypo-
phosphite, as mentioned above.

Figure  8 shows the relationship between reduction 
temperature and HDS activities of Ru_xP catalysts.    
The maximum HDS activities of Ru_xP catalysts were 
obtained at around formation temperature of ruthenium 
phosphides.    The trends for the Ru_xP catalysts were 
the same as those for the Rh_xP58) and Pd_xP catalysts.    
The kHDS and CO uptake of Ru_xP catalysts are listed in 
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Reduction temperature: (a) 450 ℃, (b) 550 ℃, and (c) 650 ℃.

Fig.  3● XRD Patterns of Pd_xP/SiO2 Catalysts after Calcination and Reduction



Table  2.    Ru_1.5P catalyst (P/Ru＝1.0) showed the 
highest kHDS among Ru_xP catalysts, and about 50 times 
greater than that of Ru catalyst.    Supported Ru2P and 
RuP catalysts exhibited higher HDS activities than sup-
ported Ru catalyst74).    Calcination at higher tempera-
ture induce migration of RuO2 leading to sintering on 
SiO2 support75),76).    The calcination temperature of 
NM_xP catalysts was 500 ℃, which is adequate for sin-
tering of RuO2 particles.    However, the CO uptake of 
Ru_xP catalyst increased with higher P/Ru ratio.    XRD 
of Ru_xP catalysts after calcination (Fig.  6) revealed 
that the intensity of RuO2 peaks remarkably decreased 
and the width broadened with higher P/Ru ratio.    
Furthermore, shifts of the reduction peaks for RuO2 
were observed in the TPR profiles of Ru_xP catalysts, 
as shown in Fig.  7.    The excess phosphates may inter-
act with RuO2 and inhibit the sintering caused in the 
calcination step at 500 ℃.    Therefore, higher P/Ru 
ratio leads to increased CO uptake of Ru_xP catalyst.
3. 5. Platinum Phosphide

The range of P loading was the same for the Pt cata-
lyst as for other NM_xP catalysts (0-3.0 wt%).    However, 

the atomic weight of Pt is approximately twice that of 
other NMs (Rh, Pd, and Ru).    Therefore, the range of 
P/Pt ratio is from 0 to 4.0.

Figure  9 shows the XRD patterns of calcined Pt_xP 
catalysts.    Metallic Pt peaks were clearly observed 
instead of oxides in all catalysts.    The TPR profiles of 
Pt_xP catalysts are shown in Fig.  10.    No peaks indi-
cating reduction of platinum oxides were found.    
Above 600 ℃, H2 consumption, which was assigned to 
the reduction of phosphates on SiO2 support57),58), was 
observed in the catalyst with P/Pt ratio of 1.0.    The 
start of this H2 consumption moved to lower tempera-
ture with higher P/Pt ratio.    However, the peak temper-
ature was little changed, indicating that phosphates 
strongly interact with SiO2, but not Pt.

The XRD patterns of reduced Pt_xP catalysts are 
shown in Fig.  9.    Unknown and PtP2 peaks were ob-
served with higher reduction temperature and P/Pt ratio.    
On the other hand, the peaks for metallic Pt appeared in 
the XRD patterns of Pt_3.0P catalyst (P/Pt＝4.0) re-
duced at 450 ℃ and 550 ℃ despite the higher P/Pt 
ratio.    This finding indicates that Pt is less reactive 
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Fig.  4    TPR Profiles of Pd_xP/SiO2 Catalysts
Fig.  5● Effect of Reduction Temperature on HDS Activities of Pd_

xP/SiO2 Catalysts

Table  2    HDS Activities and CO Uptakes of NM_xP/SiO2 Catalysts

Catalyst
P loading

[wt%]
P/NM

Reduction temperature
[℃]

HDS rate
[kHDS, mmol h–1 g–1]

CO uptake
[μmol g–1]

Pd_xP 0 0 350 13.4 51.4
0.8 0.5 650 17.5 22.6
1.5 1.0 500 16.2 31.2
2.2 1.5 500  7.4 27.5
3.0 2.0 550  4.4 23.9

Ru_xP 0 0 350 ＜0.1 11.0
0.8 0.5 700  2.1 21.6
1.5 1.0 650  3.6 16.3
2.2 1.5 500  3.0 25.6
3.0 2.0 450  1.6 43.1

Pt_xP 0 0 400  6.6 25.5
0.8 1.0 450  2.8  9.2
1.5 2.0 500  1.9  3.1
2.2 3.0 450  1.4  2.1
3.0 4.0 450  1.2  1.8



with P compared with other NMs.    PtP2 was formed in 
the Pt_xP catalyst reduced at 650 ℃ at P/Pt over 1.0.    
In other NM_xP catalysts, P loading excess to the stoi-
chiometric z/y ratio resulted in the formation of noble 
metal phosphide (NMyPz).

The effect of reduction temperature on HDS activi-
ties of Pt_xP catalysts is shown in Fig.  11.    The HDS 
activity of Pt catalyst decreased with higher reduction 
temperature.    The HDS activities of the Pt_xP cata-
lysts, except Pt_1.5P catalyst (P/Pt＝2.0), also de-
creased with higher reduction temperature.

Table  2 shows the kHDS and CO uptake of Pt_xP cat-

alysts.    The kHDS and CO uptake decreased with higher 
P/Pt ratio.
3. 6. Relationship between P/NM Ratio and HDS 

Activities of Noble Metal Phosphides
As mentioned above, the HDS activity of NM_xP cat-

alyst was enhanced by the formation of noble metal 
phosphide.    The optimal P/NM ratio for the maximum 
HDS activities of NM_xP catalysts depended on the 
type of NM, as shown in Table  2.    Since metal rich 
phosphides (Pd6P, Pd4.8P and Pd3P), which have lower 
P/NM ratio than Rh2P and Ru2P, were formed in the 
Pd_xP catalysts (Fig.  3), the maximum HDS activity 
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Reduction temperature: (a) 450 ℃, (b) 550 ℃, and (c) 650 ℃.

Fig.  6    XRD Patterns of Ru_xP/SiO2 Catalysts after Calcination and Reduction



was obtained at lower P/NM ratio (0.5) for the Pd_xP 
catalyst than for the Rh_xP and Ru_xP catalysts (1.0).    
On the other hand, the HDS activity of NM_xP catalyst 
decreased with higher P/NM ratio above the optimal 
value.

In our previous study, CO uptake and TEM observa-
tions revealed that excess P caused aggregation of Rh2P 
particles58).    In this study, CO uptake of the Pd_xP 
catalyst also decreased with higher P/Pd ratio.    
Aggregation of palladium phosphide particle caused de-
crease of HDS activity at higher P/Pd ratio.    However, 
the XRD patterns and CO uptake of Ru_xP catalysts in-
dicated that excess P inhibits sintering of Ru species in 
the calcination step.    Moreover, the average particle 
size of Ru_1.5P catalyst (11.5 nm, after reduction at 
600 ℃) calculated from the TEM images was smaller 
than that of Ru catalyst (14.6 nm, after reduction at 
450 ℃)56).    Ni2P catalyst showed higher activity than 
Ni5P4 and NiP2 catalysts with high P/Ni ratio22).    P rich 
ruthenium phosphide (RuP) was formed in the Ru_xP 
catalysts with higher P/Ru ratio, as shown in Fig.  6.    
Therefore, the low HDS activities of Ru_xP catalysts 
with higher P/Ru ratio (above 1.5) are probably caused 
by the formation of RuP.

The TPR and XRD findings showed that phosphates 
were less reactive with Pt in the Pt_xP catalyst.    In 
addition, the HDS activity of Pt catalyst decreased with 
higher P/Pt ratio despite the formation of platinum 
phosphide, as shown in Table  2.    Therefore, the 
decrease in HDS activity can be explained by the P 
covering the Pt sites54) and/or low activity of platinum 
phosphide, such as PtP2.

4. Hydrodenitrogenation Activities of Noble Metal 
Phosphide Catalysts56)

In the NM_xP catalysts, except Pt_xP, high HDS 
activity was obtained with P/NM ratio of 1.0.    Thus, the 
effects of reduction temperature on catalytic activities 
of NM and NM_1.5P for HDN of pyrrole (C4H4NH) 

were examined (Fig.  12).    The HDN activities of Rh 
and Pd catalysts were little changed with higher reduc-
tion temperature.    On the other hand, the HDN activity 
of Ru catalyst gradually decreased with increased re-
duction temperature from 450 to 600 ℃.    Additionally, 
remarkably low HDN activity was observed at 650 ℃.    
The optimal reduction temperature for maximum HDN 
activity of the Pt catalyst was 400 ℃.    The order of 
maximum HDN activities of the NM catalysts was Rh_

Ru＞Pt＞Pd.
The HDN activity of Rh_1.5P catalyst decreased with 

higher reduction temperature.    In contrast, optimal re-
duction temperatures for the maximum HDN activities 
of the Ru_1.5P56) and Pd_1.5P catalysts were observed.    
The HDN activity of Pt_1.5P catalyst little changed 
with higher reduction temperature.    The order of max-
imum HDN activities of the NM_1.5P catalysts was 
Rh_P＞Ru_P＞Pd_P＞Pt_P.

Since the aromatic C_N bond is stronger than the 
aliphatic C_N bond45), the removal of the nitrogen atom 
is carried out through hydrogenation of the aromatic 
structure and breaking of the resulting aliphatic C_N 
bond28),45),46).    Thus, NiMo and NiW catalysts, which 
have higher hydrogenation activity than CoMo catalyst, 
are often used for the HDN reaction45).    We used 
NiMoP/Al2O3 as a reference catalyst to evaluate the 
HDN activities of NM_P catalysts.    The HDN activity 
of sulfided NiMoP/Al2O3 catalyst (HDN conversion: 
12.2 %)56) was slightly lower than the maximum HDN 
activity of Pd_P catalyst (reduced at 600 ℃), indicating 
that Rh_P and Ru_P catalysts showed remarkably high 
HDN activity.

5. Conclusion

In the last decade of the 20th century, metal phos-
phide has been developed as a hydrotreating catalyst.    
Here we reported the preparation and catalytic perfor-
mance of noble metal phosphides for hydrotreating re-
actions.    The formation temperatures of Rh2P on SiO2 
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Fig.  7    TPR Profiles of Ru_xP/SiO2 Catalysts
Fig.  8● Effect of Reduction Temperature on HDS Activities of Ru_

xP/SiO2 Catalysts



and TiO2 supports were lower than those of other MOx 
supports.    In particular, the Al2O3 and ZrO2 supports 
strongly interact with phosphate to form aluminum and 
zirconium phosphates, and these substances inhibit the 
formation of Rh2P.    Rh2P catalyst supported on SiO2, 
TiO2 and Al2O3 showed high HDS activities.    However, 
these maximum HDS activities were obtained at dis-
tinct reduction temperatures, indicating that Rh2P for-
mation strongly affects the HDS activity of Rh_P/MOx 
catalyst.    Formation of noble metal phosphides and 
HDS activities were influenced by the types of NM and 
P/NM ratio.    The excess P interacts with NMs, except 
Pt, and formation of these species are important to form 

noble metal phosphides at lower reduction tempera-
tures.    Simultaneously, excess P causes negative 
effects, such as aggregation of noble metal phosphides 
(except Ru) and formation of P rich noble metal phos-
phides.    Consequently, an optimal P/NM ratio for the 
maximum HDS activity of the NM_xP catalyst is ob-
served.    Rh_1.5P catalyst has high stability for HDS 
activity and remarkable high HDN activity.    Therefore, 
Rh2P has great potential as a new hydrotreating cata-
lyst.
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要　　　旨

新規水素化処理触媒としての貴金属リン化物
̶高活性リン化ロジウム触媒̶

神田　康晴，上道　芳夫

室蘭工業大学大学院工学研究科くらし環境系領域，050-8585  北海道室蘭市水元町27-1

新たな水素化処理触媒として金属リン化物が注目されてい
る。著者らは新たなリン化物系水素化処理触媒を開発するた
め，貴金属リン化物の調製とその触媒特性について検討した。
担体はリン前駆体であるリン酸の還元性に強く影響を与えるた
め，Rh2Pの生成温度は用いる担体により異なった。特に，リ
ン酸との相互作用の弱い SiO2および TiO2担体上では他の担体
よりも Rh2Pが低温で生成した。また，Rh2Pの生成に伴い，
Rh_P/MOx触媒の HDS活性が向上することを明らかにした。さ
らに，貴金属（NM）の種類および P/NM比は貴金属リン化物

の生成と HDS活性に対して影響を与え，過剰な Pを添加した
触媒では貴金属リン化物が低温で生成するものの，凝集による
粒子径の増大および Pリッチなリン化物の生成を引き起こし
た。このため，P/NM比が異なる NM_xP触媒の HDS活性には
最適な P/NM比が見られた。HDS反応に対して Rh_1.5P触媒
は高く安定な活性を示した。加えて，この触媒の HDN活性は
硫化処理した NiMoP/Al2O3触媒の活性よりも著しく高かった。
したがって，Rh2Pは新たな水素化処理触媒として高い可能性
を有していると判断される。


